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Neutron emission for the fusion of Ar+Ni, Mo, ' Sn reactions atE/2 =26 MeV
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In order to study the properties of hot nuclei, neutrons emitted in the Ar+Ni, Mo, "Sn reactions

at E/3 =26 MeV were measured in coincidence with fusion residues. The neutron spectra obtained for

different residue velocities were analyzed with the moving source model. The spectra are well repro-

duced with two sources; one corresponds to preequilibrium emission and the other to the decay of fusion

nuclei. The extracted neutron multiplicity and initial temperature of the fusion nuclei indicate the for-

mation of thermally equilibrated nuclei with excitation energy up to 5.0 MeV/nucleon. The extracted
relation between the temperature and the excitation energy shows that the level densities of the hot nu-

clei are well described with the level density parameter a = A /(9+1) for excitation energies from 2.5 to
5.0 MeV/nucleon.

PACS number(s): 25.70.—z, 25.70.Jj

I. INTRODUCTION

Intermediate-energy nucleus-nucleus collisions have
provided a unique opportunity to produce hot nuclei.
Measurements of linear momentum transfer indicate that
nuclei with excitation energies of up to -6 MeV/nucleon
can be produced by fusion reactions [1,2]. The nuclear
level density of such hot nuclei is one of the interesting
subjects to study. Holub et al. [3] and Hilscher et al. [4]
have deduced the level density from neutron spectra mea-
sured in the Ne+' Ho reaction at E/A =11, 14.6,
20.1, and 30 MeU. Their detailed comparison between
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experimental spectra and statistical calculations led to
the result that the level density of highly excited nuclei
with mass number A —180 was well described with the
level density parameter a = A /(10. 5+1.0) for excitation
energies (E„)from 1 to 3 MeV/nucleon. Chbihi et al. [5]
recently reported the level density for A -110 by com-
paring proton and deuteron spectra measured in the

Si+' Mo reaction at E/A =25 MeV with statistical
model calculations. The result shows that the level densi-
ty parameter is about A/10 —A/11 for excitation ener-
gies between 1.3 and 3.0 MeV/nucleon.

On the other hand, a different conclusion on the level
density parameter was deduced by Nebbia et al. [6] from
a-particle spectra measured in the '"N+ ' Sm reaction at
E/A =19 and 35 MeV. The relation they obtained be-
tween temperature and excitation energy shows that the
level density parameter a decreases from A /8 to A /13
as the excitation energy increases from 0.6 to 2.5
Me V/nucleon. At higher excitation energies, Fabris
et al. [7] reported that a-emission temperatures were al-
most constant for E between 2 and 4.3 MeV/nucleon.
This observation requires the level density parameter to
increase from A/13 to A/10. Similar results were also
reported by Wada et al. [8] from the measurements of
charged particles emitted in the ' 0, S+Ag reactions at
E/A =30 MeV/nucleon.

These observations stimulated much theoretical work
on the level density of hot nuclei. In a naive picture, the
level density parameter becomes A /16, which is expected
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in the pure Fermi gas model, since the residual interac-
tion and the pair correlation become less important at
high excitation energies. However, temperature-
dependent Hartree-Fock calculations [9,10] show that the
level density parameter a stays almost constant up to
about T =5 MeV, and then slightly increases at higher
temperatures. Although a decrease of a with excitation
energy is obtained in several calculations [ll —15], the
predicted variations in a are much smaller than those re-
ported in Refs. [6—8].

In order to understand the properties of hot nuclei, it is
important to obtain systematic information on the level
density for a wide range of masses and excitation ener-
gies. It is of particular interest to measure neutrons emit-
ted from nuclei with excitation energies between 3.0 and
5.0 MeV/nucleon, where a strong variation of the level
density parameter was reported in the measurements of a
particles. There are some difficulties in studying hot nu-
clei. Since nucleus-nucleus collisions at intermediate en-
ergy initiate many reaction processes, the excitation ener-
gies of the reaction products are widely distributed from
low to high excitation energies. Thus, the fusion process
should be selected to eliminate the effects of other pro-
cesses which produce nuclei with lower excitation ener-
gies. In addition, the observed spectrum contains infor-
mation not only on the hot nuclei but also on the nuclei
with low excitation energies as a result of the decay of
hot nuclei. It is necessary to estimate the effect of the de-
cay cascade and to eliminate it from the observed spec-
trum.

In this paper we report on measurements of neutrons
in coincidence with fusion residues in the Ar+ Ni, Mo,
and ' Sn reaction at E / A =26 Me V. By measuring
both complete and incomplete fusion processes with these
beam-target combinations, we were able to make a sys-
tematic study of hot nuclei with E„between 2.5 and 6.0
MeV/nucleon for A -80, 120, and 140. Coincident mea-
surements with heavy residues made it possible to
separate the fusion process from the others. The excita-
tion energies of primary products could be deduced from
the velocities of the residues together with a subtraction
of energy lost in the pre-equilibrium stage. Part of the re-
sults for the Ar+ Mo reaction has been reported in
Ref. [16].

II. EXPERIMENT

Neutrons were measured in coincidence with fusion
residues from reactions of 4 Ar+Ni, ~Mo, and ' Sn at
E/A =26 MeV. Self-supported foils of Ni, Mo, and

Sn with thickness of 1.7, 1.9, and 1.0 mg/cm, respec-
tively, were irradiate with Ar beams from the RIKEN
Ring Cyclotron. The maximum energy loss of the fusion
residues in the targets is about 10% for the worst case.
The beam size at the target was maintained less than 2
mm in diameter during the run. In order to reduce the
background, beams were dumped in a shielded Faraday
cup located 10 rn downstream from the target. The tar-
get chamber is made of stainless steel and its thickness is
1 cm. The attenuation of neutrons in the chamber wall is
about 26 and 18% for neutrons with energies 5 and 50

MeV, respectively, and the effect was corrected in the
off-line analysis.

As described in Ref. [16], the fusion residues were
detected with an annular Parallel-plate avalanche counter
(PPAC), which was located at 35 cm from the target and
covered angles from 6.5 to 9.7' with respect to the beam
axis. The detection efficiency for the evaporation resi-
dues was estimated to be about 30% from the systematics
of angular distributions of evaporation residues [17]. The
PPAC measured both the time of flight (TOF) of the resi-
dues and their energy loss. The TOF was measured
against rf pulses from the cyclotron. The TOF resolution
was mainly limited by the time resolution of the beam
and was about 0.7 ns.

The neutrons were observed with seven NE213 scintil-
lation detectors positioned at 32', 47', 66', 83', 107', 132',
and 157 with respect to the beam axis. Four backward
detectors were 20 cm in diameter and 5 cm in thickness
and were located at 100 cm from the target. The remain-
ing three detectors were 12 cm in diameter and 5 cm in
thickness and, in order of increasing detection angle,
were located at 180, 120, and 110 cm from the target. A
brass plate of 5 mm thickness was placed just in front of
each neutron detector to prevent charged particles from
hitting the detector. In this configuration, protons with
energies below 125 MeV stopped before the detectors.

The in-beam background of scattered neutrons was
measured with shadow bars placed between the neutron
detectors and the target. They are brass cylinders 15 cm
in diameter and 30 and 40 cm in length. The longer bar
was used for the three forward detectors. The back-
ground neutrons were measured for two detectors at the
same time. Two shadow bars were placed, firstly, at 32'
and 83' so as to cover the full solid angles subtended by
the respective detectors, awhile the other detectors were in
use for the measurements without a shadow bar. After
that, the shadow bars were moved for the other set of
detectors placed at 47' and 107', and then at 66' and 132'.
The background measurement for 157' detector was
made separately. More than 99% of the neutrons with
E„~50MeV are attenuated by the bars. The contribu-
tion of neutrons scattered by shadow bar for neighboring
detector was estimated to be less than 0.5% of those
directly coming from the target. Actually, a comparison
of spectra without any shadow bars to those with a sha-
dow bar for the neighboring detector does not discern
any statistically significant difference. Therefore, the two
spectra were combined into one.

The hardware threshold of each detector was set at
about 0.5 MeV electron equivalent energy (MeVee). In
the off-line analysis the threshold was increased to the
value of 1 MeVee in order to decrease the background.
The detection efficiency was calibrated for neutron ener-
gies of 15 & E„&30 MeV at the TOP facility at Tohoku
University. The thick target yields of neutrons from the
reaction of Be(p, n) B at E =35 MeV were measured
and compared to those obtained with the calibrated
detector. The deduced efficiency for the threshold setting
of 9 MeVee was compared to calculations with the code
TDTEFF [18], since the efficiency for the threshold at 1

MeVee could not be obtained due to the contribution of
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low-energy neutrons arising from the preceding beam
burst. The calculated results were consistent with mea-
sured ones within +10% for the threshold at 9 MeVee.
Thus, the eSciency for the threshold at 1 MeVee was ob-
tained by multiplying the calculated ratio for the 1 and 9
MeVee setting by the measured efticiency at 9 MeVee.

Figure 1 shows the TOF spectrum for the neutron
detector before rejecting the y-ray events. The spectrum
consists of a sharp peak of y rays and a broad bump of
neutrons. The time resolution of the NE213 detector,
which is deduced from the width of the y-ray peak, was
1.2 ns. This time resolution corresponds to an energy
resolution of about +0.2 and +5.5 MeV for the neutron
energies of 5 and 50 MeV, respectively. With the y-ray
peak as a time reference, the neutron residue TOF was
obtained, and by adding the computed residue TOF, the
neutron TOF and then energy was generated. The in-
beam background measured with the shadow bar is also
shown in Fig. 1 with a thin line. The broad bump of the
background events shifts to the lower-energy side, as ex-
pected, and the yield of the background is about 10% of
the total for most of the energy region. The background
was subtracted from the spectrum without the shadow
bar. The y-ray events were eliminated by selecting the
neutron events on a two-dimensional spectrum of pulse
height versus pulse shape. The contribution of chance
coincidences between the NE213 and the PPAC was less
than 5%.

High-energy protons with energies above 125 MeV can
penetrate into the neutron detector after passing through
the wall of the target chamber, air, the brass absorber,
and the front face of the container of the liquid scintilla-
tor, and, thus, might contaminate the neutron spectra for
E„&70 MeV. In order to check the contribution of these
protons, pulse height spectra of the neutron detectors
were generated for three TOF bins corresponding to neu-
tron energies of 70—80, 80-90, and 90-100 MeV, and

yields in the windows of the spectra for the estimated de-
posit energies of protons (5—35, 35—53, and 53—65 MeV
for respective bins) were examined. They were 30+10,
27+11, and 20+15% of total yields, respectively. Al-
though they were consistent with the calculated portions
of the neutron pulse height spectra, the events in the win-
dows were not included in final spectra.

III. DATA ANALYSIS AND RESULTS

A. Residue spectra

Figure 2 shows two-dimensional plots (energy loss
versus TOF) for the residues in the Ar+Ni, Mo, and

Sn reactions. Two groups of events are seen in the
figure for each reaction. One corresponds to the peri-
pheral events, which have low-energy losses in the PPAC
and velocities near the beam velocity. The other corre-
sponds to the fusion events, which have large-energy
losses and velocities below the complete fusion velocity.
They are clearly separated for the Ar+ Mo and ' Sn
reactions, as seen in the figure. For the Ar+Ni reac-
tion, however, the separation is rather worse, since the
complete fusion velocity is closer to the beam velocity
and the residue masses are also closer to the projectile
mass in comparison with the other reactions. For all
three targets, the residue velocities corresponding to the
maximum yield of fusion events are lower than the one
expected from the complete fusion ( VCF). The velocities
at these maxima are 86%, 73%, and 74% of that of V&~
for the Ar+Ni, Mo, and ' Sn reactions, respectively.
The value for the Ar+' Sn reaction is in good agree-
ment with the most probable velocity of fusion residues
in the Ar+' Sn reaction at E/A =27 MeV reported in
Ref. [19].

As can be seen in Fig. 2, the velocity distribution of the
fusion residues spreads widely from the full to 40% of
Vc~. The spread due to recoils of evaporated particles is
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FIG. 1. Time-of-Bight spectrum of neutrons and y rays
detected at 83 in the Ar+' Sn reaction. The thin line indi-
cates the background spectrum measured with the shadow bar.
TOF resolution determined from the y ray peak is also shown
in the figure.

FIG. 2. Two-dimensional spectra (TOF vs energy loss) of the
residues measured with the PPAC for the (a) Ar+Ni, (b)

Mo, and (c) ' Sn reactions at E/A =26 MeV. The center of
the velocity windows of the residues used in the analysis of the
neutron spectra is shown with the ratio ((R ) ) of the average of
the observed velocity to complete fusion velocity.
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estimated to be about 20%%uo in complete fusion reactions
[17], and energy loss in the target spreads the velocity
only about 5%. Thus, the observed velocity distribution
is mainly caused by the distribution of the linear momen-
tum transfer (LMT) of the fusion reactions. In order to
select the linear momentum transfer, velocity windows of
105—85%, 85 —65%, and 65 —45% of the VcF were set on
the observed residue velocities. Each bin was represented
by the ratio R between the average velocity of the win-
dow ( V,b, ) and the complete fusion velocities
((R ) = ( V,b, ) /Vcz). The window width was taken
comparable to the width of residue velocity distribution
from particle evaporation. Because of the poor separa-
tion between the peripheral and the fusion events for the
~ Ar+Ni reaction, a window with (R ) =0.9 (95—85%
of VcF) was used instead of (R ) =1.0 in order to avoid
possible contamination from the peripheral events. The
window boundaries are shown as the solid lines in Fig. 2
with the (R ) value.

B. Neutron spectra

The coincidence between evaporated particles and resi-
dues may impose a kinematical bias on the particle spec-
tra. This is due to the fact that the observed velocity of
residues and the velocity of evaporated particles are relat-
ed to each other through the recoil effect. Before analyz-
ing the experimental data, we performed a statistical
model simulation to evaluate the effect. By using the
Monte Carlo version of the code cASCADE [20], the coin-
cidence spectrum with the actual experimental geometry
was generated and compared with the inclusive one and it
was found to be biased. One of the causes arises from the
limited angular acceptance of the residue detector. Resi-
dues emitted close to 0', which is the most probable
direction, are not detected with the present geometry of
the PPAC. We only detected residues in the tail region
of the angular distribution. This affects the coincident
particle spectrum in principle. However, quantitative
comparison shows that the effect is negligible for the
present geometry, because the PPAC provides a rather
large solid angle and axial symmetry with respect to the
beam axis. However, the selection of a specific residue
velocity causes a non-negligible effect on the evaporated
particle spectrum. Because of the recoil effect, the resi-
dues have larger (smaller) velocity than the average one
when the emitted particle is detected at backward (for-
ward) angles in the center of mass system. Thus, setting a
gate on the same observed residue velocity for different

angles of the emitted particles is not a correct method to
specify the initial momentum of the residues. This
kinematical bias should be eliminated by taking into ac-
count the recoil of the observed particles. The velocity

V, of the residue after emitting the ith particle is ob-

tained as

the velocity of the ith emitted particle, respectively. v,-

denotes the velocity of the particle in the emitter frame.
The relation between V; and V, , is

m;
V. =V- — vI l 1 M I

I

The final velocity of the residue is then obtained by using
Eq. (1') recurrently,

(2)

where Vz and Vo are the velocities of the final residue
and the initial nucleus. The subscript j denotes the ob-
served particle in coincidence with the residue. The sum-
mation terms gives the spread of the residue velocity
from the recoil of evaporated particles. This term does
not depend on the particle observed in coincidence with
the residues. We get the initial velocity Vo with the am-

biguity of the velocity spread,

Vo —g V;=V„+ v (2')
,.~. M;

' M

Since the statistical emission is isotropic, the left-hand
side of Eq. (2') gives (Vo) when we take an ensemble

average. After transforming from the center-of-mass
frame to the laboratory frame, we get the relation of

m~ mj

M M

mj mj-V~+
( ) v, —

( )
(Vo) .

Thus we obtain the relation

(M )Vz+m v
(v, )- (4)

M,

~e used (Vo) as the most probable estimation of Vo in

the analysis. The value of (M ) is assumed to be the
mean residue mass during the decay cascade. The values
used are 80, 120, and 135 for the Ar+ Ni, Mo, and

Sn reactions, respectively. These values are estimated
from the average excitation energy and the mass of the
fused nuclei. This correction was made in the off-line

analysis with the event-by-event mode.
The neutron spectra after the correction for measured

efficiency and subtraction of the background are shown in

Figs. 3—5 for various windows of the residue velocities.
These spectra mainly consist of two exponentially falling
components. The slopes of the spectra become steeper
with increasing detection angle. In order to compare the
spectra in their emitting frame, the neutron spectra were
parametrized in terms of the thermal moving source
model [21]. In the model, the Maxwellian shape is as-

sumed as the energy distribution of the neutrons. It is

also assumed that the neutrons are emitted isotropically
in the emitting frame. The energy distribution in this
frame of the source is given by

where M; is the mass of the residue after the ith particle
emission and m, (=M, ,

—M, ) and v, are the mass and

do. M
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FIG. 3. Neutron spectra in coincidence with residues of various velocities, given by (p ) = ( V,b, ) /p'cF, from the 40Ar+ '22sn re
action. The solid curves are the results of Ats with two moving sources, and the dashed curves are contributions of pre-equilibrium
emission. The spectra at 32', 47, 66, 83, 107', 132, and 157' are multiplied by 10",with n being 6, 5, 4, 3, 2, 1, and 0, respectively.

where M is the multiplicity of neutrons, E„is the kinetic
energy of the neutron, and ~ is the source temperature
parameter. Two sources are used to describe the experi-
mental spectrum. One source is the fusion source, which
corresponds to neutron emission after the composite sys-

tern has achieved the thermal equilibrium. The other is a
pre-equilibrium source, which corresponds to neutron
emission before the whole system has reached thermal
equilibrium. The fitting function of the neutron spectra
was then obtained by transformation from the emitting
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FIG. 4. Same as Fig. 3 for the Ar+ Mo reaction.
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frame to the laboratory frame:

dz QE

where

E, =E„2+a;—E„cos(9)+e;,

E„is the neutron kinetic energy, and 8 is the neutron

detection angle in the laboratory frame. M; and ~; are

the associated neutron multiplicity and temperature pa-

rameter for each source, respectively, and c, is the kinetic

energy per nucleon of the source, which is assumed to
move on the beam axis. In the fitting procedure, the ve-

locity of the fusion source was fixed at the average resi-

due velocity of each bin. The data with energies below 5

MeV were not employed, since the detection efficiency for

the low-energy neutrons depends strongly on the thresh-

old energy and hence includes large ambiguity.

The multiplicity, the temperature parameter, and the

velocity of the pre-equilibrium source deduced from the

fitting are summarized in Table I. The multiplicity and

the temperature parameter of the fusion source increase

as the (R ) value (= ( V,b, ) jVCF) increases. This fact in-

dicates that the excitation energy of fusion products in-

creases with increasing linear momentum transfer. The
results of the fitting with two sources are shown by the

solid lines in Figs. 3—5, and the contribution of the pre-

equilibrium source is shown by the dashed lines. It can

be said that the observed spectra are well reproduced by

TABLE I. Parameters obtained in the fitting with the two-source moving source model for the

different residue velocity bins.

(R) M,q
~pre w „(MeV)

1.0
0.8
0.6

1.0
0.8
0.6

0.9
0.8
0.6

20.5+2.7
19.1+2.7
17.1+2.8

13.7+1.9
11.4+1.8
11.1+1.8

9.3+1.0
8.3+1.1
7. 1+1.1

4.78+0.31
4.33+0.28
3.82+0.31

5.22+0.37
4.52+0.36
4.05+0.33

6. 12+0.57
5 ~ 29+0.41
4.31+0.35

2. 1+0.6
2.5+0.5
2.6+0.6

~Ar+9~Mo
1.1+0.5
1.9+0.6
1.9+0.4
Ar+Ni

0.5+0.7
1.1+0.5
1.6+0.4

13.6+1.7
12.4+1.1
11.1+0.8

15.0+3.1

11.8+1.2
11.7+0.9

15.8+3.9
13.1+2.1
11.1+0.09

0.58+0.07
0.54+0.05
0.45+0.08

0.58+0.09
0.51+0.05
0.49+0.04

0.65+0.10
0.58+0.08
0.57+0.05
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the model of two moving sources. The spectra at 32',
however, are systematically underestimated in the fitting.
This might suggest the existence of another source which
has a strongly forward-peaked angular distribution in the
laboratory system. A possibility is the projectilelike
source, which represents the neutrons emitted from an
unobserved part of a projectile which passes through the
target.

C. Pre-equilibrium source parameter

D. Excitation energies and temperatures of the fusion products

The excitation energy of the equilibrated fusion nuclei
has been estimated using the assumption that the whole
target merges with a part of the projectile and the
remaining part of the projectile passes through with its
initial velocity. In this assumption, momentum and ener-

gy conservation give the mass A,q, the velocity Vz, and
the excitation energy E,* of the fusion nuclei as

A, =A +A, —QM'„A'—bA, (8)

A V —gM'„A'V „—b AV

and

The derived multiplicity and temperature parameters
of the pre-equilibrium source contain large errors, since,
in the present experiment, the neutrons were measured at
rather backward angles. Nevertheless, the following
trends can be pointed out in the present work. The mul-

tiplicity of pre-equilibrium emission M
„

increases with

decreasing residue velocity. This dependence of M „on
(R ) becomes weaker as the target mass increases. These
features can also be shown for other systems when we

compare the results of the Ne+' Ho, S+Ag, and
' 0+Ag reactions at E/A =30 MeV [4,8]. For the
heaviest system, M

„

is almost independent of residue
velocity, whereas it is weakly increasing with decreasing
residue velocity for the other two systems.

The temperature parameter r „seems to be indepen-
dent of the target mass but weakly dependent on the (R )
values. A similar (R ) dependence is seen in the neutron
spectra for the Ne+' Ho reaction [4] and in the
charged particle spectra for the S, ' 0+Ag reactions
[8] at E/A =30 MeV. The values of r„„arealso in good
agreement with the systematics for the beam energy ob-
tained from neutron-residue coincidence measurements
[22].

The velocity of the pre-equilibrium source Vp„ is al-
most independent of target mass and is about 50—60%%uo of
the beam velocity. Although similar results were report-
ed for the Ne+' 'Ho and ' S, ' 0+Ag reactions [4,8],
the (R ) dependence of Vp„ is diff'erent. In the present
work Vp e slightly increases with increasing 8, while, the
V „reported in Ref. [8] is almost constant and the Vp„
reported in Ref. [4] decreases with increasing residue ve-
locity.

2;——g M' „A'( V —V „,)( V„—V „)
3

2;g Mprerpre+ Q (10)

where Ap, A„hA, V V „,rp„,and Q are the mass
number of the projectile, target, and the unobserved part
of the projectile, the velocity of the beam, and the pre-
equilibrium source, the temperature parameter of the
pre-equilibrium source, and the reaction Q value, respec-
tively. The Q value is estimated by using the assumption
that the unobserved part of the projectile travels as a
cluster in its ground state. M'„and A ' are the multipli-
city and the mass of the particles emitted from the pre-
equilibrium source. Emission of neutrons, protons,
deuterons, tritons, and a particles is considered from the
pre-equilibrium source. The multiplicity of the protons
M

p
is estimated from M "„andthe X/Z ratio of the

fused nucleus. The multiplicities of d, t, and a particles
are estimated as —,'M „,—,'M~„,and —,'M „according to
the results of Wada et al. [8]. If Va or b A is given, the
coupled equation of Eqs. (8)—(10) can be solved using the
parameters extracted from the moving source fit. We as-
sumed b, A =0 for (R ) = 1.0 window and for the other
cases, we used the observed velocity (V,b, ) as Va. The
thermal excitation energies of nuclei after one neutron
emission are then deduced using the following relation:

AJE =E* —S —(sr )—
th eq n 2I

where S„is the separation energy of the neutron and (e )
is the average kinetic energy removed by the neutron.
The fourth term is the rotation energy of the daughter
nucleus with moment of inertia I and angular momentum
J. The angular momentum was estimated with an
abrasion-absorption model [23]. The estimated J values
were (20—35)A', (40—55)A', and (55—70)A' for the

Ar+Ni, Mo, and ' Sn reactions, respectively, and
hence the rotation energies are 10—35 MeV for these re-
actions. The excitation energies of the daughter nuclei
are summarized in Table II together with the average
linear momentum transfer (LMT) and the average masses
of the equilibrated nuclei.

The initial temperature T of the daughter nuclei can be
deduced from the temperature parameter ~. The relation
between v. and T has been obtained by Le Couteur and
Lang [24] as T=(12/11)r when the fitting function
E ~"exp( E/r) is used for—the neutron energy distribu-
tion. However, this approximation is only valid for neu-
trons emitted from the states at lower excitation energies.
Instead of using this relation, we derived the relation nu-
merically for neutron emission from highly excited nuclei
by using the code CASCADE with an assumption that the
level density parameter a is independent of the excitation
energy. The calculation was performed with a =3/8
and A /12 for the Ar+ Mo reaction for various excita-
tion energies. The calculated spectra were fitted with the
function &E exp( E/r) and the deduc—ed r was com-
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TABLE II. Derived values of excitation energies and temperatures of the fused nuclei.

LMT A,q Eeq (MeV) Eth (MeV) T (MeV)

1.0
0.8
0.6

1.0
0.8
0.6

0.9
0.8
0.6

94%
71%%uo

47%

61%
43%

87%
61%
36%

0
5

12

0
9

14

3
10
17

153
146
138

127
114
109

92
83
72

556
451
357

Ar+ Mo
575
405
326

Ar+Ni
521
389
259

520
399
305

544
356
275

496
350
211

5.50+0.35
4.98+0.32
4.39+0.36

6.00+0.43
5.20+0.41
4.66+0.38

7.04+0.66
6.08+0.47
4.96+0.40

pared with the T obtained from the relation E,h=aT .
The relation obtained is shown in Fig. 6. The solid line
represents the relation T =(12/11)r, which is actually a
good approximation, but only for ~&3.0 MeV. For
~) 3.0 MeV, the slope gets larger with increasing v, and
the relation T= 1.15~, which is shown by the dashed line,
becomes a good approximation for v & 4.0 MeV. This be-
havior can be understood by the fact that more charged
particles are emitted at high excitation energies than at
low excitation energies. The factor 1.15 is in agreement
with results recently reported by Chbihi et al. [5]. The
initial temperatures obtained are listed in Table II.

In Fig. 7 we plot the initial temperature T against exci-

tation energy per nucleon for the " Ar+ Ni (squares),
Mo (circles), and ' Sn (diamonds) reactions. The tem-

perature increases smoothly with increasing excitation
energy. As seen in the figure, the temperature-excitation
energy relation is well described with the level density pa-
rameter of a = A /(9+1) for all the targets. The neutron
multiplicities of the fusion source are plotted against the
excitation energy in Fig. 8. The multiplicity obtained
from the statistical calculation with a constant level den-
sity parameter a = A /9 is also shown as solid lines in the
figure. Neutron, proton, and a-particle emissions are
considered in the calculation performed with the code
CASCADE. The optical potentials of Wilmore and
Hodgson [25], Percy [26], and Mcfadden and Satchler

7.0
10 0

8.0—

5.0

6.0—

3.0 4.0

2.0 a= A/8
——a= A,/8

a= A/10
1.0

1.0 3.0
r (MeV)

5.0

FIG. 6. The relation of the initial temperature T to the tern-
perature parameter ~ deduced from statistical calculations with
the level density parameter a = A /8 (circles) and a = A /12 (di-
amonds). ~ is obtained by fitting the calculated spectrum with
&E exp( —E/v), whereas the initial temperature T is defined

by the relation E,h
=a T . Solid and dashed lines show the rela-

tion T =
—,', ~ and T =1.15~, respectively.

7).0 1.0 2.0 3.0 4.0 5.0 6.0 V.O

E~ / A ( MeV )

FIG. 7. Initial temperature vs excitation energy per nucleon
obtained in the Ar+Ni (squares), Mo (circles), and ' Sn (di-
amonds) reactions. The solid, dashed, and dotted curves corre-
spond to the level density parameter a = A /8, A /9, and A /10,
respectively.
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creases from A /8 to A /13 for excitation energies from 1

to 2 MeV/nucleon and increases from A /13 to A /10 for
3 to 4 MeV/nucleon. They obtained the initial tempera-
ture essentially by subtracting the effects of lower excita-
tion energies and, hence, the contribution of the emission
from the nuclei in deexcitation cascade seems to be re-
moved.

It should be mentioned here that the deduction of the
level density parameter a from the relation E„=aT is
not always correct. Thermodynamically the temperature
T is defined as

1/T=d(lnp) IdE„, (12)

where p is the level density. If a does not depend on E„,
the Fermi gas description of p gives the relation of
E„=aT. On the other hand, if a does depend on E„,the
quantity da/dE„appears in the relation between T and

E„,and the simple law E„=aTis no longer a valid. In
order to deduce the value of a in this case, firstly, the lev-
el density p should be obtained using the relation

10—
1

p =exp —dEX (13)

0
0

I I I I I I I I I I I I I I

200 400 600
E, (MeV)

800

FIG. 8. Neutron multiphcity of the fusion nuclei produced in
the Ar+ Ni, Mo, and ' Sn reactions as a function of excita-
tion energy. Solid lines represent the statistical model calcula-
tions with level density parameter a = A /9.

Figure 9 shows the relation betw'een the level density and
the excitation energy. Using the relation between T and
E„reported in Refs. [6—8] together with the assumption
of a = A /8 for E, (180 MeV, we have evaluated the lev-
el density by Eq. (13) and plotted it with the solid line in
Fig. 9. The dotted lines are the level density of Fermi gas
obtained simply from the relation E„=a T for

[27] were used for calculating the transmission
coefficients for neutrons, protons, and a particles, respec-
tively. It can be seen that the multiplicity is reasonably
reproduced by the calculation. These facts indicate that
the equilibrated nuclei are formed through the fusion re-
action at the excitation energies up to 3.4, 4.3, and 5.4
MeV/nucleon for masses around 150, 130, and 90, re-
spectively. However, the agreement in Fig. 8 is not com-
plete. For all three targets, the increase of multiplicity
with E„is slower for the data than for the calculation.

250—

200

150

I I I )
I I I

)
I I I

t
I I I

I
I I I

A = 132

IV. DISCUSSION 100

The level density parameters obtained in the present
analysis do not depend strongly on the excitation energy,
but can be described as a = A /(9+1) up to an excitation
energy of 5 MeV/nucleon. This agrees with the results of
Refs. [3] and [4] in which the level density parameter is
found to have a constant value of A /(10. 5+1.0) between
1 and 2 MeV/nucleon. Thus, based on the neutron mea-
surements, it can be said that the level density of hot nu-
clei can be described with the Fermi gas distribution with
a —A/IO and the excitation energy dependence of a is
not large enough to be observed. Qn the other hand, a
different conclusion has been deduced in Refs. [6—8]
based on the a-particle measurements. The authors in
Refs. [6—8] claimed that the level density parameter de-

50

0
BOO 400 600

E„(MeV)
800 1000

FIG. 9. Relation between the level density (p) and excitation
energy (E„).Dotted curves show the simple Fermi gas approxi-
mation with a 5xed level density parameter a = A /k for
k =8,9, 10, 11,12, and 13. The solid line shows the realistic rela-
tion evaluated with the data of Refs. [6—8], whereas the dashed
line represents an interpretation with E„=aTgiven in Refs.
[6-8].
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10

10

Ar+ Mo P6MeV/nucl.

10
I

10

10

1.0

a = A /8 —A /13. The deduced level density deviates
from the value for a = A /8 above E -200 MeV, but in-
creases, monotonically to the . value for a = A /10 at
E —1000 MeV. For comparison, the dashed line shows
the interpretation that a changes from A /8 to A /13 for
E„from 0.6 to 2.5 MeV/nucleon and increases from
A /13 to A /10 for E„from 3 to 6 MeV/nucleon. Obvi-

ously, this interpretation cannot reproduce the experi-
mentally obtained temperature; it gives a much higher
temperature for E„between 180 and 380 MeV and a
much lower temperature for E, above 400 MeV, since
the temperature is defined as I/T=d(lnp)/dE„. There-
fore, the real excitation energy dependence of a is much
smaller than reported in Refs. [6—8].

In order to see the effect of the variation of the level

density parameter on the neutron spectrum, statistical
calculations were performed with the level density varied
according to the solid line in Fig. 9. In Fig. 10, the ex-
perimental spectra for (R ) = 1.0 and 0.6 obtained in the

Ar+ Mo reaction are shown in the center-of-mass
frame after subtraction of the pre-equilibrium emissions.
The solid lines are the calculations with a constant level

density parameter a = A /8 and the dashed line is the one
with the level density varied as the dashed line in Fig. 9.
The fact that the calculation with a = A/8 reproduces
the data very well proves the present analysis to be
correct, since the temperature-excitation energy relation
obtained requires a to be close to A /8 for (R ) =1.0 and
0.6 for the Mo target as already shown in Fig. 7. The
calculated spectra with the varied level density show less

steep slopes than that of a = A /8. For (R ) =0.6, the
difference between the two calculations is not large and
the experimental spectrum can be explained for both cal-
culations. As shown in Fig. 9, the variation of the level
density incorporated in the calculation corresponds to a
small variation of a from A/8 to A/9. Thus it can be
said that the present data cannot show the effect of such a
small variation of a. However, the calculated spectrum
for (R ) =1.0 is less steep than the experimental one.
This indicates that the variation of a is sma11er than the
variation of from A/8 to A/9. 5.

The recent study of Chbihi et at. [5] shows that the
difference in the angular momentum distributions at
different excitation energies causes another problem. The
study shows that an additional correction is required to
remove the angular momentum effect. The correction fac-
tors are about 0.9 for neutrons and protons and 0.8 for e
particles for the ' 8+ ' Mo reaction. If this correction is
applied to the temperature parameter obtained in Refs.
[6—8], the reported deviation of the level density parame-
ter again becomes smaller than reported.

There have been extensive theoretical discussions on
the variation of the level density parameter. Bonche
et at. [9] studied the level density of hot nuclei with the
temperature-dependent Hartree-Fock (HF) method. In-
stead of the phenomenological single-particle spectra,
they used the solution of the HF equation at finite tem-
peratures and deduce the level density with the help of
the thermodynamical relation. Although their result
does not reproduce the absolute value of a, the variation
of a is essentially constant for T =2—8 MeV. Similar re-
sults are reported by Suraud et at. [10]. A decrease of a
with excitation energy has been discussed in the relation
of the level density parameter to the effective mass.
Hasse and Schuck [13]calculated the temperature depen-
dence of a up to T =12 MeV. Their result with a local
Woods-Saxon potential shows that a varies from A /7 to
A/10 for temperatures of 2-7 MeV. Dean and Mosel
[11] showed that a must decrease with increasing excita-
tion energy because of the finiteness of single-particle
space of nucleus. They predicted that a varies from
A /13 to A /17 for E, /A =2—5 MeV. Their calculation
also failed to reproduce absolute values of a. In both cal-
culations, a changes its value by about 20% for
E /A =4—7 MeV.

V. SUMMARY AND CONCLUSION

10

10
0 10 20 30

E„(MeV)
40 50

FIG. 10. Evaporated neutron spectra in the emitting frame

obtained in the Ar+ Mo reaction after subtraction of pre-
equilibrium emission. The standard statistical calculations with

fixed level density parameter are shown for a = A /8 with solid
lines. The calculation with the level density evaluated with the
result of Refs. [6—8] (plotted in Fig. 9 with the dashed line) and

result from Ref. [13]are shown with the dashed and dot-dashed

lines, respectively.

Coincidence measurements between residues and neu-
trons were performed for the reactions Ar+Ni, Mo,
and ' Sn at E/A =26 MeV. In order to remove the
effect of pre-equilibrium emission, neutron spectra were
analyzed with the moving source model for different resi-
due velocities with the correction of the recoil effect. The
dependence of the extracted parameters of the pre-
equilibrium emission on the mass number and the residue

velocity was deduced: The temperature does not depend
on mass but increases from 11 to 15 MeV as (R ) in-

creases from 0.6 to 1.0; the neutron multiplicity increases
with decreasing (R ), although the dependence on (R )
becomes weaker as the mass increases; the velocity of the
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pre-equilibrium source is about 50% of the beam veloci-
ty. These characteristics are consistent with those re-
ported previously.

The multiplicity and the temperature parameter of the
neutron emission from the fused nuclei were also de-
duced. The relation between the initial temperature and
the apparent temperature for the neutron emission from
hot nuclei was deduced numerically through CASCADE
calculations. It is found that the relation T =(12/11)r is
valid only for ~&3 MeV, and the relation T =1.15~ is a
good approximation at higher temperatures. The initial
excitation energy of the fused system was kinematically
evaluated from the amount of linear momentum
transferred to the fusion residue taking into account the
pre-equilibrium emission. The extracted neutron multi-
plicity and the initial temperature increase from
(R ) =0.6 to 1.0. Thus, the neutron emission can be re-
garded as the decay of the thermally equilibrated fused

system. The initial-temperature versus excitation-energy
relation is well explained with the level density parameter
a = A /(9+1) for excitation energies of 2. 5—5.0
MeV/nucleon. No strong variation of a has been de-
duced.

The conclusion that the excitation energy dependence
of a is weak is consistent with the results reported for
other systems [3—5], except those in Refs. [6—8], for
which we have pointed out that the real variation of a
should be much smaller than reported. Although the ab-
solute value of a is not always reproduced by the calcula-
tions, several calculations predict that the value of a de-
creases as the excitation energy increases. However, the
predicted variation of a is so small that the effect cannot
be seen in the present data. In order to deduce such
small variations, a more accurate determination of the
temperature as well as the excitation energy of the fusion
nuclei is required.
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