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Fusionlike processes in the ' N+ Th reaction at 30 MeV/nucleon
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Fusionlike processes mere studied in the ' N+ Th reaction at 30 MeV per nucleon. Partition of the
fusionlike cross section was determined by detecting nonequilibrium charged particles with an array of
phoswich detectors (plastic wa11) in coincidence with 6ssion fragments for which the folding angle and

thus the momentum transfer was measured. By measuring both single and multiple hits in the plastic
wall and by correcting for its incomplete angular coverage a very extensive database of the fusionlike

channels was obtained. The results were compared with model predictions comprising the BUU, Fermi

jetting, the Boltzmann master equation model, and the nucleon-exchange transport model. It was found

that these models which globally describe the dependence of the inclusive momentum transfer in fusion-

like reactions cannot account for the associated particle production, in particular if the nucleons bound
in the observed complex particles (d, t, a) are included in the comparison. Calculations of the energy

spectra of the complex particles with the coalescence formalism indicate that a large fraction of the ob-
served complex particles in the fusionlike reactions cannot be accounted for by pre-equilibrium emission

from the fused composite system. They most probably originate from massive-transfer-type reactions
that contribute to the beam-velocity component in the energy spectra.

PACS number(s): 25.70.—z, 25.70.Jj, 25.70.Lm

I. INTRODUCTION

Complete fusion and quasielastic peripheral reactions
almost totally exhaust the reaction cross section in col-
lisions of asymmetric heavy-ion systems at low energies.
The clear distinction between these two reaction mecha-
nisms gradually vanishes as the energy is increased.
Larger excitation energies generated at increased bom-
barding energies lead to a strong diversification of peri-
pheral reactions in the form of deep-inelastic processes,
massive transfer, and breakup or fragmentation reac-
tions. The fusion reactions, on the other hand, reveal the
increasing incompleteness of the fusion process, best
manifested in the measurements of the linear momentum
of the composite system.

Measurements of the folding angle between fission
fragments [1]have been used for many years as a tool for
determining the velocity of the fissioning nucleus and,
thus, the transfer of momentum in heavy-ion reactions.
The folding angle distributions typically exhibit [1—3] a
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double humped structure with strength concentrated in
two regions: at large folding angles corresponding to a
small transfer of linear momentum (peripheral reactions),
and at smaller folding angles corresponding to nearly full
transfer of momentum in the fusion or fusionlike reac-
tions. With increasing bombarding energy the fusionlike
maximum in the folding angle distributions gradually
shifts from the angle corresponding to full momentum
transfer towards larger folding angles [3], i.e., to reac-
tions with incomplete momentum transfer. This has also
been observed in the velocity spectra of fusion-
evaporation residues [4—6].

The phenomenon of incomplete momentum transfer
has attracted much experimental and theoretical interest
in recent years. The arresting feature of this
phenomenon is the observation that the relative momen-
tum transfer (p )/po at the same relative velocity of the
two colliding nuclei at the barrier is more or less indepen-
dent of the nucleus-nucleus system studied [6—12]. This
systematic behavior can be qualitatively understood if at
the same relative velocity the same number of nucleons
per projectile mass are emitted with beam velocity in the
forward direction. Various models ranging from exciton
models [13—15], the Boltzmann master equation [16],and
Fermi jetting with and without two-body dissipation
[10,17,18] to the intranuclear cascade models with mean
field such as the BUU model (e.g. , [19,20]) have been used
to explain the incomplete momentum transfer. All these
models have in common that they only deal with nucleon
emission, whereas from incomplete fusion studies it has
been known for a long time that the emission of complex
particles such as an a particle is important [21,1,22 —25].

In spite of much recent e6'ort on the study of the
fusionlike processes little quantitative information on the
nature and partition of the processes associated with the
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incomplete momentum transfer is as yet available. Fast
particles observed in reactions contributing to the fusion-
like maximum in the folding angle distributions may orig-
inate, e.g. , from pre-equilibrium emission in central col-
lisions or from massive transfer reactions occurring in
more peripheral collisions. It is an open question to what
extent emission of light complex particles such as deute-
rons, tritons, or a particles can be associated with the
former mechanism in which the colliding nuclei corn-
pletely merge and form a composite system. Most previ-
ous studies of light particle emission have been inclusive
or semi-inclusive, with a moving source decomposition of
the particle spectra but no unambiguous identification of
the reaction channels [2,24,26,25,27].

In this work we report on a study of the ' N+ Th re-
action at an energy of 30 MeV/nucleon, at which the
fusionlike reactions are already dominated by the pro-
cesses of incomplete transfer of linear momentum [11,3].
We combined the measurements of the folding angle of
the fission fragments with detection of nearly all fast
charged particles accompanying the fission events. By
using a plastic wall in the forward hemisphere for the
detection of the charged particles, geometrical biases im-
posed by coincidence measurements were largely re-
moved. Moreover, by using the fission folding angle
method it was possible to quantitatively decompose the
fission cross section related to fusionlike and peripheral
processes into the various reaction channels.

We have compared our experimental results with pre-
dictions of a representative set of current models and
theories. The fact that the existing models do not explic-
itly predict emission of complex particles prevented us
from making direct comparisons, but we were able to
judge at least the internal consistency of the models. Im-
portant in this respect was that we have measured both
the incomplete momentum transfer and the associated
pre-equilibrium particle emission.

II. EXPERIMENTAL DETAILS

The ' N+ Th reaction was studied by using a
' N' +' beam of 420 MeV from the KVI isosynchronous
cyclotron. The beam bombarded a Th target of 0.55
mg/cm thickness. A schematic picture of the setup is
shown in Fig. 1. The fission fragments were detected in
two position-sensitive avalanche detectors (PSD) [28] of a
sensitive area of 200X 140 mm, positioned symmetrically
on both sides of the beam axis. Each PSD covered the
angular range 49' to 110' in the horizontal plane and
—27 to +27' in the vertical direction. With a spacing of
2 mm between wires in the PSD's, the direction of the ve-

locity vectors of the fission fragments could be deter-
mined with an accuracy of about +0.3 .

Light charged particles accompanying the fission
events were detected in an array of 30 phoswich detectors
[29] consisting of a 1-mm-thick fast scintillator (NE102A)
and a 50-mm-thick slow scintillator (NE115). The array
formed a "plastic wall" that covered the angular range
—41' to +41' in the horizontal plane and —29' to +29'
in the vertical direction. A solid angle of about 45 rnsr
around the beam axis was not covered by the plastic wall.

PLastic Wali

I
/beam

D-2

FIG. 1. Experimental setup with position-sensitive avalanche
detectors (PSD-1, PSD-2) and 30 phoswich detectors forming
the "plastic wall. "

III. RESULTS AND DISCUSSION

A. Fission folding angle distributions

In the following we present results of our measure-
ments in which the detection of two fission fragments was
used as the event trigger. In order to select a well defined
sample of fission events with minimal bias, we gated on a
fission fragment in either PSD in a relatively narrow an-
gular window in the azimuthal and out-of-plane angles,

The phoswich detectors ensured charge identification of
all particles up to Z =8. Mass identification was possi-
ble, however, only for the hydrogen isotopes. Energy
calibration of the phoswich detectors has been done in a
separate experiment [30] by using secondary beams of
different reaction products of 1 ~Z 7 filtered in a mag-
netic spectrograph. The response of the detectors was
found to be almost linear in energy over their full dynam-
ic range. However, the calibration constants turned out
to depend both on Z and A. Except for the Z = 1 parti-
cles, the dependence on A has been ignored because of
the insufficient isotopic resolution. This restricts the en-

ergy resolution for the heavier elements to about 10%
[30].

The thickness of the front layer (1 mm) of the
phoswich detectors determined the energy thresholds
below which the particles could not be identified. These
thresholds were 9, 12, 15, and 37 MeV for protons, deute-
rons, tritons, and a particles, respectively. The total
thickness of the phoswich detectors (50 mm) determined,
in turn, the upper limits for proper particle identification
and energy determination. These limits were 77, 106,
127, and 319 MeV for p, d, t, and a particles, respective-
ly.

The AE, E information was obtained in the usual way
by separately integrating the analog signal over a short-
and long-time gate, respectively, on a charge sensitive
ADC. Common gate ADC's were used (FERA [31]).
The differences in the gate timing for the events when
more than one detector fired were corrected ofBine. A
simple software procedure utilizing the recorded time
and energy information was developed for this purpose
[30].
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66'&8&87' and —7'&/&+7, respectively. Thus, as
has been checked, the complementary fission fragment al-
ways was detected in the opposite detector with nearly
100%%uo efficiency.

For each fission event the folding angle was determined
from the two impacts on the PSD's: 8tr=arccos(Ft. Fz},
where F, and F2 are unit vectors in the direction of the
two fission fragments. The upper curve in Fig. 2 shows
the folding angle distribution that includes all the accept-
ed fission events, irrespectively of the number and kind of
the accompanying charged particles. This distribution is
very similar to those measured previously for similar sys-
tems at comparable energies [11,32,3,33]. It consists of
two components, one at large folding angles correspond-
ing to small transferred momenta, and a second at small-
er folding angles corresponding to fusionlike reactions.
The two components are separated by a distinct
minimum. A possible interpretation of this minimum can
be related to the frequently postulated geometrical limita-

tion of fusion and fusionlike reactions (critical distance
[34—36]}on the one hand, and, on the other hand, to a
wide class of transferlike peripheral processes involving
small momentum transfers at larger impact parameters.
If the cross section of these transferlike processes drops
monotonic ally with increasing mass transfer then a
minimum in the mass and/or momentum transfer distri-
bution should be observed. The appearance of a
minimum is also expected in terms of the breakup-fusion
mechanism that enhances asymmetric breakup channels
due to much more favored separation energies.

Although the ' N+ Th system is highly fissile, most
likely only the fusionlike part of the folding angle distri-
bution fully represents the respective part of the reaction
cross section, while the peak at large folding angle
represents only that part of the peripheral reactions
which selectively lead to fission. As was shown by Mor-
rissey et al. [37], the fission probability in nonabsorptive
reactions approaches unity only after reaching a quite
high threshold in the total excitation energy generated in
the collision.

By assuming a I/sin8 fission angular distribution, the
total integrated cross section corresponding to the fusion-
like component was estimated to be, of„„,„&;k,=1800 mb.
This value is only slightly smaller than the geometrical
cross section of close-impact collisions limited by the dis-
tance equal to the sum of the half-density radii, i.e., the
"critical distance" that is believed to limit the fusion
cross sections at energies well above the Coulomb barrier
[34-36].

From the measured folding angle the linear momentum
transferred to the fissioning nucleus can be deduced [1],
provided the velocity vectors of the fission fragments are
known. However, if only the average value of the
transferred momentum is of interest, a precise knowledge
of the velocities of the fission fragments is not necessary.
In that case one can assume symmetric mass division and
use the mean value of the kinetic energy (Ek ) released in
each fission event. With this simplifying assumption, the
average transferred linear momentum (p ) relative to the
momentum of the incident beam po is given by

(p ) M(Ek )

po MpE

sin0&

[2sin (8tr —8t)+2sin 8i —sin 8tr]'

where M and E are the mass and kinetic energy of the
projectile, and M is the mass of the fissioning nucleus.
For (Ek ) the updated systematics of Viola [38] were
used:

0
120 140 160 180

Z2
(Ek ) =0.1189, +7.3 MeV .

g 1/3

eff (deg)

FIG. 2. Folding angle distributions gated on reaction chan-
nels characterized by the combined charge of the detected parti-
cles, Zd„.The dashed line indicates full momentum transfer.

As one sees from Eq. (1), the folding angle alone does not
determine unambiguously the value of the transferred
momentum. Apart from 6t&; it is necessary to know the
angle 8, of the emission of one of the fission fragments
with respect to the direction of the velocity of the fission-
ing nucleus Vf„. For fusion or fusionlike reactions the
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vector Vf„does not significantly deviate from the beam
direction, and therefore 0, can be identified with the
emission angle of the fragment in the fixed laboratory
frame, i.e., measured with respect to the beam direction.
This, however, is not correct for peripheral reactions in
which the transferred momentum is relatively small.
Therefore, the information on the momentum transfer
deduced from the folding angle measurements for the
peripheral nonabsorptive reactions (appearing as the peak
at large folding angles) is less reliable than for fusionlike
reactions.

B. Review of the experimental data

Applying relation (1) to the inclusive folding angle dis-
tribution (Fig. 2, top), the most probable momentum
transfer for the fusionlike reactions is 83%. This result
agrees very well with the general systematics [6—12] and,
more specifically, with the values found for ' N+' Au
and ' N+ U reactions at the same energy of 30
MeV/nucleon [32,11].

Having a clear operational criterion for separating
fusionlike reactions from peripheral or nonabsorptive re-
actions, based on the presence of the distinct minimum in
the inclusive folding angle distribution, we will present
data on the charged-particle emission separately for these
two classes of reactions. The large momentum transfer
(LMT) gate, 8ff~160', will refer to the fusionlike reac-
tions, and the small momentum transfer (SMT) gate,
Off ) 160', to the nonabsorptive (mostly peripheral) reac-
tions.

Figure 3 gives an overview of the energy spectra ob-
served at a forward angle 0=13' for various ejectiles
emitted in coincidence with fission fragments for the
LMT and SMT regions of the folding angle distribution.
The spectra are present in an energy per nucleon scale
that facilitates for the SMT gate abservatio~-ef-a ~lear-
centering of the spectra near the energy corresponding to
the beam velocity of 30 MeV/nucleon (indicated by the
dotted line). Note that not only projectilelike fragments,
but also light particles (p, d, t, a) show this effect. The
pronounced beam-velocity peak of a particles for the
SMT gate indicates that there are strong contributions
from projectile breakup as well as from sequential decays
of projectilelike fragments produced in peripheral reac-
tions. Similarly, breakup or transfer-breakup reactions
may produce protons, deuterons, and tritons of approxi-
mately beam-velocity energies.

The Be events represented by the hatched area in Fig.
3 are due to simultaneous detection of two a particles in
the phoswich detector. Most likely they originate from
Be produced in the ground state. Since the light

output/MeV for Be isotopes is less than for two a parti-
cles, the Be, events appear to have higher energies.

For the LMT gate (Fig. 3, left) there is a very small
chance of observing heavy projectilelike fragments be-
cause large transfer of linear momentum has to be cou-
pled, on the average, with a large transfer of mass. As it
is seen from the left side of Fig. 3, mostly light ejectiles
(p, d, t, a ) accompany fission events in the fusionlike reac-
tions. The energy spectra of these particles look diferent
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FIG. 3. Energy spectra of various ejectiles of 1 ~ Z ~ 7
detected at an angle 0= 13', and for two gates on the folding an-

gle corresponding to fusionlike and peripheral reactions. The
spectra are presented in the energy per nucleon scale. The dot-
ted lines indicate the beam-velocity energy.

from those for the SMT gate. The low-energy part is
significantly enhanced as compared with the correspond-
ing plots on the right side of Fig. 3. In addition to the ex-
pected emission of evaporation- and pre-equilibrium-type
particles, both having rather soft exponentially falling en-

ergy spectra, we clearly observe within the LMT gate an
admixture of fast particles (best seen in the a-particle
spectrum) that form a shoulder located at approximately
beam-velocity energy.

Figure 4 illustrates the angular dependence of the emis-
sion of a particles for both gates in the transferred linear
momentum. It is seen that the beam-velocity component,
mostly present for the SMT gate, falls o6' very rapidly
with angle. Consequently, at 0=35' only the soft com-
ponent remains. It should be pointed out, however, that
this soft component is predominantly of the pre-
equilibrium type because it is characterized by a slope pa-
rameter of about 40 MeV, while the temperature of the
equilibrated compound nuclei is at most 4 MeV.

Figure 5 shows the anisotropy for the emission of light
ejectiles and projectilelike fragments with respect to the
fission plane. The anisotropy is defined as
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FIG. 5. Anisotropy of the emission of different ejectiles with

respect to the fission plane.

where Y(/=0') and Y(/=90') are the yields of the frag-
ments in two detectors placed at the same azimuthal an-

gle (8=13') in the fission plane (/=0') and in the plane
perpendicular to the fission plane (/=90'), respectively.
The anisotropy increases strongly with the mass of the
emitted fragment, just indicating that the emission of
heavier fragments is associated with more peripheral col-
lisions, larger angular momenta, and, consequently,
stronger alignment effects. The observed anisotropies are
in qualitative agreement with those observed by Tsang
et al. [32] at larger polar angles. In view of the limited
granularity of the forward wali and small polar angles
covered by the wall, the anisotropy could not be studied

In the following we present more detailed information
on the partition of the fission cross section. In Fig. 2,
which gives an overview of the measured coincidence
data, the folding angle distributions gated by different
combinations of charged particles detected in the plastic
wall are displayed. Multihit events have been grouped ac-
cording to the combined Z of the detected particles, Zd«,
and included in the respective distributions.

From Fig. 2 it can be seen that there is a systematic
dependence of the position of the maximum of the fold-
ing angle distribution on the transferred charge (or mass).
For large transfer of charge/mass (small Zd„)the folding
angle distributions are dominated by the fusionlike bump,
which however, is shifted towards larger angles from the
position corresponding to the complete transfer of linear
momentum (indicated in Fig. 2 by the dashed line). With
increasing Zd„ the folding angle distributions gradually
change their shape and finally become a single maximum
at large folding angles (characteristic for peripheral reac-
tions and low transfer of linear momentum).

Apart from complete and incomplete fusion reactions
in which only neutrons are emitted, the Zd„=0events of
Fig. 2 originate from reactions with emission of charged
particles outside the range of the plastic wall. The peak
at 8&=172' evidently originates from events in which a
massive projectilelike fragment has been emitted into the
"hole" in the plastic wall around the beam axis. Also, in
the region of the fusionlike bump some of the Zd„=0
events may result from undetected light charged particles
emitted either at very small angles (into the hole) or at
large angles (outside the plastic wall). A quantitative
analysis of the effects associated with the incomplete cov-
erage of the emission angles by the plastic wali will be
given in Sec. III D.

The results presented in Fig. 2 demonstrate that the
fission cross section in the studied reaction is partitioned
among a variety of primary reaction channels that cover
the full range of mass and charge up to Z =7. In Table I
the complete information on the partition of the fission
cross section for different combinations of charged parti-
cles accompanying the fission events is presented. Rela-
tive probabilities of about 40 different reaction channels,
practically exhausting the entire measured fission cross
section and involving charged-particle multiplicities as
large as M =5, are given. The data are grouped accord-
ing to the increasing charged-particle multiplicity M and
are given separately for the fusionlike (8&~160', LMT
gate) and peripheral (8s & 160, SMT gate) reactions. The
sum of the two components is also given. Along with the
percentage numbers representing the raw measured re-
sults, the values corrected for incomplete coverage of the
full solid angle are also presented.
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D. Solid-angle corrections of the cross sections

The largest corrections due to the incomplete coverage
of the full solid angle are associated with undetected pro-
tons, deuterons, and tritons which have the flattest angu-
lar distributions and thus the largest probability of being
emitted at large angles not covered by the plastic wall.
Heavier ejectiles (isotopes of boron, carbon, nitrogen)

have much steeper angular distributions, and therefore
the correction for these ejectiles is associated entirely
with the hole in the plastic wall around the beam axis.
The correction for the detection efficiency leads to a
significant redistribution of the relative cross sections.
Obviously, the correction affects the reaction channels

with the highest multiplicities most severely.
The correction has been made in the following way.

TABLE I. Measured partition (%) of the fission cross section (Meas. ) and the partition corrected for
incomplete coverage of the full solid angle (Corr. ) for fusionlike (0& 160'), peripheral (8&) 160'), and
all reactions.

Emitted
particles

Fusionlike
Meas. Corr.

Peripheral
Meas. Corr.

Total
Meas. Corr.

no charged particle 50.0 27.4 27.5 42.4 18.1

d

He
Li
Be
B
C
N

12.3
650
4.41
9.93
1.44
0.488
0.214
0.141
0.082

25.2

7.21
1.38
0.538
0.369
0.222
0.125

4.14
2.11
1.56

10.5
2.83
3.63
6.41
9.40
2.41

1.52

1.11
3.00
4.14

14.7
15.3
4.01

9.54
4.95
3.51

10.1
1.91
1.55
2.30
3.26
0.865

17.2

5.15
1.92
1.75
5.20
5.30
1.43

H+H
H+He
He+He
H+Li
H+Be
H+B
H+C
H+N
He+ Li
He+Be
He+B
He+C
He+N

5.29
4.80
1.28
0.476
0.120
0.026
0.013
0.009
0.198
0.044
0.008
0.003
0.005

13.4
8.65
1.86
1.10
0.307
0.091
0.046
0.031
0.346
0.099
0.025
0.008
0.013

1.34
4.55
5.17
1.35
1.32
1.19
0.673
0.041
2.31
1.73
0.498
0.049
0.007

0.163
1.03
4.13
2.47
3.22
4.29
1.63
0.100
5.99
5.15
2.01
0.128
0.019

3.96
4.71
2.59
0.772
0.525
0.420
0.235
0.020
0.909
0.611
0.174
0.019
0.006

8.97
6.08
2.63
1.56
1.29
1.51
0.578
0.054
2.25
1.80
0.695
0.049
0.015

H+H+He
H+H+H
H+He+He
He+He+He
H+H+ Li
H+H+Be
H+H+B
H+He+ Li
He+He+ Li

0.874
0.624
0.400
0.049
0.052
0.010
0.002
0.037
0.005

3.97
3.78
1.39
0.130
0.270
0.064
0.014
0.148
0.018

1.29
0.211
2.62
1.39
0.286
0.185
0.058
0.745
0.298

1.64
0.166
5.89
4.37
1.05
0.735
0.315
3.53
1.65

1.02
0.484
1.15
0.501
0.131
0.069
0.021
0.275
0.104

3.18
2.56
2.91
1.56
0.535
0.291
0.116
1.29
0.568

H+H+H+He
H+ H+ He+ He
H+H+H+H
H+ He+ He+ He
He+ He+ He+ He
H+H+H+ Li
H+H+He+Li

0.068
0.039
0.040
0.008
0
0.002
0.002

0.684
0.326
0.522
0.054
0.002
0.030
0.017

0.195
0.452
0.026
0.321
0.030
0.022
0.068

0.638
2.02
0.061
1.70
0.169
0.148
0.506

0.111
0.179
0.035
0.113
0.010
0.009
0.024

0.669
0.897
0.366
0.609
0.058
0.070
0.182

H+H+H+H+He
H+H+H+H+H
H+H+H+He+He

0.003
0.002
0.001

0.075
0.055
0.021

0.012
0.002
0.033

0.077
0.015
0.233

0.006
0.002
0.012

0.076
0.041
0.092
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P; = g P;J(z) .
Z

(5)

The observed yield of a given reaction channel i, N
has to be corrected for the contributions from all other
channels j appearing as channel i when some of the
charged particles escaped detection in the plastic wall.
Using expression (4), one can solve a set of coupled equa-
tions,

N '=gP;NJ,
J

(6)

and find the primary yields N corrected for the incom-
plete coverage of the full solid angle:

y P—1Nobs

As mentioned above, the basic assumption of the un-
correlated emission is well justified for light ejectiles
(H, He) in the fusionlike reactions (LMT gate) (cf. [40]).
In the case of emission of heavier ejectiles (Li, Be, B, C,
N), which mostly appear in the SMT gate (peripheral re-
actions), the validity of this assumption could not be
checked directly. Nevertheless, we have used the same
method of determining the detection efficiency e, and the
probability P," for all reaction channels involving also
heavier ejectiles. It was important, however, to perform
the yield redistribution calculation separately for the
fusionlike and peripheral reactions. This is obvious be-
cause in peripheral reactions (SMT gate) the light
charged particles originate mostly from breakup and/or
transfer-breakup reactions and consequently have steeper
angular distributions than in the case of fusionlike reac-

The angular distribution for each ejectile of different Z
was extrapolated beyond the range of the plastic wall for
both very small (near the beam direction) and large an-

gles. The anisotropy of the distributions in the azimuthal
angle (due to the correlation with the fission fragments}
also was taken into account. The ratio of the number of
particles of given Z detected in the plastic wall to the to-
tal number obtained from the extrapolation was taken as
the average detection efficiency e, of ejectiles of charge Z.

It was found that for fusionlike reactions the
efficiencies e, for H and He particles do not significantly

depend on the reaction channel, i.e., the number and kind
of other accompanying charged particles. Consequently,
it was assumed that the emission of the light ejectiles is

uncorrelated. The probability for observing a given reac-
tion channel j characterized by the emission of several

particles of the same or different Z can then be factor-
ized. Since some of the particles escape detection (with

the probability 1 —E, }, the probability P; (Z) of detecting

n;(Z) particles of type Z out of the emitted nJ(Z) is given

by the binomial expression

n~ (Z)

n, Z

The probability for channel j to appear as channel i is
then given by the product of the individual probabilities
for each value of Z in channel j,
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FIG. 6. Multiplicity distribution of charged particles before
(hatched) and after (darkened) the correction procedure. Note
the logarithmic scale.

tions (see Fig. 4).
The factorization procedure is in apparent contrast

with the well-known fact that a large fraction of the reac-
tion channels may involve the emission of projectilelike
fragments in unbound states and thus undergoing sequen-
tial decay [41—43]. However, corrections of this nature
will introduce systematic errors in the present procedure
only for very small relative energies, as in the case of
emission of Bes, [44].

Our method of correction for the incomplete coverage
of the full solid angle much benefits from the fact that the
extrapolations have to be contained within the total num-
ber of fission events. This feature of "unitarity" of the
problem reduces the evaluation of the corrections to a
redistribution of the yields of different channels within
the fixed total number of fission events. For example, in
the case of peripheral reactions with emission of projec-
tilelike fragments at very small angles, the steep angular
distributions, and thus uncertain extrapolations, can be
jointly normalized to the number of Z&„=0events in the
peak at large folding angles (see Fig. 2).

Only for M =1 events were the isotopes of hydrogen
(p, d, t) treated separately in the procedure of the cross
section redistribution. For all other reaction channels the
H isotopes were taken jointly. It is seen from Table I that
the effect of the redistribution of the cross section is
significant. Especially for reaction channels of high multi-
plicity the corrections are very large and reach a factor of
20 for M =5. However, the corrected cross sections for
these channels are still very low as compared with reac-
tions of lower multiplicity. (See the multiplicity distribu-
tion presented in Fig. 6.) Clearly, the observed reactions
are dominated by low charged-particle-multiplicity
events. The average charged-particle multiplicity,
corrected for the incomplete coverage, is (M ) = 1.2; the
uncorrected value was (M) =0.7. About 90% of the
fission cross section, for both fusionlike reactions and
peripheral reactions, corresponds to the events in which
at most two charged particles are emitted in addition to
the fission fragments.

Table I summarizes the information on the partition of
the cross section of the fusionlike reactions. Comparable
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information has been obtained so far only for the
Si+' Mo reaction at 700 MeV by Chbihi et al. [45],

although it has not been corrected for the detection
eSciency. In spite of the rich variety of reaction chan-
nels listed in the table, there are only several channels
that practically exhaust the entire yield in the folding an-
gle distribution. These channels are xn +f, 1H +f,
lu+f, 2H+f, H+u+f, 2H+a+f, and 3H+f. To-
gether, they comprise more than 1400 out of 1800 mb of
the angle-integrated fusionlike cross section. Figure 7
shows the partition of these channels. It should be noted
that the percentage of the xn +f channel (27%%uo)

representing fission events without emission of charged
particles is overestimated. This is due to discrimination
against slow charged particles which stopped in the hE
layer of the phoswich detectors. We have found that al-
lowing for all charged particles, even those stopped in the
hE layer and thus poorly identified, the percentage of the
xn +f channel for fusionlike reactions decreases to 15%.
This estimate corresponds to the extrapolation of angular
distributions based on the trends observed at forward an-
gles. No flattening of the angular distributions indicating
the presence of an evaporation component from the com-
bined system was observed in that angular range.

In Sec. V the results of Table I will be compared with
pre-equilibrium models. For this reason it is still neces-
sary to obtain some indications of the magnitude of the
evaporation contribution averaged over all fusionlike
channels. An upper limit was determined in the follow-
ing way. The average momentum transfer is 83%%uo,

' there-
fore it is assumed that on the average a compound nu-
cleus is formed due to the fusion of ' C+ Th, while one
proton and neutron are emitted with beam velocity (this
corresponds to 86%%uo momentum transfer). The tempera-
ture- -of --the--compound-- woukI- then -be-3. 1 MCV; Usipg--
Coulomb barriers of 12 MeV for p, d, and t and 24 MeV
for a particles, the Maxwellian spectra of the evaporated
particles are calculated in the moving frame of the com-
pound nucleus and integrated over the angular range of
the forward wall. The resulting spectra are compared to
the angle-integrated experimental spectra, with the re-
quirement that the calculated spectrum cannot exceed
the experimental yield (the experimental spectra are
shown in Secs. V 8 and V C). In this way an upper limit

for evaporation of 14% is obtained for protons, whereas
for a particles a contamination less than 1% is found.
This large difference is mainly due to the experimental
thresholds of 9 MeV for protons and 37 MeV for u parti-
cles, which are below and above the Coulomb barrier, re-
spectively. Note that this estimate depends little on the
assumptions concerning momentum transfer and temper-
ature. For example, using full momentum transfer and a
maximum temperature of 3.4 MeV would change the
upper limit for the proton evaporation contamination to
16%.

IV. CHANNEL DEPENDENCE
OF THE MOMENTUM TRANSFER

The folding angle distributions for all channels listed in
Table I have been analyzed separately. For each reaction
channel, the most probable value of the transferred
momentum (p ) has been determined from the position
of the maximum in the folding angle distribution by using
Eq. (1). The deduced values (p ), relative to the incident
momentum po, are displayed in Fig. 8 as a function of
Zd«and the charged-particle multiplicity M. In a few
cases, when two or more different reaction channels have
the same multiplicity M and the same summed Z, a
weighted average has been displayed. The transferred
linear momentum increases systematically with the
transferred mass (charge). The solid line in Fig. 8
represents the predicted dependence of the transferred
linear momentum on the transferred mass, assuming that
the remaining fragment(s), having the combined mass
number 2Zd«, move with beam velocity. The charge
binary reactions of M =1 (indicated in Fig. 8 by solid cir-
cles) and the M =2 events (shown by pluses) are the best

and-~dates for fo[l~win this d pend-c&cc. Th
line shows an approximate limit corresponding to a
"soft-pre-equilibrium" emission of Zd«protons and Zd«
neutrons in the direction of the forward wall. It was as-
sumed that the "softly" emitted pre-equilibrium protons
and neutrons have the same energy spectra as those cal-
culated for the compound-nucleus emission, but with a
forward-peaked angular distribution. We would like to
call attention to the fact that a large momentum transfer
(close to the limit indicated by the dashed line in Fig. 8)
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FIG. 7. The cross-section distribution of the main channels
of fusionlike reactions.

FIG. 8. Measured transferred momentum vs detected charge,
partitioned according to multiplicity M.



46 FUSIONLIKE PROCESSES IN THE ' N+ Th REACTION. . . 999

1.0

0.8-

0.6-

CL

0 4

0.2-

0.0
0 1 2 3 4 5 6 7

Zdet

FIG. 9. Same as Fig. 8, but corrected for incomplete cover-
age of the full solid angle by the particle detectors.

can be reached not only via emission of particles from a
precompound composite system (we reserve the term
pre eq-uilibrium emission for these processes), but also via
deep-inelastic, i.e., completely damped, reactions. Since a
projectilelike product of deep-inelastic interaction is usu-
ally highly excited, it eventually disintegrates into several
light particles. The upper limit of the momentum
transfer in such damped-fragmentation reactions lies
even above the dashed line.

It can be noticed in Fig. 8 that with an increasing num-
ber of emitted charged particles carrying away a fixed
value of the combined charge Zd„,the transferred linear
momentum increases. This means that the events of
higher charged-particle multiplicity, on the average,
represent reactions with a higher degree of equilibration.
Note, however, that only the data points corresponding
to the highest multiplicities tend to approach the limit of
the forward-directed soft-pre-equilibrium emission or
damped-fragmentation reactions.

The magnitudes of the transferred linear momentum
are also influenced by the incomplete coverage of the full
solid angle, in a similar way as the channel yields dis-
cussed above. By using the same matrix P as defined by
expression (5), the correct values (pj ) have been deter-
mined as

~ p —
lobs(p obs )

(p &=
J ~ p —l~obs (8)

~l IJ

where N ' and (p ') denote the uncorrected yields and
measured average linear momenta, respectively, for chan-
nels identified as channel i Becau. se P is defined sepa-
rately for the LMT and SMT gates, the procedure has
been applied for each of the two gates and the weighted
average has been taken as the corrected value of (p~ ). In
Fig. 9 the corrected values are presented. It is seen from
a comparison of Figs. 8 and 9 that the corrected values of
the transferred momentum for a given value of Zd„are
generally larger. (This effect is probably overestimated
because we assumed that the undetected particles carried
away the same average momentum as the particles
detected in the forward wall. } For many channels the
data points approach or even slightly surpass the limit of
soft-pre-equilibrium emission. Taking into account the

fact that in the damped reactions the upper limit of the
momentum transfer for a given Zd„value is even some-
what higher than that indicated by the dashed line in Fig.
9, it is plausible that the high-multiplicity events (viz. ,
M =4 and 5) indeed originate from the "multifragmenta-
tion" processes following completely damped reactions.
Remembering, however, the uncertainties in the calcula-
tion of the corrected momentum transfer, we cannot
draw firm conclusions concerning the reaction rnecha-
nism based on the observed momentum transfer alone.

V. COMPARISONS WITH THEORETICAL
PREDICTIONS

A. Transfer of linear momentum and

pre-equilibrium multiplicities

Several theoretical models attempt to describe the dy-
namics of nucleus-nucleus fusion processes at low and in-
termediate energies. At low energies, the one-body dissi-
pation mechanism is believed to play the essential role.
In this mechanism the projectile nucleons entering the
target are captured when they cannot escape from the
mean field of the target nucleus, while projectile nucleons
with energies larger than eF+Ez will escape from the
target. If the nucleons escape due to the coupling of the
Fermi velocity in the donor nucleus with the relative ve-
locity of the colliding nuclei, then the emission process is
called Fermi jetting. Since the Fermi energy eF and the
binding energy of a nucleon, E~, are nearly independent
of the nuclear mass, the incomplete momentum transfer
associated with this mechanism is expected [10] to be a
universal function of the beam velocity and independent
of the colliding system. A simple model applying the
window-wall dissipation formula has been proposed by
Mohring, Swiatecki, and Zielinska-Pfabe [17] in order to
describe both Fermi-jetting and one-body dissipation. A
similar model has been proposed by Randrup and Van-
denbosch [18] that is an extension of the nucleon-
exchange transport model (NET) and also incorporates
the reduction of jetting due to nucleon-nucleon collisions
[46), as will be discussed below.

With the decreasing role of Pauli blocking at higher
energies, nucleon-nucleon collisions become important,
and thus two-body dissipation sets in. Consequently,
more momentum is transferred than predicted by the jet-
ting mechanism. Two-body dissipation is the basic mech-
anism underlying various versions of the exciton model
[47,13—15]. The Boltzmann master equation (BME) ap-
proach has been extended by Blann [16] for heavy-ion-
induced reactions. The model describes the time evolu-
tion of particle-hole excitations in the composite system
and allows emission of nucleons into the continuum dur-
ing the relaxation process.

Various intranuclear cascade models can be applied at
high energies. A simple leading-particle formula has
been proposed by Natowitz et al. [48] in order to explain
the systematics of linear momentum transfer even in the
low-energy regime (above 20 MeV/nucleon).

The most complete dynamical picture of nucleus-
nucleus collisions is o8'ered by the BUU approach, which
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attempts to describe the time evolution of one-particle
density distribution in full phase space. Both one- and
two-body dissipation play a role (cf. [19]). However,
similarly to the models mentioned above, the BUU de-
scribes only nucleon emission and predicts event-
averaged values. Therefore, for example, the average
multiplicity of pre-equilibrium nucleons can be predicted,
but not the multiplicity distribution or, more important,
the emission of complex particles. We have not attempt-
ed to compare to the QMD [49,50] or QPD [51] models
because they require a large computational effort. So far
the only result for an asymmetric system at low energy
(' N+' Sm at 35 MeV/nucleon) has been reported in
Ref. [51] which seriously underpredicts the a-particle
production.

We start the discussion with a comparison of the aver-
age nucleonic characteristics of fusionlike reactions. We
interpret the entire 0~~160' bump in the folding angle
distribution as representing fusionlike reactions. This in-
terpretation is supported by the fact that the magnitude
of the total cross section of this component,
cT f ' ]'k 1 800 rnb, is close to the value of the fusion
cross section predicted by the critical-distance model
[34—36]. Also for the BUU calculations, discussed more
extensively later, we find for the studied system that the
fusionlike reactions persist up to an impact parameter
b =8 fm (crt„„,„~;k,=2000 mb). For b ) 8 fm, first deep-
inelastic reactions and then quasielastic reactions are pre-
dicted. Taking the above arguments into account, it is
justified to include all events below the minimum in the
folding angle distribution (Os 160 ) for comparison with
the theoretical predictions.

There are four quantities that the existing models can
predict and that can be deduced from our experiment for
a comparison. They are the cross section o.f„„,„&;k„the
average momentum transfer (p )/po, and the average
proton and neutron multiplicities corresponding to pre-
equilibrium emission (M ") and (M~"). In order to be
abe to compare the various models to our data we have to
convert the experimental data to event-averaged values,
taking into account the emission of both nucleons and
complex particles. (Alternatively, one may construct
from theoretical density distributions the expected
characteristics of complex particles, for example, by us-

ing the coalescence prescription that we will discuss
later. ) Protons and neutrons bound in the complex parti-
cles have to be included for the determination of the aver-
age proton and neutron multiplicity, i.e.,

(~P') = yn,
i fusionlike

where n, is the number of protons (bound in complex par
ticles and/or unbound) associated with channel i as listed
in Table I. For neutrons we can only provide the bound-
neutron multiplicity (MP')b, „„d.The missing informa-
tion on the multiplicity of unbound neutrons has been es-
timated from experimental systematics that were ob-
tained by compiling existing data [52—56]. The systemat-
ics are shown in Fig. 10, which presents the pre-
equilibrium neutron multiplicity per projectile nucleon as

1t i~ 232 —, .
I'4 +

~ 20N ~ 165H

6p 142N(
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FIG. 10. Systematics of the multiplicity of the pre-
equilibrium neutrons in fusion reactions based on the data from
Refs. [52-56]. The multiplicity per projectile nucleon is plotted
as a function of the energy per nucleon at the contact
configuration. Note the quadratic scale of the energy.

a function of the relative velocity at the contact
configuration (note the quadratic scale). The data points
represent the average multiplicities obtained from a
moving-source analysis of neutron spectra gated on
fusionlike reactions. It is seen from Fig. 10 that the aver-

. age multiplicity of pre-equilibrium neutrons per projec-
tive mass increases almost linearly with the relative veloc-
ity of the colliding system. From the systematics we ob-
tain for the present reaction a value (Mi'") =2. 1 for un-

bound neutrons. The experimental values of the cross
section, average transfer of linear momentum, and aver-
age multiplicities (M„")and (Mz") are listed in Table
II together with the predictions of the models mentioned
at the beginning of this section. As noted in Sec. III D,
the data could be contaminated by up to 14% evaporated
protons, which would lower the values for (M~") with
0.1 nucleon. Some details concerning the model calcula-
tions are given in the Appendixes.

It is seen from Table II that the BME model of Blann
[16] and the leading-particle formula of Natowitz et al.
[48] predict the average value of the momentum transfer
to be close to or below the experimental result. It should
be noted, however, that in both models the large missing
momentum, to some extent, is a consequence of the as-
sumption that the escaping particles are emitted at small
angles (8) =20' [57—59]. In contrast, the other three
models listed in Table II predict that the transverse mo-
menta of the escaping particles can be quite large. Since
BME and the leading-particle formula underpredict the
momentum transfer, there is no room in these models,
which only deal with nucleons, for the additional emis-
sion of pre-equilibrium complex particles. Therefore, the
presence of complex particles has to be explained on basis
of, e.g., coalescence of the pre-equilibrium nucleons to
obtain consistency with the experimental observations.



46 FUSIONLIKE PROCESSES IN THE ' N+ Th REACTION. . . 1001

TABLE II. Comparison of different theoretical predictions with experimental results.

Ref.
(os) (p)/po
(b) (%)

(M~" )P
Bound'+

Unbound unbound Unbound

(MP')
Bound'+
unbound

Experiment This work 1.8 83 0.5 1.7 2.1 3.5

Fermi jetting [17]
Extended NET' [18]
8ME [16,3]
Leading particle [48]
BUU [20]

2.1

2.1

2.0

90
96
75
82
90

0.3
0.6 (0.2)

0.6
0.8
1.3

1.7
2.7 (1.1)

2.6
2.6
1.6

'Comprises complex particles.
"Estimated from Fig. 10.
'The values in parentheses are for (forward) projectilelike jetting.

However, both models underpredict the number of bound
plus unbound nucleons.

The remaining models (Fermi jetting [17], NET [18],
and BUU [20]) overpredict the momentum transfer. In
addition they underpredict the experimental multiplici-
ties. One could therefore argue that these models are in-

complete and that additional processes, not included in
these models, are responsible for the missing momentum.
In particular, processes involving the emission of corn-

plex particles, especially a particles, may not be compati-
ble with these models if their formation is not a simple
consequence of the time evolution of the nuclear medium
(coalescence, condensation, etc.). In this respect the pre-
dicted multiplicities should be closer to those observed
for unbound nucleons. In the case of the NET model it
should be noted that the bulk of the pre-equilibrium nu-
cleons are emitted in the backward hemisphere due to jet-
ting of the target nucleons through the projectile. In
parentheses the values for forward jetting are given. The
experimental values are based on data taken in the for-
ward hemisphere.

It is interesting to note that the Fermi-jetting and BUU
models give approximately the same value of the
transferred linear momentum in spite of the fact that the
proton and neutron multiplicities decrease with impact
parameter much more sharply for the jetting than for the
BUU calculation (see Table III). The strong dependence
of the multiplicity on the impact parameter in the
Fermi-jetting model is due to the decisive role of the radi-

al relative velocity in the jetting mechanism. It is seen
from Table III that the agreement between the jetting
and BUU models is, in a sense, only apparent because the
underlying details are very different. The fact that the re-
sults of the BUU calculations are nearly independent of
impact parameter may imply that the partition of the re-
action channels, as obtained in the present experiment,
should not depend signi6cantly on the transferred angu-
lar momentum. Future experiments aimed at testing
these predictions certainly would be of much interest.
The result of the NET calculation (last entry in Table III)
may indicate that the impact-parameter dependence of
jetting becomes flat when nucleon-nucleon collisions are
taken into account [46].

B. Energy spectra of protons

Having discussed the average characteristics of the
fusionlike reactions, we examine the energy spectra of the
pre-equilibrium particles and compare them with the
theoretical predictions. We also address the question of
complex-particle emission in fusionlike reactions.

Most of the models mentioned in this section predict
energy spectra of the pre-equilibrium particles, although,
as pointed out before, only the emission of nucleons and
not of complex particles is taken into account. More-
over, some of the models cannot predict the angular dis-
tributions of the pre-equilibrium particles. For example,
in the models based on the Boltzmann master equation

TABLE III. Impact-parameter dependence of the BUU [20], Fermi-jetting [17], and NET models

[18,46].

b I
(fm) fi

BUU

(N„") (Np" & (p ) /po
(%)

'
Fermi-jetting

(N ") (N "& (p &pa
(%)'

NET

(N„'") (N,'"& (p &/po
(%)

'

0.0 0
4.0 63
5.7 90
6.9 110
8.0 128

2.1

2.0
1.5
1.5
1.1

1.5
1.5
1.5
1.0
0.8

90
91
91
93
92

3.6
2.6
1.7
0.8
0.1

0.8
0.5
0.2
0.04
0.00

77
84
90
97

100

3.0
34
3.1
2.6
1.5

0.7
0.7
0.7
0.5
0.3

97
95
95
96
98

Average 1.6 1.3 91 1.7 0.3 90 2.7 0.6 96
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[16] the momentum dependence is reduced to the one-
dimensional energy space. Therefore, in order to corn-
pare the model predictions with the experimental results,
the measured energy spectra need to be transformed to
the center-of-mass system and then integrated over the
entire range of emission angles. Figure 11 shows the
angle-integrated multiplicity distribution of protons pro-
duced in the fusionlike collisions (0& 160 ). The rnulti-

plicity has been calculated relative to the number of
fusionlike events. The distribution is composed of the ex-
perimental proton spectra measured in the 30 detectors
of the plastic wall supplemented by the part correspond-
ing to the angular range outside the plastic wall (both
parts constituting 50% of the total), estimated by extra-
polating the observed trends in the angular and energy
distributions.

In Fig. 11 the predictions of three theoretical models
are compared with the experimental angle-integrated
spectrum of the pre-equilibrium protons. The BME cal-
culations (solid line) have been performed by assuming
that the entire projectile is captured (exciton number
no=14} and that the full excitation energy of the com-
posite system (E*=396 MeV) is available for the pre-
equilibrium nucleon emission. The calculation was per-
formed for a total elapsed time of 4.2X10 s (126
fm/c) which is sufficiently long to include practically all
pre-equilibrium nucleons. The BUU calculation (histo-
gram) covered a comparable time period of 125 fm/c.
(The spectrum predicted by BUU has been divided by a
factor of 2. The fluctuations in the computed spectrum
are due to the statistical nature of the BUU calculation. }
The dashed histogram in Fig. 11 shows the angle-
integrated result for the NET model.

Taking into account the fact that there is no clear sepa-
ration between pre-equilibrium and equilibrium (evapora-
tion) emission, in both the experimental and theoretical
results, one cannot pay much attention to the differences
in shape and absolute magnitude of the multiplicity dis-
tributions at low proton energies. The differences are im-
portant, however, at higher energies where quite different
exponential slopes are observed. The high-energy tail of

the calculated spectra depend strongly on the assump-
tions made concerning the internal momentum distribu-
tion. This aspect has been especially considered in the
BUU code [20], as this influences strongly the yield of
bremsstrahlung photons (from p nco-llisions} and sub-
threshold production of pions for which this code has
been developed. In the BME model the high-energy tail
of the spectrum depends on the assumed number of exci-
tons [16]. The soft component (around 25 MeV) of the
NET model is entirely due to jetting of target nucleons
through the projectile, whereas the experimental data
were obtained by considering the forward angular distri-
bution only.

For the reader comparing the spectra in Fig. 11 we em-
phasize once again that the theoretical models considered
here do not include the formation and emission of com-
plex particles. [Explicit treatment of the complex-
particle emission has been proposed on the grounds of
the exciton model in several papers (see, e.g. , Refs.
[60,61], and references therein). These attempts were
limited, however, to reactions at low energies and rather
light projectiles. ] The models relate the entire effect of
the incomplete momentum transfer to the emission of nu-
cleons which, in principle, may coalesce and be emitted
as complex particles. One may therefore take the
viewpoint that the excess observed for BME and BUU
calculations accounts for the production of complex par-
ticles, mostly deuterons, tritons, and a particles. The fact
that the BUU and BME calculations overpredict the ex-
perirnental proton spectrum could thus be consistent with
the data. Following the line of interpreting the emission
of pre-equilibrium complex particles as a result of a kind
of coalescence of pre-equilibrium nucleons, one can
coalesce the calculated pre-equilibrium nucleon spectra
and compare these with the experiment.

C. The coalescence model of complex-particle emission

Figures 12—14 show the angle-integrated spectra of
deuterons, tritons, and a particles, respectively, con-
structed in the same way as the spectrum of protons in
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FIG. 11. Semi-inclusive, angle-integrated proton spectrum
(dots) associated with fusionlike reactions. Predictions of the
NET model [18], the BUU model [20] (divided by 2}, and the
BME model [16] are shown by the dashed line, histogram, and
the solid line, respectively.

FIG. 12. Semi-inclusive deutron spectrum compared to the
theoretical spectrum from coalescence of protons and neutrons
obtained with the BME model [16]. The dashed curve
represents the standard coalescence calculation, and the solid
line shows the result of the time-sequence calculation (see text).



46 FUSIONLIKE PROCESSES IN THE ' N+ Th REACTION. . . 1003

4-

3

Triton s

6)

LU

~ 10'
o % ~

V ~

100
Energy (MeV}

FIG. 13. Same as Fig. 12 for tritons.

200

102
a particles

2
G)~ ~o-

LU

4
3

10'
100

Energy (MeV}
200

FIG. 14. Same as Fig. 12 for a' s.

Fig. 11. Again, the fusionlike processes have been select-
ed by applying the 8& 160' gate. Due to the steeper an-

gular distributions of the complex particles, the correc-
tion for the incomplete coverage of the full solid angle
turned out to be less important than for protons. For ex-
ample, the correction for a particles amounts to 22%%uo of
the total a-particle yield for 8& ~ 160'.

It is assumed in the coalescence model that the com-
plex particles are formed by coalescence of the pre-
equilibrium nucleons that happen to share the same
volume in momentum space. The original coalescence
model followed the idea of Butler and Pearson [62], and
was adapted to describe the formation of complex parti-
cles in nucleus-nucleus collisions at relativistic energies
[63]. Awes et al. [24] proposed a modification of the
model for the range of energies at which the Coulomb
repulsion plays a significant role. Note, however, that at
the lower energies the physical picture of coalescence is
less convincing, mostly because of the weakening correla-
tion of the pre-equilibrium nucleons in the momentum
space. There is also a decreasing coherence in the time of
the particle emission. (We shall discuss this question
below. ) Taking all this into account, the coalescence pro-
cedure should be viewed only as a convenient tool for es-
timating the shapes of the energy spectra of complex par-
ticles and certainly should not be used for predicting
cross sections. In fact we seriously question whether the

large observed yield of complex particles can at all be ac-
counted for by a coalescence model without additional
assumptions.

We have extended the coalescence prescription of
Awes er al. [24] by allowing for the different spectral
shapes of protons and neutrons (see Appendix C). Con-
trary to Ref. [24], in which only experimental proton
spectra were used for coalescence calculations, we used
the theoretical spectra of pre-equilibrium neutrons and
protons, generated by the BME code, as ingredients for
the calculation.

The coalescence of nucleons emitted during an extend-
ed period of time cannot be taken without reservations.
The normalizing factor of the standard coalescence rela-
tion corresponds to the implicit assumption that all the
nucleons produced in a given event are available at the
same instant of time. From the point of view of an
effective coalescence (i.e., formation of complex particles
in bound states), it should be required that the particles
be emitted almost simultaneously, say, at least within the
time interval that is necessary for a nucleon moving with
Fermi velocity to pass the distance equal to the size of the
composite system (about 10 s).

Taking the above arguments into consideration, one
should use the coalescence model as a description of pre-
equilibrium emission of complex particles with great
care. In our calculations the coalescence procedure was
applied sequentially in four time intervals of 10 s by
using time differential spectra from the BME code. As
argued above, these intervals are short enough to assume
effective coalescence within each interval. The contribu-
tions from all the four time intervals have been summed.
The total elapsed time of (126 fm/c) is typical for the
duration of the pre-equilibrium stage in BUU and BME
calculations [20,16]. Therefore, extension of this time
would not give significant additional contributions to the
spectra, apart from an enhancement of the softest (eva-
poration) part

Results of the coalescence calculations are shown in
Figs. 12-14. Since the calculations were only used for
the determination of the shape of the spectra, the calcu-
lated spectra were normalized to the data at the low-
energy range. (An excess of the data at the lowest ener-
gies corresponds, most likely, to the evaporation mecha-
nism. ) In such a way, assuming that all low-energy com-
plex particles originate from the coalescence mechanism,
an upper limit on the production of pre-equilibrium com-
plex particles due to coalescence can be established.

It is seen from Figs. 12—14 how the extension in time
of the pre-equilibrium cascade influences the shapes of
the predicted spectra. The solid lines have been calculat-
ed with the time-sequence method described above, while
the dashed lines correspond to a standard but less realis-
tic calculation allowing the entire (undivided) period of
time. The hard part of the coalescence spectra (corre-
sponding to the early and most intensive stage of the cas-
cade) is relatively enhanced in the time-sequence calcula-
tion. Nevertheless, the calculated coalescence spectra of
deuterons, tritons, and a particles are still much softer
than the measured ones. Clearly, at the hard part of the
energy spectra there is a substantial excess in the yield of
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complex particles above the most optimistic predictions
based on the coalescence model. There must be another
reaction mechanism that contributes to the fusionlike re-
actions and leads to emission of complex particles.

The difference between the experimental and time
differentiated coalesced BME spectra gives an approxi-
mate lower limit on the number of and energy distribu-
tion of the complex particles originating from this addi-
tional mechanism. The excess of the experimental spec-
tra above the coalescence predictions clearly peaks at
high energies, near 30 MeV/nucleon, the beam velocity.
This is a characteristic feature of massive-transfer reac-
tions in which a large fragment of the projectile is cap-
tured and only a small fragment continues with approxi-
mately the beam velocity. (The evidence that the large
fragment of the projectile was indeed captured follows
from the applied gate on the linear momentum transfer. )

We therefore conclude that there are two basically
different reaction mechanisms that contribute to the
fusionlike reactions: (i) merging of the whole projectile
with the target nucleus and formation of the complete
composite system that undergoes partial and later com-
plete equilibration; and (ii) massive-transfer reactions in
which a considerable part of the projectile is captured by
the target nucleus, while the remaining light fragment is
only a spectator in this process and continues with almost
unchanged velocity.

Mechanism (i) means exactly what is assumed in the
BME model and what is observed in BUU simulations
when the impact parameter is not too large. The coales-
cence of the theoretical pre-equilibrium spectra of neu-
trons and protons can be used to determine the upper
limit of the emission of complex particles via mechanism
(i). In such a way a lower limit for the contribution of
massive-transfer reactions [mechanism (ii)] to the cross
section of fusionlike reactions can be established.

Table IV summarizes the results of our interpretation
of fusionlike processes. Given are the average multiplici-
ties of protons, deuterons, tritons, and o. particles associ-
ated with the pre-equilibrium emission [mechanism (i)]
and massive-transfer reactions [mechanism (ii)]. The
multiplicities have been calculated per fission event
within the fusionlike gate. It is seen that the role of the
massive-transfer mechanism increases with increasing
mass of the emitted complex particles. Emission of a
particles in fusionlike reactions is in at least 40% of the
cases due to the massive-transfer reactions.

Returning to the discussion of the average nucleonic
characteristics (see Sec. VA), one can observe that the

event-averaged multiplicity of p and n associated with
component (ii) is 0.4 and 0.5, respectively. The momen-
tum that these particles carry away is about 6% of the
beam momentum (i.e., assuming emission parallel to the
beam direction). If these values indeed quantify mecha-
nism (ii), then, using the experimental results of Table II,
the momentum and mass balance can be used to obtain,
for mechanism (i), (p ) /po =83+6=89%, (MP')
=3.5 —0.5=3.0 and (M~") =1.7 —0.4=1.3. These
values are closer to the model predictions. One can inter-
pret this result as an argument in support of the view that
the model predictions apply only to mechanism (i) and
that an additional mechanism is needed to describe the
total fusionlike cross section.

VI. SUMMARY

We have determined the complete partition of the
fission cross section in the ' N+ Th reaction at 30
MeV/nucleon, i.e., in the energy range where the fusion-
like reactions are already dominated by the processes of
incomplete transfer of linear momentum, but still main-
tain their clear distinction from peripheral reactions
(demonstrated by a deep minimum in the folding angle
distribution that separates the two classes of reactions).

More than 40 different reaction channels involving
nonequilibrium emission of various combinations of
charged particles of multiplicity M ~ 5 accompanying
fission events have been identified. From the measured
yields the complete partition of the cross section has been
deduced by solving a system of linear equations that cou-
ple the channel yields with those measured by a mul-
tidetector system (of incomplete solid-angle coverage).

For each individual channel an average value of linear
momentum transfer has been determined. For reaction
channels of low charged-particle multiplicity, e.g. , M = 1,
the transfer of linear momentum roughly corresponds to
the kinematics of massive-transfer reactions (beam-
velocity ejectiles), while for multiparticle emission (M =4
and 5) the escaping particles are slower on the average.
In peripheral collision they can be characterized by the
kinematics of deep-inelastic reactions followed by projec-
tile multifragmentation. An alternative (kinematical)
scenario in fusionlike reactions can be represented by
forward-directed multiparticle emission from a nearly
thermalized composite system.

We concentrated our analysis on events that clearly
originated from fusionlike reactions. Information on this

TABLE IV. Decomposition of energy-integrated multiplicites of deuterons, tritons, and a particles
for fusionlike reactions into two components: Emission from the composite system [mechanism (i),
upper limit] and massive-transfer reactions [mechanism (ii), lower limit]. The corresponding average
kinetic energies of the particles are also given.

Ejectile Mechanism (i)

(M~" )
Mechanism

(E) (MeV)
Mechanism (i) Mechanism (ii)

0.2
0.1

0.17

0.07
0.09
0.12

43
41
62

59
72

105
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rather well defined class of reactions is essential for
verification of existing theoretical models which, as a
rule, explicitly assume the fusionlike situation as the
starting point for further dynamical development of the
collision process.

The results on the measured linear momentum transfer
and multiplicity of pre-equilibrium particles have been
compared with predictions of several models. The re-
quirement that a theoretical model should describe simul-
taneously the momentum transfer and the pre-
equilibrium-particle multiplicity allows one to some ex-
tent to judge the internal consistency of a model. We
have found that the jetting model [17],nucleon-exchange
transfer model [18], and BUU model [20] overpredict
momentum transfer and underpredict the multiplicity.
Therefore they are probably incomplete, i.e., additional
mechanism(s) not included in the models must play a
role. If only the momentum transfer is predicted correct-
ly (leading-particle forinula [48]), or even underpredicted
(BME model [16]),while the multiplicity is underpredict-
ed, the model requires some modification.

A common shortcoming of all the models is their ina-
bility to predict and describe emission of complex parti-
cles. We have found that pre-equilibrium particles emit-
ted in the studied fusionlike reactions contain on the
average (Mi'"') =5.2 nucleons, and that the multiplicity
of pre-equilibrium unbound nucleons is (M~")
+(M„"')=2.6. We addressed the question of emission
of complex particles in terms of the coalescence model.
The applicability of this concept for the description of
time-extended pre-equilibrium processes has been dis-
cussed, and we have proposed a simple method of making
the coalescence predictions more realistic from the point
of view of accounting for the time scale of the pre-
equilibrium nucleon emission.

We have determined an upper limit of emission of pre-
equilibrium complex particles by assuming that they are
formed (via coalescence) from pre-equilibrium nucleons
of known (theoretical) characteristics. With the max-
imum possible normalization of the calculated coales-
cence spectra to experimental results, the data show an
appreciable excess of roughly beam-velocity deuterons,
tritons, and a particles. Therefore we conclude that the
incomplete transfer of linear momentum that is observed
in fusionlike reactions at higher energies is associated
with emission of nonequilibrium nucleons and light com-
plex particles (d, t, a) originating partly from pre-
equilibrium emission from the complete composite sys-
tem and partly from massive-transfer reactions in which
only an incomplete composite system is formed.
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APPENDIX A: BUU

The BUU model calculations were made with the code
described extensively in Ref. [20]. For details we refer to
this article. Because the target nucleus in the present ex-
periments is very asymmetric in isospin, the proton and
neutron densities p and p„differ considerably. The code
was therefore adjusted on two points: For the prepara-
tion of the ground-state nuclei the local Fermi momenta
were derived for protons and neutrons separately, and a
symmetry potential was included. We have used

U,„(p)—U,„(n)= — [p (r) —p„(r)],2c

po
(A 1)

where p, is the saturation density. The constant c was
adjusted in such a way that the Fermi surface of protons
and neutrons in the Th nucleus approximately coincid-
ed at —7 MeV. The value 2c =65 MeV was found. The
simple estimate of the symmetry potential in Ref. [64]
corresponds to 2c =50 MeV.

The calculations were performed for time steps of 0.5
fm/c and a total elapsed time of 125 fm/c, counting from
the initial configuration with the surfaces of the nuclei
approximately 3 fm apart. After this time a nearly spher-
ical compoundlike nucleus had evolved for reactions with
b & 8 fm. All test particles (80/nucleon) outside a radius
of 11 fm (ra = 1.8 fm) in the last time step of the calcula-
tion were considered as representing pre-equilibrium par-
ticles. The parallel momenta of these test particles were
added to deduce the average momentum transfer. The
energy spectra were obtained by adding the potential en-
ergy to the kinetic energy of the test particles. This is
only relevant for the protons (Coulomb boost), as the
densities were very low in this region.

The two parameters, ro and the time step, thus define
which particles represent equilibrium emission. In the
following we discuss how the BUU results depend on
these parameters.

With a smaller radius defining the residue of 9 fm
(ra= l. 5 fm), the number of particles outside the residue
increases significantly (by 80%). However, these addition-
al free particles are distributed nearly symmetrically
around 90'. Consequently, the momentum transfer does
not change appreciably when the smaller radius is taken.
Moreover, some of the test particles still had negative to-
tal energy. In general, the additional particles outside the
smaller radius will add to the low-energy side of the spec-
trum, where they are indistinguishable from evaporated
particles. Note that in a quantum-mechanical calcula-
tion, low-energy particles are partially reAected at the
barrier. This effect, of course, is not present in the BUU
calculation because the test particles propagate classical-
ly.

The criterion used to stop the calculations at 125 fm/c
was based on the criterion for the BME code, where after
125 fm/c the cooling rate of the system has a characteris-
tic that is expected for evaporation. Extending the calcu-
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lation to 200 fm/c for b =5.7 fm, we observe that the
number of particles outside a radius of 11 fm increases
from 3.0 to 5.3, while the momentum transfer is little
affected as before. The emission rate at 200 fm/c for neu-
trons is approximately 2.5 X 10 /fm/c and is three
times larger than the emission rate predicted by the BME
model. For protons the rate in BUU is about 50% lower
than for neutrons, while in BME the emission is negligi-
ble. As the BME model makes use of inverse cross sec-
tions to obtain the decay rates, it takes into account the
quantum-mechanical aspects mentioned above. The dis-
cussion above may also illustrate the difficulties in
defining a proper criterion for pre-equilibrium emission
in these model calculations.

In Ref. [65] the system ' N+' Sm at 35 MeV/nucleon
has been studied theoretically in terms of the BUU for-
malism using a similar code. The same important feature
has been predicted as in the present calculation for
'4N+ 3 Th at 30 MeV/nucleon: Up to large impact pa-
rameters corresponding to the sum of the half-density ra-
dii, the fusionlike reactions show observables that are
nearly independent of impact parameter (apart from the
observables that are directly related to the angular
momentum transfer). The magnitude of the momentum
transfer is similar for both calculations (90%), i.e., over-
predicting the observed value (83%). The particle multi-
plicities obtained appear much larger (12) than in the
present calculation (3}. However, applying the same cri-
teria to define the number of pre-equilibrium particles
(i.e., t =200 fm/c, ro = 1.4 fm, and E ) 5 MeV) we find

7.5 nucleons for the present system. The remaining
difference could at least partially be due to the difference
in the calculational method.

APPENDIX B: THE FERMI-JETTING CALCULATION

The closed expressions concerning momentum transfer
in the Fermi-jetting model from Ref. [17] were given in-

correctly there. Expression (30) for the momentum
transfer at I =0 should read [66]

Vp

Ar(Ar —Ap)
[—', (1+c)(vc—c) —

—,'c(vo —c)
A v„

—
—,', (vo —c) ] . (Bl)

The momentum transfer averaged over entrance angular
momentum, as given in Eq. (43) of Ref. [17], has to be
multiplied by a factor of 2 [66].

APPENDIX C: COALESCENCE

The coalescence formulation including protons and
neutrons was derived following closely the work of Awes
er al. [24]. The differential multiplicity spectrum for a
complex particle with N neutrons and Z protons is

dE„dQ
Vp

A —1

¹Z! 'l/ 2m s(E E)—
d N~(E) d N„(E Ec)—

X
dE dQ dE dA

where A =X+Z, Vp is the volume of the coalescence
sphere, m is the nucleon mass, and Ee is the Coulomb en-

ergy of a proton due to the field of the emitting system.
The energy of the complex particle is
Eg = AEp+ZEC AE XEe, where E =Eo+Ee»d
Eo is the nucleon energy at the surface of the emitting
nucleus. The nucleon multiplicities are d N~(E)/dE dQ
for protons and d N„(E)/dEdQ for neutrons. In the
calculations, the Coulomb energy was fixed to Ee=10
MeV and Vo was adjusted to normalize the calculation to
the experiment.
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