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Double differential cross sections have been measured for energetic p, d, ¢, and « particles emitted in reactions of
315 MeV 'O ions on 2**U. In coincidence with light-particle emission, the momentum transfer to the target is
determined by measuring the folding angle between the two fission fragments resulting from the sequential decay of
the target nucleus. It is concluded that the emission of these particles occurs predominantly in fusionlike “‘central”
collisions and at an early stage of the reaction. The energy and angular distributions are described by thermal
emission from a source moving with approximately half of the beam velocity. Alternatively, the energy spectra can
be explained by emission from a rotating hot spot. The cross sections for d, ¢, and a emission can be described in
terms of a generalized form of the coalescence model which takes into account the Coulomb repulsion from the

target nucleus.

NUCLEAR REACTIONS 23¥y(%0,Xf), x=p, d, ¢, a, E=315 MeV;measured
o(E,, 0,) and fission fragment folding angle distribution. Analysis in terms
of hot spot, moving source, and coalescence models.

I. INTRODUCTION

The emission of light particles in heavy-ion-
induced reactions contains important information
about the reaction mechanism. At low energies
(E/A <5 MeV above the Coulomb barrier) there is
clear experimental evidence!™ that the majority of
light particles are due to thermal emission from
the compound nucleus or from fully accelerated
and equilibrated fragments. On the other hand,
nonequilibrium emission of light particles has
been observed®-?* for reactions induced by lighter
projectiles (4 ~16) and at higher energies (E/A
Zz 8 MeV). Originally, the energetic light particles
that were observed in these experiments were as-
sociated with projectile breakup reactions.” How-
ever, subsequent coincidence experiments have
demonstrated!® 1% 15-20:22 that reactions where the
major part of the projectile is absorbed by the
target nucleus make an important contribution to
the emission of light particles. These reactions
have been variously termed as “incomplete fu-
sion”*® or “massive transfer”!®:1¢ reactions or
“central”!” collisions.

Several possible mechanisms have been pro-
posed to explain the emission of noncompound
energetic light particles. In qualitative terms,
it has been suggested!®"1® that energetic light par-
ticles are emitted in a transfer or projectile
breakup process where the larger fraction of the
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projectile mass is absorbed by the target nucleus.
On a more quantitative basis, the possible forma-
tion of a “hot spot,” i.e., a locally heated region
of the nucleus, has been suggested.®**2*27 Such
a hot spot could attain much higher temperatures
than the compound nucleus. Immediately after its
formation, the hot spot would cool by thermal dif-
fusion into the adjacent cold nuclear matter or by
the emission of energetic light particles. The
predicted energy spectra exhibit exponential slopes
that correspond to significantly higher tempera-
tures than the compound nucleus temperature.
Rather good agreement with experimental data
has been obtained in several examples.?® In addi-
tion to an interpretation in terms of the hot spot
model, several features of the single-particle in-
clusive cross sections could be explained®?® in
terms of preequilibrium?®-3° and intranuclear cas-
cade® calculations. Furthermore, the prompt
emission of light particles® * (PEP’s), and the
enhanced alpha-particle emission®** from super-
deformed nuclei have been proposed as additional
reaction mechanisms that could produce energetic
light particles in the exit channel.

Up to now, most of the experimental effort has
been devoted to coincidence studies which were
designed to elucidate certain aspects of the emis-
sion of precompound light particles. These ex-
periments are generally very phase space selec-
tive and the resulting cross sections are difficult
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to connect to the single-particle inclusive cross
sections. On the other hand, most of the theories
developed up to now have been formulated to pre-
dict single-particle inclusive cross sections. As
a consequence, these theories could not be sub-
jected to sufficiently stringent tests that could
help differentiate between the various models.

In the present paper we present a study of the
emission of energetic light particles (p, d, ¢, @)
detected in coincidence with two fission fragments
resulting from '°0-induced reactions on a ?®*U
target at an incident energy of 315 MeV. It is
very likely that the simple requirement of two
coincident fission fragments imposes only minor
phase space restrictions, since only the most
quasielastic collisions will lead to exit channels
that do not result in fission of the target residue.
On the other hand, by employing the correlated
fission fragment technique!™ *:3¢ yaluable informa-
tion on the momentum transfer to the target resi-
due is obtained. This allows a discrimination be-
tween “peripheral” collisions, such as inelastic
scattering, breakup or transfer reactions, and
central collisions, such as massive transfer,
complete and incomplete fusion. It should, there-
fore, be possible to use the present results as a
test case for the various theories that have been
put forward. At the same time one can arrive at
some qualitative conclusions that should yield
useful information for the improvement of the
various models.

The paper is organized as follows: The experi-
mental details are given in Sec. II. The relative
contributions of peripheral and central collisions
to the emission of energetic light particles are
discussed in Sec. III. A comparison of proton
energy spectra observed for these two classes of
reactions is given in this section. In Sec. IV we
discuss the light-particle energy spectra in terms
of a rotating hot spot model**2° and in terms of a
thermal spectrum observed in a frame of refer-
ence that moves with a velocity intermediate be-
tween those of target and projectile. In Sec. V,
the connection between the cross sections for the
emission of protons, deuterons, tritons, and alpha
particles will be discussed and the validity of a
generalized coalescence relation will be demon-
strated. A summary of our conclusions will be
given in Sec. VI. Some of the present results have
been published in a previous Letter.?*

II. EXPERIMENTAL TECHNIQUE

The experiment was performed at the 88-inch
cyelotron of the Lawrence Berkeley Laboratory.
A self-supporting metallic **®*U target of approxi-
mately 500 ug/cm? areal density was bombarded

by %0°* ions at 315 MeV with a beam current of
~20 nA.

A. Detection system

A schematic drawing of the experimental layout
is shown in Fig. 1. It consisted of four AE-E
light-particle telescopes mounted in the plane of
two position-sensitive fission detectors. All de-
tectors were mounted on a movable table inside
the scattering chamber. Two experimental geom-
etries were used. In geometry I, the light-parti-
cle telescopes were placed at scattering angles of
-95°, -25° 70°, and 140°; they subtended solid
angles of 49, 23, 24, and 59 msr, respectively.
The position-sensitive detectors were located at
6% = ~60° and 63 =100°, subtending an angular
range of about +20°. For geometry II, the entire
arrangement was rotated by -15° to give four addi-
tional angles (-~110°, —40°, 55°, 125°) for light-
particle observation. Accordingly, the fission
detectors were then centered at 6§ =-"75° and 6%
=85°, In geometry I, one telescope was moved
for a portion of the run to the forward angle of 15°
subtending a solid angle of 15 msr.

The four AE-E telescopes each consisted of a
400 um surface barrier Si detector and a 7.6 cm-
thick detector. Energy signals for the Nal detec-
tors were typically taken from the fifth dynode of
the photomultiplier tube. For hydrogen isotopes
the energy calibration of the Nal detectors was
established by measuring the elastic scattering of
protons on a !*’Au target at incident energies of 20
and 45 MeV. Due to long-term drifts of the Nal
detectors, the accuracy of this energy calibration
is about 3%. For the response of the Nal detectors
to alpha particles an independent energy calibra-
tion was established. This was necessary because
these detectors displayed rather large pulse height
defects and nonlinearities, The energy calibration
for alpha particles was obtained by measuring the
elastic scattering of alpha particles on a **’Au tar-
get at 80 MeV. This gave a fixed point for the cal-
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FIG. 1. Experimental geometry used in present study.
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ibration. The energy deposited in the AE detector
was then used to determine the thickness of the AE
detector. The response of the Nal detector to al-
pha particles was then established from a continu-
um spectrum by setting gates on the AE signal and
calculating®” the alpha-particle energy corres-
ponding to the measured AE signal. The overall
accuracy of this procedure is about 5%.

The energy calibration of the AE silicon detec-
tors was done by injecting a known amount of
charge into the input stage of the detector pream-
plifiers. This calibration was verified by mea-
suring the alpha-particle energy spectra resulting
from the decay of #*'Am and %*2Cf, At the forward
angle of 15° an aluminum absorber of 0.64 mm
thickness was placed in front of the telescope to
prevent pileup and radiation damage in the AE de-
tector by the high flux of elastically scattered %0
nuclei.

The energy calibration of the two position-sensi-
tive fission detectors was established by measur-
ing the energy spectra of the fission fragments
resulting from the spontaneous decay of **2Cf and
then using the Schmitt® calibration procedure.
The position calibration was obtained by viewing
a »2Cf source through a mask with 15 equally
spaced slits of 0.8 mm width placed over each
detector. This calibration gave an angular reso-
lution for the detectors of +0.3°. Since the
detectors were mounted close to the target, the
angular calibration of the fission detectors was
quite sensitive to uncertainties in the exact beam
and target position. To minimize systematic er-
rors we have measured the folding-angle distribu-
tion for four different target positions. This al-
lows measurement of and, when necessary, cor-
rection for the effects of small misalignments of
beam and target with respect to the center of the
scattering chamber.®® It is estimated that the
fission fragment folding angle 0, is measured
with an overall accuracy of Af,,~1°,

B. Data acquisition and reduction

The raw data were recorded event by event on
magnetic tape using the LBL Modcomp computer
system. Sixteen parameters were recorded on
tape: the energy signals of all ten detectors, the
two position-dependent signals of the position
sensitive fission detectors, and the four timing
signals corresponding to the time separation be-
tween fission detector A and the four light-particle
telescopes. In addition the coincidence time sig-
nal between the two fission detectors was moni-
tored and used to gate the computer to ensure that
two fission fragments were detected for each
event, Since only a negligible number of random

coincidences between the two fission detectors
were observed (~10* real-to-random ratio), this
parameter was not recorded on tape.

A “coincidence event” was defined as a coinci-
dence between the two fission fragments and at
least one of the light-particle telescopes. In ad-
dition to coincidence events, “inclusive fission
events” were recorded on tape at a downscaled
rate for normalization purposes. An inclusive
fission event was defined as a coincidence between
two fission fragments.

Mass and charge identification of the light parti-
cles was obtained by using a standard particle
identification function of the form?®

Plx(E +AE) - E7, (1)

where AE and E denote the energies deposited in
the AE and E detectors and y is a parameter which
varied from 1.6 to 1.8. In the analysis, a contri-
bution of approximately 10% 3He was included in
the “He spectra.

C. Normalizations

The fission fragment folding-angle distributions
6,5 have been corrected for the geometrical effi-
ciency of the fission detection system. The coin-
cident light-particle spectra were also corrected
for the fission detection efficiency on an event by
event basis. The detection efficiency, shown in
Fig. 2, was determined by a computer simulation
of the fission decay of 2**Fm. In these simulations
we assumed that the total momentum vector of the
recoiling ?**Fm nucleus was directed parallel to
the beam axis. This assumption is necessarily
fulfilled for compound nucleus reactions. For
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FIG. 2. Fission fragment detection efficiency as a
function of the fission fragment folding angle 6,5 ob-
tained by simulation of the fission of **Fm with the two
experimental geometries of the present experiment.
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more peripheral reactions, on the other hand,

the momentum components perpendicular to the
beam axis could be appreciable. In that case, the
momentum vectors of the fission fragments could
span a plane that does not contain the beam axis
and our calculations would overestimate the detec-
tion efficiency. In other words, the experimental
requirement of the detection of two fission frag-
ments that are emitted in a plane that contains the
beam axis might reduce the detection efficiency
for reactions involving appreciable transverse
momentum transfers. Since the transverse mo-
mentum distribution of the target residue is not
known, these effects could not be corrected for.
The coincident light-particle cross sections are
presented as the number of light particles nor-
malized to the number of inclusive fission events
N,.

III. EXPERIMENTAL RESULTS

A. Fission fragment folding-angle distributions

The fission fragment folding angle 0,5 is defined
as the angle of emission between two coincident
fission fragments measured in the laboratory sys-
tem. The folding angle has been shown'™* to be
mainly determined by the projection Py of the
target recoil momentum onto the beam axis. In
Fig. 3, this relationship is shown for average
values of 6,5, which have been calculated by com-
puter simulation assuming fission of either U
or #®*Fm nuclei moving parallel to the beam axis.
The relationship is approximately linear for the
average folding angle. In practice, there will be
a distribution of folding angles corresponding to a
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FIG. 3. Dependence of the average folding angle 6,5
on P, as calculated from the simulated fission of %%U
and 2}g“Fm nuclei moving parallel to the beam axis. The
relationship is shown for the two experimental geo-
metries. (P is the beam momentum.)

given recoil momentum, This is partially due to
the distribution of fission momenta which results
from the fission fragment mass distribution. It is
also due to neutron evaporation from the fission
fragments. The dependence of the folding angle
on the mass of the fissioning nucleus is shown for
both fission detector geometries used in the pres-
ent study. The two curves for each geometry pro-
vide limiting cases of the actual relationship ex-
pected. The curve for the fission of ?**Fm will be
valid for the case of complete fusion of target and
projectile (Pg=P,, where P, is the beam momen-
tum), and the ?*¥U curve will hold in the event that
no mass is transferred to the target. Consequent-
ly, the curve for **Fm will be more realistic for
large momentum transfers, whereas the curve for
2387 will be more realistic for small momentum
transfers. The simulation of the different experi-
mental geometries predicts a shift of approximate-
ly 2° in the region of full momentum transfer when
going from the more symmetric geometry II to the
less symmetric geometry I.

1. Inclusive folding-angle distributions

The distributions of fission fragment folding
angles measured for inclusive fission events is
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FIG. 4. Folding-angle distributions of fission frag-
ments measured inclusively for the experimental geo-
metries of this experiment (9%= —60°, 65=100° and
0,=-"15° 6})3=85°) and for a symmetric setting (02,
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shown in Fig. 4. The distributions are shown for
the two fission detector geometries of the present
experiment and also for the geometry of a previous
experiment!”3® (6% = - 63 =80°). The inclusive dis-
tributions exhibit two clearly distinct components.
The strongest component centered in the region of
0,5~ 150° corresponds to large recoil momenta
(see Fig. 3). We will define these reactions (which
can be associated with fusion, incomplete fusion'®
or massive transfer!® !¢ reactions) as central colli-
sions. The location of this maximum shifts with
fission detector geometry in exactly the manner
predicted by the computer simulation (see Fig. 3).
The location of the maximum corresponds to a
transfer of ~92% of the beam momentum to the
fissioning system.

The other component in the folding angle distri-
bution peaks in the region of 6,,~173°, It is at-
tributed to peripheral collisions such as inelastic
scattering, breakup, and transfer reactions. In a
previous study,'” 3¢ this component was observed
in coincidence with projectile residues (Li,...,0)
detected close to the grazing angle. The minimum
in the folding-angle distribution is a consequence
of the fact that, for peripheral reactions, the
largest cross sections are observed®® % for nitro-
gen and carbon fragments. For the very asymme-
tric detector arrangement this minimum is less
pronounced, mainly due to pileup in the forward
fission detector, which was subjected to high
count rates.

2. Folding-angle distribution in coincidence with light
particles

The fission fragment folding-angle distributions
measured in coincidence with p, d, ¢, and « parti-
cles are shown in Figs, 5-8, For reference, the
inclusive distributions for geometries I and II are
shown at the top of each figure. The folding-angle
distributions observed in coincidence with light
particles are shown below. They are labeled by
the detection angle of the coincident light particle.

When light particles are observed at forward
angles, the coincident fission fragment folding-
angle distribution exhibits both central and peri-
pheral components. This indicates that light par-
ticles are produced not only in massive transfer
or incomplete fusion reactions, but also in peri-
pheral reactions where a major portion of the
beam momentum is carried off by projectilelike
fragments. Protons, deuterons, and tritons are
produced predominantly in central collisions,
whereas alpha particles have about equal contri-
butions from both central and peripheral reac-
tions. The large alpha-particle cross sections
observed for peripheral collisions at forward

109 T T T I T T 3
£-03=60° F-65=75° E
65=100" . -INCLUSIVE I ¢3=85°

L® /ix10%

238y (%0, pf), 315 MeV

1081 (x10%)

PR SUNTTIR Y s %
WE ¢ Fepay y L S 3
o ;"5 %, 3\%’ F ; o% E
3 250 % o ©
10 o %, (X103) % ¥ ;/LQ" ?Xowa} 3
Y oA °,
w 5 & % s K
— 10 S 5 e o, 3
= & g,ﬂp% (7)(0;00]% E ° 550
- S . S & Rixoof
8 3 % % i & kS E
o o & S
IR o
103L P ® gm0 So 1 S QL% 3 ]
E & | %Q)[XXO)"’ 3 3 % 110° E
s S ¢ | % xi0)
oL & & ®e 1 e NN ]
S % 1 $ LA
oo °oo r o £y
o % K >
oL, “9’,;’%1-+0° + o 125° i
£ % I 0: ® 3
1 , L 1 \ P
120 140 160 180 120 140 160 180
O,g (deg)

FIG. 5. Folding-angle distributions of fission frag-
ments measured inclusively and in coincidence with
protons for the two experimental geometries of this
experiment. The detection angles of the coincident
protons are given in the figure. The arrows are de-
scribed in Sec. IIIA 2,
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deuterons for the two experimental geometries of this
experiment. The detection angles of the coincident
deuterons are given in the figure. The arrows are
described in Sec. IITA 2,
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in Sec. IIIA 2.
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FIG. 8. Folding-angle distributions of fission frag-
ments measured inclusively and in coincidence with
alpha particles for the two experimental geometries of
this experiment. The detection angles of the coincident
alpha particles are given in the figure. The arrows are
described in Sec. IITA 2.

angles may be explained as due to significant con-
tributions from a-particle breakup of the *°O pro-
jectile.’ As the detection angle is increased, the
relative contribution from small momentum trans-
fer processes decreases to the point of being in-
significant beyond about 50°,

If we assume that the unobserved particles are
emitted isotropically (as is the case for thermal
emission at low angular momenta), then the aver-
age recgil momentum can be calculated as the
difference between the beam momentum and the
average momentum of the observed light particle.
The relationship between recoil momentum and
folding angle (see Fig. 3) can then be used to de-
termine the average folding angle which would be
expected in this case. These average folding an-
gles are marked by arrows in Figs. 5-8. They
coincide with the corresponding peak locations of
the large momentum transfer component. There-
fore this component must be associated with a low
multiplicity of precompound light particles. Since
this component dominates the light-particle distri-
butions at all angles, the emission of light parti-
cles is dominated by processes in which the target
residue absorbs the major part of the beam mo-
mentum. This is in accordance with the pictures
implied by the terms incomplete fusion or massive
transfer.

B. Light-particle angular distributions

The folding angle between the two fission frag-
ments can be used to classify central and peri-
pheral collisions and study the corresponding
light-particle spectra. For this purpose a cut
corresponding to P /P,~ 50% has been introduced
in the inclusive folding-angle distributions. Those
events with larger recoil momenta were defined
as central collisions and events with smaller re-
coil momenta as peripheral collisions. For the
different detector geometries of this experiment
this cut on 8,5 was adjusted to keep the ratio of
central to peripheral components in the inclusive
distributions constant. The light-particle angular
distributions, gated on central and peripheral col-
lisions are shown in Fig. 9. The contribution
from central collisions dominates the light-particle
coincidence cross sections at all angles with the
exception of the forward angle a-particle emis-
sion. (It should be kept in mind that our experi-
mental arrangement might put a certain bias on
the detection of central collisions as compared to
peripheral collisions; see Sec. IIC.) Comparable
alpha-particle cross sections are observed for
peripheral and central processes. For central
collisions the cross sections for the emission of
deuterons and tritons are comparable in magnitude
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FIG. 9. Angular distributions of light particles p, d,
t, and ¢ in coincidence with fission fragments produced
in central and peripheral collisions. The sum of the
two contributions is also shown. The lower energy cut-
offs are given in the figure. The cross sections are
normalized to fission singles.

to the ones for proton and alpha-particle emission.
In contrast, for compound nucleus evaporation,
deuteron and triton emission is generally con-
sidered to be of minor importance.* The angular
distributions for light particles produced in peri-
pheral collisions exhibit a significantly steeper
falloff toward large angles than the corresponding
cross sections for central collisions.

The multiplicity of light particles per fission
event can be estimated by assuming the light-
particle angular correlations to be symmetric
about the beam axis. Rather low multiplicities of
M(p)=0.39, M(d)=0.18, M(¢)=0.15, and M(a)
=0.44 are obtained consistent with the qualitative
conclusions reached by consideration of the mo-
mentum balance (see previous section). The
multiplicities of hydrogen isotopes that are ob-
served in peripheral reactions are lower by about
a factor of 2 than the ones observed in central
reactions. (The multiplicity for a given gate on
the folding angle is defined by the ratio of the in-
tegrated light particle yield and the inclusive fis-
sion yield observed for this gate.) For our parti-
cular choice of gates we obtain M,(p)=0.21, M (p)
=0.47; M,(d)=0.09, M (d)=0.21; M,(¢)=0.10,

M ,(¢)=0.16, where the subscripts p and ¢ denote
peripheral and central events. This observation

might be explained by the fact that the peripheral
gate includes inelastic scattering and rearrange-
ment reactions that do not involve preequilibrium
emission of light particles. The alpha-particle
multiplicity of peripheral reactions, on the other
hand, is larger than the one of central reactions:
M (@)=0.67 vs M («)=0.33. This again indicates
the importance of breakup reactions or sequential
alpha-particle decay of the projectile residue for
peripheral reactions induced by *°O ions.

C. Light-particle energy spectra

The energy spectra of protons produced in cen-
tral collisions are qualitatively similar to the
spectra of protons emitted in peripheral reactions,
as is demonstrated in Fig. 10, Corresponding ob-
servations are made for the energy spectra of deu-
terons, tritons, and alpha particles, This quali-
tative similarity of light-particle spectra in the
two types of collisions indicates that the light par-
ticles are produced at an early stage of the reac-
tion before the final fate of the projectile has been
determined.

Since we find that the central contribution typi-
cally dominates the light-particle energy spectra
and since there are no characteristics unique to
either component of the light-particle energy spec-
tra, we shall henceforth make no distinction be-
tween the two components and simply sum their
contributions. These energy spectra are displayed
in Figs. 11-14, At all angles the slopes of the
energy spectra are inconsistent with evaporation
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sections are normalized to fission singles.
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The data are fitted with the rotating hot spot model of

Eq. 3).

from the compound nucleus. At forward angles,
protons are emitted with energies of up to four
times the beam energy per nucleon. With in-
creasing detection angle, the light-particle cross
sections decrease and the slopes of the energy
spectra become steeper. Furthermore, at a given
observation angle all light particles have energy
spectra with similar slopes. In the context of a
thermal model the slope can be associated with a
temperature. This association implies that at a
given angle all light particles are emitted with
comparable temperatures and that these tempera-
tures decrease as the detection angle increases.
The energy spectra of protons observed in this
experiment are qualitatively similar to the inclu-
sive energy spectra observed® for the similar
reaction °7Au(*°0, p) at 315 MeV. This corrobo-
rates our assumption that the fission coincidence
requirement has placed little bias on the observed

spectral shapes.
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singles. The data are fitted with the rotating hot spot
model of Eq. (3).

IV. DESCRIPTION OF ENERGY SPECTRA
A. Rotating hot spot model

It has been proposed® **-2° that light-particle
energy spectra having exponential slopes which
are angle dependent may be understood in terms
of emission from a nuclear hot spot which cools
as it rotates. In this model, large frictional
forces rapidly convert the relative motion of tar-
get and projectile into the excitation of internal
degrees of freedom. This causes local heating
in the region of contact. Simultaneously, part of
the tangential motion of the system is transformed
into collective rotational energy. Particle emis-
sion is assumed to occur from the heated region
in the average direction of the tangential velocity
at the surface. Because the emission angle can
be related to the rotation time, the nuclear tem-
perature deduced from the energy spectra will
show an increasing degree of energy relaxation
as the scattering angle is increased.

Particle evaporation in the frame of the compos-



24 PRECOMPOUND EMISSION OF LIGHT PARTICLES IN THE... 97

108 . r ;
1604238y 4 +¢
1051 Srrrsstastes 315 MeV ]
E "'I' 3
1040
- } 15°(x109)
Attt [

108L
3 ~ 7

o
100l f 25° (X107}

{iﬂf 40° (X108) 3

(MeV sr)!

55° (X109)

70° (x10%)

42N,/ N dEdQ

1073, B
-4

107 4

E E¢ = 10 MeV

1075 125° (X10) v/c=0.013 4

109 140° T Te ]
4 1 1 1

10775 20 100 120

50 50 80
ENERGY (MeV)
FIG. 13. Energy spectra of tritons detected in the

reaction 238U(“50, tf) at 315 MeV. The spectra are

labeled by the detection angle of the coincident tritons.

The cross sections are normalized to fission singles.

The data are fitted with the rotating hot spot model of

Eq. 3).

ite system is assumed to occur from the hot spot
following the statistical formula of Ericson®

d*N

dE oCEc.m.Cftnv(Ec.m.)exp("Et:.m./T),

as

C. M. c.m.

@)

where E_ ~ is the kinetic energy of the evaporated
particle, o,,, the inverse cross section, and T the
nuclear temperature. Since the major energy de-
pendence of o, , is a cutoff at the Coulomb barrier,
we have simply included the effect of Coulomb re-
pulsion from the target residue and treated o,,, as
a normalization constant. After transforming to
the laboratory frame and including the effects of
the Coulomb barrier, we obtain

d*N

0 dE =N0E'1/2(E' _ 2E'”2Ei/2 cosb +E1)1/z

Xexp[- (B’ - 2E'*E}? cos6+E,)/T,],
(3)

where N, is a normalization constant for each
spectrum, E'=F - ZE ; is the energy before ac-
celeration in the Coulomb field, E . the Coulomb
energy per unit charge, Z the charge of the
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FIG. 14. Energy spectra of alpha particles detected
in the reaction #%U (160, af) at 315 MeV. The spectra
are labeled by the detection angle of the coincident
alpha particles. The cross sections are normalized
to fission singles. The data are fitted with the rotating
hot spot model of Eq. (3).

emitted particle, T, the angle-dependent nuclear
temperature, and E, =mv%/2 is the kinetic energy
of the particle of mass m at rest in the center of
mass frame moving at velocity v.

Using Eq. (3) with the compound nucleus velocity
v=0,013¢ and with E,=10 MeV, it is possible to
obtain quite satisfactory fits to the data (Figs. 11—
14). At forward angles the agreement is some-
what worse, possibly due to contributions from
nonthermal processes which are not included in
this picture. The normalizations and tempera-
tures used for the calculations of Figs, 11-14 are
displayed in Table I. Except at forward angles,
there is little variation of normalization with
angle (in Ref. 14 the normalization was assumed
to be constant with angle), The angle dependent
temperatures T, extracted from the fits are shown
in Fig. 15,

As a simple illustration of how such a model
might be extended, we assume that the hot spot is
at a uniform temperature and cools predominantly
by convection with the surrounding nuclear matter.
Classically, according to Newton’s Law of Cooling,
the rate of heat loss dQ/dt is proportional to the
temperature difference AT =T — T, between the
hot region and its surroundings*®
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TABLE I. Normalizations and temperatures used in “rotating hot spot” calculations of

Figs. 11-14.
Normalization Ny (MeV2sr)™ Temperature T, (MeV)
Angle Protons Deuterons Tritons Alphas Protons Deuterons Tritons Alphas
15° 124 40 28 1350 8.96 12.6 14.8 10.7
25° 92 23 16 268 8.74 12.1 13.6 11.5
40° 78 19 14 60 8.34 11.2 12.3 11.5
55° 86 22 12 42 6.51 8.36 9.76 8.88
70° 68 20 9.0 29 6.05 6.84 8.18 7.44
95° 67 18 9.6 13 4.76 5.18 5.83 5.72
110° 63 13 11 12 4.24 4.86 4.81 4.97
125° 82 25 13 19 4.15 4.00 4.41 4.41
140° 86 25 13 29 3.97 3.87 4.07 4.16
aq all light particles. Moreover, for deuterons
=< xAT, (4) . . ’ .
dt tritons, and alpha particles the slope and inter-

Ignoring the time and temperature dependence of
the proportionality constant, we find that after a
time Af the temperature difference AT is related
to the initial temperature difference AT; by

AT = AT, exp(-At/T), (5)

where 7 is the characteristic decay time. The re-
laxation time 75 is related to the decay time by
integrating Eq. (4) (Refs. 43 and 44)

R
Q= [ " dQ(=QJ1 - exp(-T5 /7). (6)
]

Thus for practical purposes the relaxation time is
a few times the decay time.

Classically, the decay time is given by
= pcR?/ kNy, where p is the density, c the heat
capacity, « the thermal conductivity, R a charac-
teristic length, and Ny, a dimensionless number
known as Nusselt’s number. Substituting the ther-
mal conductivity of nuclear matter,* k~pcvg},
where vy is the Fermi velocity and A the nucleon
mean free path, we obtain®®

437-

RZ
Tr oon’ (7)
in agreement with Ref. 44,
Substituting w = A6/ At into Eq. (5) we find

AT = AT, exp[-26/(wT)], 8)

which is in accord with the experimentally ob-
served decrease in temperature with angle (Fig.
15). If the hot region is assumed to cool toward
the compound nucleus as the rest of the nucleus
warms, then T, should be taken as the compound
nucleus temperature 7',=7_,~3 MeV. In Fig. 16
it is shown that if one considers only the region
where the relative contribution from peripheral
processes is insignificant (i.e., beyond about 30°),
the quantity In(T, - T,) is linearly related to 6 for

cept are very similar. For protons a flatter slope
and smaller intercept are obtained which might be
due to a larger compound nucleus contribution.
The observed slope corresponds to w7 =45.5 de-
grees. Assuming a rotational velocity corre-
sponding to a grazing collision with the moment of
inertia of two touching spheres, we obtain a decay
time of the order of T=3%10"22 s, This is about
an order of magnitude shorter than observed at a

I 160+238 X +f, 315 MeV 1
X=p X=d

10+ ] T 1

0 s N f e i
0 30 60 90 120 0 30 60 90 120
®,(deg)

FIG. 15. Angular dependence of the temperature Ty

obtained by fitting the p, d, ¢, and @ energy spectra
(Figs. 11—-14) with the rotating hot spot model.
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lower incident energy.? The corresponding relax-
ation time of the hot spot is then of the order 7
~ 102! g, which is in rough agreement with Ref.
46.

The rotating hot spot model fits the experimen-
tal data quite well and offers a physical explanation
for several features of the data. However, in
order to explain the experimental fact that the
greatest temperatures are observed in the forward
direction it was necessary to assume that the light
particles are emitted tangentially from the hot
spot. The physical justification for such an as-
sumption is not clear. If the target and projectile
are assumed to stick together as they rotate, then
due to absorption in the perpendicular directions
the light particles should be emitted primarily in
the tangential plane between the two nuclei. In
this picture, the light-particle energy spectra
should display an angle-dependent temperature
which is symmetric about 90°. Instead, the ob-
served light-particle energy spectra display tem-
peratures which decrease continuously beyond
90°, Alternatively, the tangential emission might
be a result of the rotational motion of the hot spot.
However, in the present experiment the rotational
energy at the nuclear surface is not expected to
exceed about one MeV per nucleon and therefore
will not dominate the thermal emission. [If very
high rotational velocities of the hot spot could oc-

cur, Eq. (3) would have to be modified to take the
effect of rotation into account explicitly. Similar
to Ref. 14 we have ignored this rotational velocity
of the source with the result that the local nuclear
temperature might be somewhat overestimated.]

B. Isotropic emission from a moving source

Some qualitative insight on the overall trends of
the data may be obtained by presenting the Lorentz
invariant cross sections as a contour plot in the
velocity plane. By means of such a diagram one
can easily determine whether or not a rest frame
exists from which the emission appears isotropic.
If such a frame existed, the contours of constant
cross section would appear as circles centered on
the velocity of that frame. For emission from the
compound nucleus these circular contours would
be centered on the compound nucleus velocity v,
=0.013¢c. For emission from the projectile the
contours would be centered on the beam velocity
vp=0.205¢. A contour diagram of the Lorentz in-
variant proton cross sections is shown in Fig. 17.

L (o) 180+238 L p+f
315 MeV
0.4 Two Sources
0.2
O
N\ 0.0
.
L b 160+238 ) p+¢
315 MeV
0.4 One Source
0.2¢
0.0 ! N 1 . L .
-0.2 0.0 0.2 0.4
\/”/C

FIG. 17. Contour plot of the Lorentz invariant proton
cross section. The contours, read inward, are in the
ratios 1:4:16:64:128. The experimental data are given
by circles. The curves in part (a) represent the cross
sections calculated for thermal emission from two
sources, one moving with the beam velocity and the
other moving with the compound nucleus velocity' (see
also solid curves in Fig. 19). The curves in part (b)
describe the emission from a single thermal source
moving with slightly less than half the beam velocity
(see solid curves in Fig. 20).
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Levels of constant invariant cross section are in-
dicated by the solid and open points. The points
of equal cross section fall approximately on cir-
cles which are slightly flattened in the 90° region
and are centered on a velocity of slightly less than
half of the beam velocity.

We first investigate the question of whether it is
possible that the protons are emitted from both the
projectile and the compound nucleus giving a sum
distribution which has the appearance of nearly
isotropic emission from a single source at an in-
termediate velocity. In Fig. 18 we present con-
tours of the Lorentz invariant proton cross sec-
tions gated on central or peripheral collisions.
One might expect that such a gate should separate
the compound nucleus contribution (central com-
ponent) and the projectile contribution (peripheral
component). It is evident from the figure that the
gated contours do not follow these expectations,
although the weaker peripheral component does
exhibit a slight enhancement of emission from the
projectile. The dominant feature of the Lorentz
invariant contours, however, indicates nearly iso-
tropic emission from a source which moves at
slightly less than half of the beam velocity.

T v T T T T T

(o) 1860+238| _p+¢
315 MeV

Central

0.4

TS 1SO+238LI—>p+f ]
315 MeV
0.4 Peripheral
0.2F
0.0 L L ! A 1 A 1
-0.2 0.0 0.2 0.4
Vi /C

FIG. 18. Contour plot of the Lorentz invariant proton
cross section. The contours, read inward, are in the
ratios 1:4:16:64:128. The curves describe the emission
from a single thermal source moving with slightly less
than half the beam velocity. The cross sections for
central collisions are shown in part (a), the ones for
peripheral collisions are shown in part (b).

To be more precise, we assume that light parti-
cles are emitted with a Maxwellian distribution in
the rest frame of a source?® which is at tempera-
ture 7.

N(E)x<EY2exp(-E/T). (9)

(Note that we use the E!/? factor corresponding to
volume emission?” instead of the factor E corre-
sponding to surface emission. The difference be-
tween the two expressions would hardly be dis-
cernible except at low energies.) Transforming
into the laboratory and correcting for the Coulomb
repulsion of the light particle from the target
residue, we obtain

d®N
aQ dE

= Of(vy T’EC)
= Ny(E — ZE )2

xexpl{- [(E - ZE()+ E,
- 2EY*(E - ZE( )2 cos0] /T}, (10)

where E,= smu?® is the kinetic energy of a particle
at rest in the frame of the moving source, N, is an
overall normalization constant, and ZE is the
Coulomb energy of the light particle with charge
Z.

The curves in Fig. 17(a) represent contours
which were produced assuming contributions from
two sources

d®*N
d\Q dE:Ncnf(vcn ’ TcnﬁEC,cn )+pr(‘l}p, Tp’EC,p) °

1)

One source was assumed to correspond to emis-
sion from the compound nucleus; the correspond-
ing parameters are v, =0.013c and E¢, ., =10
MeV. The other source was assumed to corre-
spond to emission from the fully accelerated pro-
jectile fragments which were assumed to move
with the projectile velocity »,=0.205¢ and have a
negligible Coulomb barrier E¢ ,=0. At the most
backward angles, 6=140°, emission from the pro-
jectile is negligible, and the parameters for emis-
sion from the compound nucleus can be determined
rather unambiguously as T, =4.58 MeV and N,
=319 (MeV® 2sr)~!. Correspondingly, emission
from the compound nucleus gives only minor con-
tributions to the most forward angles. Here the
parameters for projectile emission can be deter-
mined rather unambiguously at T, =3.85 MeV and
N, =309 (MeV*/?sr)~!. The resulting energy and
angle integrated relative contribution from the pro-
jectilelike source was found to be 75% of the compound
nucleus source contribution. The calculation repro-
duces the data very well at forward and backward an-
gles but significantly underestimates the cross sec-
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tion inthe 90°region. Furthermore, the overall
shapes of the contour lines that are predicted by
this calculation are not observed experimentally.

A better description of the experimental data
may be obtained by assuming isotropic emission
in a rest frame that moves with a velocity inter-
mediate between projectile and target. The tem-
perature of such a source, as well as its velocity,
are treated as free parameters to give an optimum
description of the data. The results of such a cal-
culation, obtained with Eq. (1), are shown in Fig.
17(b) [and, for comparison, also in Figs. 18(a) and
18(b)]. The Coulomb energy was fixed at E,=10
MeV and the source which best reproduced the pro-
ton energy spectra at all angles was determined to
have a temperature of 7="7.0 MeV and a velocity
which was slightly less than half of the beam ve-
locity (v=0.091¢). The single source calculation
gives satisfactory fits for large transverse mo-
menta but becomes slightly worse in the forward
and backward directions. The overall agreement
is seen to be surprisingly good.

To make the discussion more quantitative, we
compare these calculations with the measured en-
ergy spectra. In Fig. 19 the proton energy spec-
tra are shown with the cross sections calculated
using Eq. (11) for two moving sources. The solid
curves were obtained with the same parameters
as were used for the calculated contours of Fig.
17(a). The dashed curves correspond to emission
from the projectile at the distance of closest ap-
proach to the target. The projectilelike source
was assumed to move with the velocity v,=0.18¢
corresponding to the velocity of the '°0 nuclei after
deceleration in the Coulomb field of the target nu-
cleus. A Coulomb barrier of E; ,=10 MeV was
chosen and a temperature of 7= 3.94 MeV was ob-
tained by fitting the proton data at 15°. In this
case the integrated contribution from the projec-
tilelike source was only 59% of the compound nu-
cleus source contribution. With either calculation
the agreement with the data is quite good at both
forward and backward angles but disagrees by as
much as an order of magnitude in the intermediate
angle region.

In Fig. 20 the solid curves have been calculated
using Eq. (10) with the same parameters as for
the calculated contours of Fig. 17(b). The overall
agreement with the proton data is seen to be re-
markably good, assuming only a single moving
source. The agreement is certainly no worse
than for the two source calculation.

Obviously, better reproduction of the data could
be obtained by using two sources in which both
source velocities were allowed to vary. At this
point such a procedure would lead to complica-
tions and uncertainties of interpretation. There-
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FIG. 19. Energy spectra of protons detected in the
reaction 28U(10, pf) at 315 MeV. The curves have been
calculated by assuming contributions from two sources,
each given by Eq. (10). One source is associated with
a projectilelike fragment and the other with a target
residue. The details of the two curves are explained
in Sec. IV B.

fore, we proceed using the single source model
and try to assess the significance of the resulting
parameters.

In Figs. 20-23 the curves were calculated using
Eq. (10) with a single moving source. The solid
curves were obtained using a Coulomb repulsion
per unit charge which had been chosen as E. =10
MeV. The dashed curves have been calculated by
neglecting the Coulomb repulsion from the target
residue. Clearly, the description of the data in
the low energy region is better when the Coulomb
effects are taken into account.

Some disagreement between calculation and the
data is observed at forward angles. Here contri-
butions from peripheral reactions are more im-
portant, especially for the case of alpha particles.
We also find some discrepancy at backward angles
where compound nucleus contributions are expected
to be significant. We observe, however, that the
overall trends of the data are reproduced remark-
ably well,
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FIG. 20. Energy spectra of protons detected in the
reaction 28U (10, pf) at 315 MeV. The curves have

been calculated with Eq. (10).

The thermal sources which best describe the
light-particle spectra were found to have very
similar velocities and temperatures. The rest
frames in which the light particle emission ap-
pears isotropic were found to have velocities of
v/¢=0.,091, 0,096, 0.084, and 0.097 for p, d, ¢,
and « particles, respectively. It is interesting
that these velocities closely coincide with the ve-
locity »=0.089c¢ of the nucleon-nucleon center of
mass frame if the slowing down of the '°O nuclei
in the Coulomb field of the 23U target nuclei is
taken into account. The source temperatures
were found to be T="7.0, 8.1, 8.8, and 7.7 MeV
for p, d, t, and a particles, respectively. These
temperatures are significantly larger than the
temperature T, =~ 3 MeV expected for the com-
pound nucleus. If, instead one assumes the for-
mation of a hot Fermi gas consisting of an equal
number of target and projectile nucleons, then
significantly larger temperatures can be reached.
For an ideal Fermi gas, the internal energy per
nucleon U/N is given to lowest order in 7T by the
relation®®
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reaction 2%y (%0, df) at 315 MeV. The curves have been
calculated with Eq. (10).

2 2
U/NzgeF[1+51—ﬂz(-Z—}> ], (12)
where ¢, is the Fermi energy. For a system of
N nucleons consisting of equal contributions from
target and projectile nuclei N,=N,=N/2 the in-
ternal energy per nucleon for the system can al-
ternatively be written as

U/N=2ep +E*/N=2 ex+ tmovy®, (13)

where E* is the excitation energy of the N nucle-
ons, m, is the nucleon mass, and 2y, is the rela-
tive velocity between target and projectile at the
point of contact. From Egs. (12) and (13) the
temperature of such a system is given by

Ty = Cmovyer /1?2, (14)

Using v, =0.089¢ and the value of ¢, =38 MeV cor-
responding to nuclear matter at normal density,
one obtains the value of 7y =7.5 MeV in reason-
able agreement with the experimentally determined
values. However, it must be remembered that the
dominant reaction process involves the transfer of
nearly the entire beam momentum to the target
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residue (see Secs. IIIA and IIIB). As a conse-
quence any such hot gas of nucleons must ultimate-
ly be absorbed by the target nucleus. Further-
more, the similarity of the light-particle energy
spectra for large and small momentum transfers
implies that particle emission occurs on a time
scale which is comparable to the time scale for
energy and momentum transfer from the hot gas

to the target nucleus. Our data are therefore
consistent with prompt emission from a hot spot
for which the thermalization of the nucleon ve-
locities occurs first in the nucleon-nucleon center
of mass frame. In fact, the prompt proton emis-
sion might occur after only a single nucleon-nu-
cleon collision; in this event the apparent thermal-
ization of the nucleon velocities would be a result
of the intrinsic Fermi motion.*%%°

V. PRODUCTION OF COMPOSITE PARTICLES

A. Coalescence model

As was pointed out in the previous section, very
similar slopes are observed for the energy spectra
of different light particles. In the context of the
thermal model discussed in the previous section
this implied particle emission from a source of
rather well defined temperature. As a conse-
quence one expects the validity of a simple power
law relating composite particle spectra to the
proton spectra according to

o E/T -E/AT)A

(15)
Similar observations®'~>® have been made for light
particles emitted in relativistic heavy ion colli-
sions, i.e., the emission of composite particles
has been related to proton emission via a coales-
cence model.’*"*® The complex particles are as-
sumed to be synthesized by the coalescence of
free nucleons which happen to occupy the same
region of momentum space.?® Since this prescrip-
tion has had great success at relativistic energies,
it is interesting to investigate the validity of the
model at nonrelativistic energies, However, at
lower energies the influence of the Coulomb field
of the target residue cannot be neglected, as has
been done at relativistic energies (see also Sec.
IVB). If the effect of the Coulomb repulsion of
the charged particles from the target residue is
taken into account, one obtains a generalized co-
alescence relation

d?N(Z,N,E,) _[N:+Np,\" A 47p,*/3 4-1
dEAdQ  \Z,+Z,) N'Z\\2m*E -E '

X[dzN(l,O,E)]A
dE d% .

~(e

(16)

The derivation of this relation is given in Appen-
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dices A and B. It is different from the rélation
quoted in Ref. 24, which was in error. In Eq.
(18) E. is the Coulomb repulsion per unit charge,
d®N(Z,N,E,)/ dE ,d is the differential multiplic-
ity of nuclei composed of Z protons and N=A-Z
neutrons, and E,=AE - NE;. The coalescence
radius in momentum space, P,, is the only free
parameter,

The differential multiplicity for a given event is
not a measured quantity. In practice, it is ap-
proximated by the average differential multi-
plicity.?*:%® For the present analysis we use the
corresponding approximation

@NZ,N) _ 1 &®NAZ,N) (17
dE4dQ N, dE.dQ ’

where N/(Z,N) is the number of light particles
observed in coincidence with fission and N; is the
total number of fission events.

In Fig. 24 the energy spectra of deuterons (solid
points) are compared with the predictions of the
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FIG. 24. Energy spectra of deuterons (solid points)
detected in the reaction 2*U(!%0, df) at 315 MeV. The
open squares are spectra predicted by the Coulomb-
modified coalescence model; the dashed curves are the
predictions of the coalescence model if Coulomb effects

are neglected.

coalescence model which has not been modified to
take Coulomb effects into account (dashed lines).
Without the Coulomb modifications the coalescence
model is unable to relate the composite particle
cross sections to the proton cross sections.

In Figs. 24—-26 the energy spectra of deuterons,
tritons, and alphas (solid points) are compared
with the predictions of the Coulomb-modified coal-
escence relation (open squares). For deuterons
and tritons the agreement with the data is excellent
except at the most backward angles. Here a dis-
crepancy might be anticipated because contribu-

tions from compound nucleus evaporation are ex-

pected to be non-negligible for protons but of
minor importance for the case of deuterons and
tritons.** Consequently, the coalescence calcula-
tions will overestimate the cross sections at back-
ward angles, in accordance with Figs. 24 and 25.
For the alpha-particle spectra (Fig. 26) the coal-
escence predictions are also in fair agreement
with the data. Here larger discrepancies are ex-
pected to occur also at forward angles, because
of the enhanced contributions from projectile
breakup reactions due to the alpha-cluster struc-

ture of the %0 projectile.
To be consistent with our previous analysis, the
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FIG. 25. Energy spectra of tritons (solid points)
detected in the reaction 28U (10, tf) at 315 MeV. The
open squares are spectra predicted by the Coulomb-
modified coalescence model.
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The open squares are spectra predicted by the Coulomb-
modified coalescence model.

Coulomb energy per unit charge E_ has been kept
fixed at the value E,=10 MeV. The coalescence
radii of Py(d) =170 MeV/c, Py (t) =215 MeV/c, and
P(a)=27T0 MeV/c were used for the calculations
of the deuteron, triton, and alpha-particle spectra,
respectively. These radii are very similar to
typical values measured for relativistic heavy ion
collisions.”® [Some differences are to be expected
due to the different normalizations of the differ-
ential multiplicities used at relativistic energies
and for the present experiment—see the discussion
of Egs. (17) and (A10)]. At relativistic energies,
P, has been observed to be essentially independent
of incident energy.®® It is remarkable that the
coalescence radius should show so little depend-
ence on the incoming energy over such a wide
range of incident energies.

Several physical models have been proposed®
which related the composite-particle spectra to
the proton spectra in the same manner as the
coalescence relation. Each of these models pre-
dicts a different form for the radius parameter P,
using assumptions on the production mechanism
which range from nonequilibrium final state inter-
action® to thermodynamic equilibrium.%® In sever-
al of these models the coalescence radius is ex-
pected to depend on the incident energy. For ex-

-58

ample, in the classical limit of the thermodynamic
model a temperature dependence of P,~kT is pre-
dicted. Therefore, the observed independence

of P, on the incident energy is in contrast to the
expectations of such models.

If the thermodynamic interpretation®® of the co-
alescence model applies, the momentum radius
P, can be related to the volume of the thermal
system at the freeze-out density where formation
and breakup of composite particles ceases®3:%

Z\NIA®
v-[25

1761 g3
4nPy ’

(18)

(2s +1) exp(E, / T)]

where E, is the binding energy, and s is the spin
of the composite particle. Freeze-out radii of
R(d) =5.6 fm, R(#)=4.2 fm, and R(a) =3.7 fm re-
sult from Eq. (18). Such radii appear consistent
with emission from a locally heated region of the
nucleus.

We conclude that the coalescence relation can
be successfully applied at nonrelativistic as well
as relativistic energies. This observation makes
possible a coherent study of light-particle emis-
sion over a broad range of incident energies. Such
a study may ultimately provide a test ground for
the various models that have been used to derive
the coalescence relation formally.

B. Entropy

It has been suggested®® that the relative produc-
tion of protons and deuterons may be used to cal-
culate the entropy which is produced in the early
stages of the nuclear collision. After the initial
stage of the reaction, the fireball is assumed to
expand through chemical equilibrium until it
reaches the composite-particle freeze-out density
(this is the assumption underlying the thermody-
namic model of Ref. 56). If the system of nucleons
can be described in terms of an ideal gas and if
one assumes that neutrons and protons have iden-
tical chemical potentials, then the usual relations
for the entropy and chemical equilibrium of an
ideal gas give the entropy per nucleon to be %50

1 3/2
S/N(A:p)=§+(A_ 1){<A/T+1n[%:<-m-‘*) ]—lnRM},

U

(19)

where R ,, is the ratio of composite particles of

A nucleons to protons, g is the spin degeneracy,
and €, is the binding energy of the composite
particle. If the expansion of the fireball is further
assumed to be nearly adiabatic, this entropy then
corresponds to the entropy produced in the early
stages of the reaction.
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With the observed proton and deuteron multipli-
cities, M(p)=0.39 and M(d) =0.18 (see Sec. IIB),
an entropy per nucleon of S/N=5.0 is calculated.
This value appears to follow the same trend as the
experimental entropies deduced at relativistic
energies. The entropy calculated by assuming a
soft eqﬂation of state for nuclear matter is con-
siderably less than the experimental values.*® An
attempt to amend this discrepancy was made by
postulating®® that unknown degrees of freedom in
nuclear matter such as collective effects or nucleon
dissociation were being excited.

Unless further assumptions are made, the en-
tropy per nucleon should not depend on which light
particle ratio is used in Eq. (19). With our ob-
served triton and alpha particle multiplicities,
M(¢) =0.15 and M(a) =0.44, one obtains S/N(¢:p)
=4.3 and S/N(a:p) =4.1. If the various emitted
particles carry information of a common state of
entropy, then these discrepancies in the calculated
entropy imply (note the weak logarithmic depen-
dence on particle ratio), that the observed particle
ratios deviate significantly from the particle
ratios which would be expected for an ideal gas in
chemical equilibrium.

In order to justify a treatment in terms of an
ideal gas, the density of the system of nucleons
must be much less than the so-called critical
density =, (Ref. 48)

3/2
n<<ng, =g< ’”T) , (20)

2TH?

where m is the nucleon mass, 7' the temperature
of the system, and g is the nucleon degeneracy
factor. In the present analysis, with 77=10 MeV
we must have n<< 0.09%,, where 7,=0.17 fm is
the normal nuclear density. This condition is
unlikely to be satisfied. Even at relativistic ener-
gies where T'=80 MeV the strong condition

n < 2n, might not be very well fulfilled. As a con-
sequence, thermodynamic treatments which use
the ideal gas formalism such as the present mod-
el®® and the thermodynamic interpretation of the
coalescence model® should be treated with care at
relativistic energies and, probably, should not be
applied in the nonrelativistic regime.

VI. SUMMARY AND CONCLUSION

We have studied light particles emitted in '°O-
induced reactions on 238U at 20 MeV/nucleon beam
energy in coincidence with the fission decay of
the target residue. The measured folding angle
between two coincident fission fragments was used
to provide information on the linear momentum
transferred to the target residue prior to fission.
This information has been used for a simple oper-

ational classification of the reaction into central
and peripheral collisions corresponding to large
and small momentum transfers to the target resi-
due.

The majority of energetic light particles has
been shown to be associated with central collisions
in which nearly the entire beam momentum is
transferred to the target residue. Consistent with
this observation are average p, d, ¢, and a-par-
ticle multiplicities of less than one.

Light particles emitted in peripheral reactions
have displayed angular distributions which are
more strongly forward peaked than those of central
collisions. On the other hand, the energy spectra
have been shown to be rather similar for the two
processes. This similarity of energy spectra
suggests a reaction mechanism in which the light
particles are emitted at an early stage of the reac-
tion.

The emission of light particles is approximately
isotropic in a rest frame moving with about half of
the beam velocity. In this frame the energy spec-
tra can be described by thermal emission at the
temperature of a Fermi gas consisting of an equal
number of nucleons from target and projectile.
This observation could be an indication of the
importance of knockout processes in which the
apparent thermalization would be a result of
simple Fermi motion. Although such a mechanism
might explain proton emission,*® it is not yet clear
how the emission of composite particles fits into
such a picture! We have shown, however, that
the composite-particle spectra may be understood
in terms of the proton spectra via a coalescence
relation which has been modified to include the ef-
fects of Coulomb distortion. This allows compo-
site-particle emission to be treated systematically
within a single framework throughout the relativis-
tic and nonrelativistic realms of heavy-ion reac-
tions. It will be interesting to make such a sys-
tematic study of the incident energy dependence
of the coalescence radius in order to determine
the correct physical interpretation of the coales-
cence relation.
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APPENDIX A: COALESCENCE MODEL FOR POISSON
MULTIPLICITY DISTRIBUTION

The basic assumption of the coalescence model
is that complex particles are formed by the coal-
escence of nucleons which happen to share the
same volume element of momentum space.?® The
critical radius P,, within which coalescence oc-
curs, is treated as a free parameter. The pro-
bability P for finding one primary nucleon in the
coalescence volume centered at a momentum per
nucleon p is given by the product of this volume
with the single nucleon momentum density

_4r _ . 1 d°N(D)

P==P, T (A1)
where [d3N(D) //dp® represents the differential nu-
cleon multiplicity and 7 is the average nucleon
multiplicity.

For a given multiplicity, m, i.e., when w nu-
cleons are produced in an event, the probability
of finding »n of them (z <wm) in the coalescence vol-
ume will be given by the binomial distribution

P(n|m)=(mP"(1 - P)"". (A2)

In actuality, each multiplicity will have a probabi-
lity f(m) of occurrence. Summing over this dis-
tribution of multiplicities, we obtain the average
probability for finding » nucleons in the coales-
cence volume.

(P@)) = 2 foom) Pl |m) = 3 flm)()PY1 = P)™".
m=n m2n (A3)

In the case of low average multiplicities . as in
the present experiment, it is reasonable to assume
a Poisson distribution of multiplicities

Sm)

Substituting Eq. (A4) into Eq. (A3), we obtain an
average probability given by

(Pn)) = Z kfnn)!"'e-,—n m!

fored nl(m - n)

=(%—)!2 e, (A4)

!Pn(l - P) m=n
_(mPp)re ™
- n!

_(Wp)ne-r-nP
Tl ’

PIETREST

v=0

(A5)

Equation (A5) is exact for a Poisson multiplicity
distribution. At relativistic energies large multi-
plicities are observed with a non-Poisson distri-
bution.®! In this case it is assumed that Eq. (A3)
can be approximated by

(P(n)) ~ P(n|m) =(PY1 - P)™". (A6)

Then if P« 1 and 7 > n the binomial distribution
becomes Poisson in form, which again results in
Eq. (A5).

Typically, the exponential term in Eq. (A5) can
be ignored since mP is small. This gives the
average probability for having N neutrons and Z
protons in the coalescence sphere to be

zPz)?% (m yP )"
Z! N! ’

P, 2)) = (A7)
where we have assumed that the probabilities for
the observation of neutrons and protons are inde-
pendent. In the context of the coalescence model,
P(N, Z) represents the probability of forming a
composite particle with momentum per nucleon p.

Since the neutron distributions typically are not
measured, we assume that they have the same
shape as the proton distributions but are weighted
by the N/Z ratio of the composite system

d®N(0,1) _N, +N,d’N(1,0)
a*  zZ,+z, ap*® -
Substituting Eqs. (A1) and (A8) into Eq. (A7) and
dividing by the coalescence volume, we obtain the
composite particle momentum distribution in the

form of the usual coalescence relation® -53:56,58
used at relativistic energies

dN(Z,N) _(N+N,\'_ 1 (4_77 3>"'1[d3N(1,0)]A
ap® z,+Z,) NIz 0 ap® :

(A8)

3 P
(A9)

It is important to note that the differential nu-

cleon multiplicity per event, d®N/dp®, is chosen
by normalizing the experimentally observed mo-
mentum distribution to the class of events of in-
terest

d®N_1 d’

2 ~UO sk (A10)
At relativistic energies this class of events has
been chosen to consist of all possible reactions.? 53
Therefore, the total reaction cross section o, is
substituted for o,. Owing to the restriction of the
fission coincidence requirement of this experiment,
we have analogously chosen to normalize our mo-
mentum distributions to inclusive fission events
[see Eq. (17)]. It should be clear from Egs. (A9)
and (A10) that this choice of normalization enters
directly into the interpretation of P,.
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APPENDIX B: MODIFICATION OF COALESCENCE
RELATION BY COULOMB FIELD

We calculate the modification to the coalescence
relation of Appendix A [Eq. (A9)] which results
when the coalescence occurs in the vicinity of a
stationary Coulomb source®® such as at the nuclear
surface. The energy balance for a particle of
charge Z and mass number A can be written as

Da® _ Pag’
omA 2maZEe (B1)

where E is the Coulomb energy per unit charge of
the composite particle, p,, is the momentum of the
composite particle at the nuclear surface, and p,
is the momentum of the particle in the laboratory.
Equation (B1) can be rewitten as

2mAZE\'?
pay=pa(1- 253 C) . (B2)
ba
From Eq. (Bl) we see that
Dadpa=padba - (B3)
By using Eq. (B2) we obtain
2mAZE \'"?
bajdbay=Dapadpsa= (1 - ""F‘g) padpa .
(B4)

Analogously for a proton we have Z=A4=1 which
gives

2 1/2
bo’dpe= (1 - 7250) pEp . (B5)
We then assume that
bay=Abos (B6)

and also that the Coulomb field does not change
the angular directions

AR,=dQ,,, dR=dS, . (BT)

The coalescence relation of Eq. (A9) then states
that at the nuclear surface the composite-particle
cross section is related to the proton cross section
according to

d°N(Z,N) _ [d3N(1, 0)]4
dpos c dpo?: ’ (BS)

where

(NN, Y1 (4w )4
C”(zt+z,)szx<3P°> : (B9)

Transforming the light-particle cross sections into
the laboratory frame by using Egs. (B4), (B5),

and (B7), we obtain the Coulomb-modified coales-
cence relation in momentum space

- 2mAZE; /p 4% [d?N(1, 0)]*‘
(1-2mE /p?)*? | p?apae ] *
(B10)

*N(Z, N) _

L
patdpyan ¢4

We now transform Eq. (B10) into energy space by
first rewriting it as

EN(Z,N) _ - 4s\ba’= 2mAZE Q" [JZN(I, 0)]'*
Dadp 4dQ (p*=-2mE)4% [ papaQ |’
(B11)

and then using

pa2=2mAE,, p?=2mE, (B12)
and

padpa=mAdE,, pdp=mdE . (B13)
This gives

@?N(Z,N) _ CA™

(AE, - ZAE)*2[d2N(1,0) 4
(E-E)*® |mdEd2] ’

(B14)

MAdE 49 (2m)AD /2

or

d@®N(Z,N) _  CA™

[(Ea-ZEc)/AI"? [dzN(l, 0)]" .

dEdQ  (2m®) @R (E-E )4 dE df
(B15)
Finally noting that
E - ZE =E, =AE,=A(E-E(), (B16)

we obtain a coalescence relation which is valid
when the coalescence occurs in the vicinity of a

Coulomb field a
4 A
—p3
&*N(Z,N,E,) _ Nt+N,>” At 3’0
dE 4dQ zZ,+Z, N!Z!([zm%E—EC)]l/z
@N(1,0,E)]*
{HEwt] @1
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