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Single- and two-particle inclusive cross sections of light particles (p,d, t) were measured for ' 0-
induced reactions on ' C, Al, and ' Au at E/A =25 MeV. The energy and angular distributions
indicate that these particles originate from violently interacting subsets of the projectile-target sys-

tem. For reactions on ' Au, the two-particle correlations at large relative momenta indicate an or-

dered motion in the entrance channel reaction plane which is superimposed on the random velocities
of the constituents of these subsets. For reactions on "C, the two-particle correlations appear to be

dominated by momentum and energy conservation.

I. INTRODUCTION

At incident energies of only a few MeV per nucleon
above the interaction barrier, nucleus-nucleus collisions
are dominated by mean field effects and one body dissipa-
tion. ' With the exception of very heavy systems, col-
lisions at small impact parameters are understood in
terms of the complete fusion of projectile and target, the
formation of a fully equilibrated compound nucleus, and
its subsequent statistical decay by particle and y-ray emis-
sion. As the projectile energy is increased to a few tens
of MeV per nucleon above the barrier, two-body dissipa-
tion becomes increasingly important. In this energy
range, central collisions are characterized by incomplete
fusion and particle emission prior to the attainment of full
statistical equilibrium in the composite system. ' De-
tailed investigations of noncompound light particle emis-
sion provide information about the dynamical and statisti-
cal aspects of these reactions at the early stages of the pro-
jectile and target interaction. '

Single particle inclusive cross sections for the emission
of noncompound light particles have been described rather
successfully in terms of simple Maxwellian energy distri-
butions centered at velocities slightly less than half the
beam velocity. ' ' For ' 0 induced reactions on U at
ElA =20 MeV, the emission of noncompound light par-
ticles was shown to be dominated by violent projectile-
target interactions in which the major part of the projec-
tile is absorbed by the target nucleus; the average multipli-
city of noncompound light particles was shown to be of
the order of 1. The successful description of noncom-
pound light particle emission in terms of simple Maxwel-
lian distributions (moving source parametrizations) can-
not, ' therefore, be interpreted in terms of particle emis-
sion from a hot source of nucleons which is separated
from the target nucleus. However, such parametrizations
indicate that the light particle velocities are randomized in
rest frames different from the compound nucleus rest
frame.

Present experimental information is consistent with the

concept of statistical particle emission from highly excited
subsets of nucleons which are in the process of equilibra-
tion with the remaining composite system. However, lit-
tle is known about the relative importance of dynamical
and statistical aspects of the reactions which should re-
flect the interplay of the collective motion in the mean nu-

clear field and the randomization of the particle velocities
by individual nucleon-nucleon collisions. The relative im-
portance of these effects is expected to change dramatical-
ly in the transition energy regime where the relative velo-
city between projectile and target nuclei is of a magnitude
comparable to the Fermi velocity.

In order to obtain further information about the
dynamical and statistical aspects of nuclear reactions in
the transition energy regime of a few tens of MeV per nu-

cleon, we have measured correlations between two coin-
cident light particles emitted with large relative momenta
in ' 0 induced reactions on ' C and ' Au targets at
E/3 =25 MeV. At large relative momenta, final state in-
teractions between the coincident particles are expected to
be negligible. The correlations should, therefore, be sensi-
tive to geometrical and dynamical aspects of the reaction
which cannot be extracted from single particle inclusive
measurements. The comparison of two-particle correla-
tions measured for reactions on a heavy and a light target
nucleus is expected to provide useful information about
the importance of finite particle effects (e.g., phase space
constraints for small ensembles due to conservation laws),
collective flow effects, and possible shadowing effects. A
brief report of these correlation measurements has been
published previously. ' In order to obtain more systemat-
ic information about the energy and target dependence of
noncompound light particle emission, we have also per-
formed single particle inclusive measurements of high sta-
tistical accuracy. These data were fitted with several ver-
sions of a single moving source parametrization to deter-
mine the stability and sensitivity of the parameters.

This paper is organized as follows: Details of the ex-
perimental setup and data reduction are given in Sec. II.
In Sec. III the single-particle inclusive cross sections are
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presented and discussed in terms of several simple param-
etrizations. Associated light particle multiplicities are
presented in Sec. IV. In Sec. V two-particle correlations
at large relative moments are discussed and shown to be
sensitive to both reaction dynamics snd phase-space con-
straints. Our summary snd conclusions are given in Sec.
VI.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Holifield Heavy-
Ion Research Facility of Oak Ridge National Laboratory.
' C, Al, and ' Au targets of 2.4, 3.0, and 9.7 mg/cm
areal density, respectively, were bombarded with ' 0 ions
of 400 MeV incident energy. A schematic drawing of the
experimental setup is given in Fig. 1. Single- and two-
light-particle inclusive cross sections were measured with
thirteen bE-E telescopes consisting of silicon bE and NaI
E detectors. Correlations at small relative moments were
measured with six telescopes mounted in a closely packed
hexagonal array that was centered at angles 8=15' and
/=180', where 8 and (() denote the polar and azimuthal
angles measured with respect to the beam axis. These
correlations were published previously' and will not
be discussed in this paper. Correlations at large relative
momenta were measured with an additional seven tele-
scopes of solid angles between 13 and 40 msr. Three of
these telescopes were mounted at the fixed azimuthal an-

gle of /=0' and at the polar angles of 8=40', 70', and
130'. The remaining four telescopes were positioned at
the polar angles of 8=40', 70', 130', and 160'; their com-
mon azimuthal angle was varied between 50' and 180'. In
order to protect the detectors from excessive radiation
damage, heavy recoil nuclei and fission fragments were

stopped in 0.22 mm thick Al foils placed in front of the Si
detectors. The absolute normalization of the cross sec-
tions is accurate to 10%. Energy calibrations, accurate to
3%, were obtained by measuring the energies of recoil
protons backscattered from a Mylar target by a 200-MeV
' 0 beam.

In order to detect and correct for gain shifts of the NaI
detectors, the following procedure was developed for the
off-line analysis. For each run the raw data were sorted
into two-dimensional b,E-E matrices. Since the calibra-
tion of the Si detectors did not change appreciably during
the experiment, several narrow gates were set on the AE
signals. The events which fell into these gates were pro-
jected onto the E axis. Each of the peaks corresponding
to different particles was then fitted with a Gaussian
function to determine the peak location, C, . The relative
gain shift for each run with respect to the calibration run
was then determined for each detector by minimizing the
function X (x),

X (x)=g(xC; —Co;) /Co;,

with respect to the gain shift parameter x. Here, the cen-
troids determined for the calibration run are denoted by
Co;. With this procedure, gain shifts of the order of 1%
could be detected and corrected.

FIG. 1. Schematic diagram of the experimental setup.

III. SINGLE PARTICLE INCLUSIVE SPECTRA

with

0 =No(E —V, )'~ exp( E,/T), —
dEdQ

(2)

E,=E—V, +Eo 2[ED(E V,—)]' cos8 —. (3)

Here, Eo is a normalization constant, E and m are the en-
ergy and mass of the emitted particle, 8 is the detection
angle, T is the source "temperature, " Eo ——muo/2, and V,
corrects for the Coulomb repulsion from the target resi-
due 9,22

The low energy portions of the energy spectra are ex-
pected to have significant contributions from the later,
more equilibrated stages of the reaction for which the
present parametrization should be inadequate. %e, there-
fore, have only fitted the high energy portions of the ener-

gy spectra. For protons, only energies above 15 MeV were
included in the fits; for deuterons and tritons only ener-
gies above 20 MeV were included. The Coulomb correc-
tion V, was fixed at 3, 4, and 10 MeV for the ' C, Al,
and ' Au targets, respectively. The overall fits obtained
with the "moving source" parametrization of Eq. (2) are
shown by dotted-dashed lines in Figs. 2—4. The fit pa-
rameters are listed in Table I. Similar source velocities
are extracted from the energy spectra of protons, deute-
rons, snd tritons. For reactions on Al and ' Au, these
velocities are slightly less than half the beam velocity, but
considerably larger than the compound nucleus velocity,
indicating particle emission prior to the attainment of full

Double differential cross sections of light particles
emitted in reactions induced by

' 0 ions of 400 MeV in-
cident energy on targets of ' C, Al, and ' Au are
presented in Figs. 2—4. The energy spectra exhibit
smooth exponential slopes which become steeper with in-
creasing detection angle; they are similar to those mea-
sured for reactions with a wide range of energies and
projectile-target combinations.

In order to compare our data with the systematic trends
established in previous experiments, we fit the spectra
with a single Maxwellian distribution centered at a veloci-
ty uo. Nonrelativistic kinematics ' were used to calculate
the cross sections in the laboratory rest frame according
to



C. B. CHIT%OOD et al. 34

statistical equilibrium in the composite system. For reac-
tions on ' C, however, the source velocities are slightly
less than the compound nucleus velocity, UCN ——0.13c.
For nearly symmetric systems, noncompound light parti-
cle emission is not separated kinematically from emission

by the fully equilibrated composite system. ' Slightly
larger values of T are extracted for heavier hydrogen iso-
topes. At intermediate angles, the simple moving source
parametrization provides a reasonable description of the
data. However, the parametrization does not describe the
cross sections at forward and backward angles. '0 At these
angles, statistical emission from fully equilibrated projec-
tile and target residues may be important, and a descrip-
tion in terms of emission from an intermediate rapidity
source is indaequate.

The temperature parameters determined from the
present set of data follow the smooth dependence on the

projectile velocity established for similar reactions over a
wide range of incident energies, ' ' ' as shown in Fig. 5.
The solid line in the figure is dragon to guide the eye. For
orientation, the dotted-dashed line shows the energy
dependence of the temperature of an ideal Fermi gas at
normal nuclear density, p=po, which is composed of
equal numbers of projectile and target nucleons. ' The
dashed line corresponds to calculations' for a free,
strongly interacting gas in thermal and chemical equilibri-
um as predicted by the fireball model ' " for the impact
parameter of maximum weight, assuming a freeze-out
density of pf =po. Also included in this figure are the
"slope paralneters" extracted from the energy spectra of
neutral pions emitted in the reactions ' C+ U and

C+ C. It is interesting that these slope parameters
follow similar systematics.

The description of the inclusive spectra in terms of Eq.
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FIG. 2. Single particle inclusive proton, deuteron, and triton cross sections for '60 induced reactions on '~C at E/g =25 Mey
The dotted-dashed lines represent fits with Eq. {2);the solid and dashed lines represent fits with Eqs. (4) and (5), respectively. See text
for more details.
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(2) is not ideal. Furthermore, the assumption of azimu-
thally symmetric particle emission implicit in Eq. (2) is at
variance with recent experimental results' ' which indi-
cate that noncompound light particles are preferentially
emitted in a plane which contains the beam axis (see also
Sec. V). In the extreme limit of isotropic particle emission
in such a plane, der/d8=const; the single particle cross
sections (averaged over the azimuthal orientation of this
plane) are given by der/dQ 0c I/sin8. Assuming Maxwel-
lian energy distributions centered around a velocity Uo,

one obtains, in the laboratory rest frame,

2g pj'oE
exp( E, /T—), (4)

ssn8

where E, is given by Eq. (3). The solid curves in Figs.
2—4 show fits with this parametrization. The parameters

are listed in Table I; they are similar to those obtained
with the isotropic Maxwellian distribution. Equation (4)
gives, however, a significantly better description of the
singles data. The improvement is particularly striking at
more forward angles.

Previous measurements have shown that the preferen-
tial emission of nonequilibrium light particles in the en-
trance channel reaction plane becomes more pronounced
with increasing mass of the emitted particles. This ef-
fect can be understood in terms of an ordered motion in
the reaction plane which is superimposed on the random
velocities of the emitted particles. ' ' 6 Microscopically,
these aspects can be understood in terms of the macro-
scopic fiow mediated by the mean field and the random
velocities caused by the combined effects of nucleon-
nucleon collisions and Fermi motion. Since the assump-
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FKJ. 3. Single particle inclusive proton, deuteron, and triton cross sections for ' 0 induced reactions on Al at E/A =2S MeV.
The dotted-dashed lines represent fits with Eq. (2); the solid and dashed lines represent fits with Eqs. (4) and (5), respectively. See text
for more details.
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FIG. 4. Single particle inclusive proton, deuteron, and triton cross sections for ' 0 induced reactions on ' 'Au at E/A =25 MeV.
The dotted-dashed bnes represent fits with Eq. (2};the solid and dashed lines represent fits with Eqs. (4} and (5},respectively. See text
for more details.

tion of strictly coplanar emission is unrealistic, we have
employed an alternative parametrization to illustrate the
interplay of random and collective velocity components.
For a rotating ideal gas of temperature T, one has

0 J)(iK)
(E,O, Q) =No[(E —V, )E, ]'~ exp( E,/T)—

where E, is given by Eq. (3) and

E= I2m[E, (E V, )sin Hsin P—]]'—
Here, J& denotes the first-order Bessel function, and 8 and

P are the polar and azimuthal angles of the emitted parti-
cle. In our convention, the polar and azimuthal angles of
the angular velocity vector r0 are 8 =90' and $„=90',
respectively. A brief derivation of Eq. (5) is given in the

Appendix. (This equation will also be used in the discus-
sion of the two-particle correlation function; see Sec. V.)
Single particle distributions are obtained after averaging
over the azimuthal angle P. The dashed lines in Figs. 2—4
show fits to the singles data with Eq. (5); the parameters
are listed in Table I. The overall quality of the fits is sa-
tisfactory. The temperature parameters T are consistently
lower than those extracted from the previous parametriza-
tions. In part, this effect is due to the additional factor of
F,' which can be traced back to the assumption of
emission from the surface; see the derivation given in the
Appendix. Equations (2) and (4), on the other hand, cor-
respond to volume emission. To a large extent, however,
the low temperatures extracted with Eq. (5) are due to the
collective rotation which tends to make the slopes of the
energy spectra less steep. [Note that J&(I'IC)liX is a
monotonically increasing function for K ~ 0.] The use of
Eq. (5) illustrates the difficulties of extracting unambigu-
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TABLE I. Parameters used for the calculations shown in Figs. 2—4.

Target

197Au

197A

'"Au

Al

Al

12C

12C

(4)

(2)

(4)

(5)

(2)

(4)

(5)

Particle Uo/e

0.095
0.093
0.089

0.098
0.097
0.095

0.094
0.095
0.093

0.110
0.123
0.129

0.114
0.116
0.123

0.110
0.113
0.126

0.116
0.116
0.118

0.117
0.117
0.119

0.114
0.114
0.116

7.17
8.73
9.93

7.15
8.64
9.74

4.20
4.67
5.56

7.63
8.34
9.09

7.53
8.51
9.30

4.59
4.80
4.98

7.25
7.86
8.61

7.12
7.86
8.60

4.22
4.36
4.67

2.18+0.05
0.77+0.02
0.50+0.01

2;73+0.06
1.02+0.02
0.67%0.01

1.19+0.06
0.74+0.04
0.47+0.02

1.4920.04
0.542+0.014
0.194+0.004

2.01+0.05
0.760+0.018
0.277 +0.006

1.07+0.08
0.49+0.03

0.215+0.01

1.0220.03
0.38+0.01

0.121+0.003

1.46+0.04
0.54+0.01

0.173+0.004

0.72+0.06
0.337+0.02
0.132+0.007

0.129
0.104
0.086

0.131
0.099
0.080

0.134
0.099
0.089

ous temperature parameters if the effects of collective
motion are unknown. 3O

Fits of single particle cross sections with the simple pa-
rametrization of Eqs. (2), (4), and (5) were used to extract
the cross sections which may be associated with the emis-
sion from a thermalized source at intermediate rapidi-
ty. ' '3'32 Of particular physical interest are relative parti-
cle production cross sections which may provide key in-
formation concerning the entropy production in nuclear
collision experiments. In order to assess the uncer-
tanties of the intermediate rapidity cross sections which
have to be associated with the use of different parametri-
zations of the single particle inclusive cross sections, the
calculated energy and angle integrated cross sections,

o 0
——f dE d Q(d o IdE d 0),

Ioo-
INTERM

TH

e e I I tyt~ I I I I I t I II S I I I I I I

o 4 && c+U- ~o
CI t

) t t )ittl
IOQ oooo

s

IO

(E Vc )/A (M V)

corresponding to the different fits are listed in Table I.
The corresponding particle production ratios are com-
pared in Table II. The absolute magnitudes of the ex-
tracted cross sections can differ by 30—50%. However,
the extracted particle production ratios are less sensitive
to the particular choice of parametrization. For reactions
on ' Au, rather low abundances of deuterons and tritons
as compared to protons are extracted O.d/o'p 038+003,

FIG. 5. Dependence of temperature parameters on projectile
energy per nucleon above the Coulomb barrier obtained by fit-
ting intermediate rapidity, single particle inclusive cross sections
saith the moving source parametrization (Refs. 10 and 14) (at
higher energies relativistic transformations to the laboratory
frame are used). The diamond shaped symbols correspond to
temperature parameters extracted from neutral pion measure-
ments (Ref. 25).
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TABLE II. Light particle cross section ratios extracted from

fits to the data.
I97A ( ISO, j

0,5 - F/A=25 MIV
o&I=P Qx =d Q x

I

Target

197A

197A

Al
'Al
12C

12C

Ratio

od/op
o', /op
o'd/o'p

o, /op
od/op
ut/op

Eq. (2}

0.353
0.229
0.364
0.130
0.373
0.119

Eq. {4)

0.375
0.246
0.378
0.138
0.369
0.118

Eq. (5}

0.411
0.262
0.457
0.200
0.467
0.183

X2 P

o..— &

O. l-

o,la~=0.24+0.02. These values are consistent with those
reported' ' for a large range of energies and projectile
target combinations. These low composite particle abun-
dances have been associated with unusually high entropy
values, ' which are difficult to understand with exist-
ing models. 34

IV. ASSOCIATED MULTIPLICITIES

O.l-

40
i

80

{9)(deg j

l20 l60

The integrated cross sections extracted for the emission
of noncompound light particles are of the order of a few
barns, i.e., they are comparable to the reaction cross
section (see Table I). The average number of noncom-
pound light particles per nuclear collision is, therefore, of
the order of unity. More quantitative information may
be gained from the associated multiplicity,
Mi(8„bE{,bEt), which is defined as the multiplicity of
particle 2, integrated over all angles and over the energy
interval dkE2, emitted in coincidence with a "trigger" par-
ticle 1 detected at the angle 8i and of outgoing energy in
the interval bE~.

M2(8i, b Ei,bEp )

d o)2

d CTi

' dEidQi

Figure 6 shows the associated light particle multiplici-
ties measured for reactions on ' A.u. The energy integra-
tions were performed over the energy intervals of
hE~ ——20—80 MeV and ~R'2 ——20—80 MeV. VA'thin the
experimental uncertainties, the associated multiplicities
are independent of the choice of trigger particle 1; no sig-
nificant dependence on the emission angle of the trigger
particle is observed. For protons, deuterons, and tritons,
the average associated multiplicities are Mp =0.38,
Md -0.17, and M, =0.12, respectively. Coincidence cross
sections at angles forward of 1S were not measured in

FIG. 6. Associated multiplicities, defined in +. {7), fpr the
emission of noncompound light particles, x& and x~, emitted in
' 0 induced reactions on ' Au at E/A=25 MeV. The trigger
particle is denoted x i. The energies of particles 1 and 2 were in-
tegrated over the energy intervals of BEI——20—80 MeV and
EE2 ——20—80 MeV, respectively.

this experiment. If the coincidence cross sections would
rise significantly at these small angles, the associated mul-
tiplicities mould be slightly larger.

It was already pointed out in Refs. 9 and 10 that the
description of single particle inclusive cross sections in
terms of various "moving source parametrizations" could
not be interpreted in terms of particle emission from a hot
gas of nucleons which is separated from the target nu-
cleus. Such parametrizations merely indicate that the
light particle velocities are randomized in rest frames dif-
ferent from the compound nucleus rest frame. The small
associated light particle multiplicities measured in this ex-
periment corroborate this point: at energies of only a few
tens of MeV, a free nuclear fireball2 ' does not exist.

V. T%'0-PARTICLE CORRELATIONS
AT LARGE RELATIVE MOMENTA

In order to eliminate the strong dependence of the sin-
gle particle distributions on angle and energy of the emit-
ted particles, and to be sensitive to the dynamical aspects
of the reaction, we present our coincidence data in terms
of the two-particle correlation function C(8&,82,$) which
is defined as

f
d4o

„

dEid Q,dE2d 0
d 0'2
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where Hi and 82 denote the polar angles of particles 1 and
2, and (() is the difference of the azimuthal angles with
respect to the beam axis; see Fig. 7 for the definition of
these angles. For the case of uncorrelated emission,
C(8),82,|t))=const, the two-particle cross sections are pro-
portional to the product of the corresponding single parti-
cle cross sections.

The two-particle correlation functions measured in this
experiment are presented in Figs. 8—19. Low energies
were excluded from these correlations in order to reduce
contributions from the more equilibrated stages of the re-
action. ' The intervals ~E~ and ~&q over which the ener-

gy integrations were performed are given in the figures.
The upper and lower parts of the figures show correla-
tions for 8) ——40 and 70', respectively. The leftmost parts
of the figures show correlations between particles detected
in a common plane with the beam axis. For these correla-
tions, relative azimuthal angles /=0' are displayed as
negative polar angles, Hz &0 (emission to the same side of
the beam axis); positive polar angles, 82 & 0, correspond to
/=180' (emission to opposite sides of the beam axis).
The correlations at Hz

——15', 40', and 70' are shown as a
function of azimuthal angle, P, in the three right-hand
sections of these figures.

The correlations measured for the )dO+ 'iC reaction
are shown in Figs. 8—13. For all measured particle com-
binations, the correlation functions have maximum values
if the two coincident particles are emitted in a plane
which contains the beam axis. Emission of two particles
to opposite sides of the beam axis is more likely than
emission to the same side of the beam axis, i.e., the corre-
lation functions have a maximum at /=180'. This
enhanced emission to opposite sides of the beam axis be-
comes more pronounced for larger emission angles, 8i and
Hi, and for heavier particles.

Particle correlations are influenced by ~hase space con-
straints imposed by conservation laws. ' ' ' This influ-
ence can dominate the correlations measured for small
systems, such as the 'sO+ '2C system. In order to
demonstrate the effects of energy and momentum conser-
vation, we have performed schematic calculations with a
moving source parametrization which incorporates the ef-
fect of energy and momentum conservation. In these
calculations, the two particles were assumed to be emitted
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FIG. 8. T~o-particle correlations between coincident protons
emitted in ' 0 induced reactions on ' C at E/A =25 MeV. The
solid and dashed lines are explained in the text.
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sequentially. For the emission of the first particle, a
Maxwellian velocity distribution of temperature T=7.3
MeV and mean velocity Uo ——0.131.", directed parallel to the
beam axis, was assumed. These parameters correspond to
the compound nucleus velocity and temperature. For the
emission of the second particle, a Maxwellian velocity dis-
tribution of temperature T' and mean velocity

v()
——(A()v() —A ivi)/(A() —A i )

was assumed. Here, v& and A~ denote the velocity and
mass number of the first emitted particle, and Ao ——28 is
the mass number of the compound nucleus. Because of
energy conservation, the excitation energy of the second
source is reduced. We assumed, for the new temperature,

T' =Ex(8 MeV)/(Ao —Ai) '
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tation of the two-particle correlations; see also Eq. (8).

FIG. 9. Two-particle correlations between coincident protons
and deuterons emitted in ' 0 induced reactions on ' C at
E/A =25 MeV. The solid and dashed lines are explained in the
text.
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FIG. 10. Two-particle correlations between coincident pro-
tons and tritons emitted in ' 0 induced reactions on ' C at
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FIG. 12. Two-particle correlations between coincident deute-
rons and tritons emitted in ' 0 induced reactions on ' C at
E/A =25 MeV. The solid and dashed hnes are explained in the
text.

here,

Pl 0 2E„E„'=(vI ——vi)) A)A()/(Ao —II I),

E„=ATO/(8 MeV),

and mo denotes the nucleon mass. The calculations were
symmetrized with respect to the sequence of emission of
particles xi and x2.

The predicted correlations are sho~n by the solid lines
in Figs. 8—13. For comparison, the dashed lines show
calculations which neglect the effects of energy conserva-
tion by using T= T'. (The effect of the energy conserva-
tion requirement cannot be assessed unambiguously, since

it involves assumptions about the relation between excita-
tion energy and temperature. ) For each particle combina-
tion, the calculated correlation functions were multiplied
with a single normalization constant which was chosen to
provide reasonable overall agreement with the magnitude
of the measured correlations. The calculations reproduce
the qualitative trends of the experimental correlations
rather well. The enhanced emission of coincident parti-
cles to opposite sides of the beam axis and the increasing
importance of this effect for heavier particles are well
described by both calculations, suggesting the dominance
of phase space constraints due to momentum conserva-
tion. The effects of energy conservation are, however, not
negligible. They are most pronounced for the in-plane
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FIG. 11. Two-particle correlations between coincident deute-
rons emitted in ' 0 induced reactions on ' C at E/A =25 MeV.
The solid and dashed lines are explained in the text.

FIG. 13. Two-particle correlations between coincident tritons
emitted in ' 0 induced reactions on ' C at E/3=25 MeV. The
solid and dashed lines are explained in the text.
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correlations at large negative angles 82. At these angles,
the decreased temperature T' enhances the effect of the
motion of the recoiling source, increasing the likelihood
for emission to the opposite side of the beam axis.

The detailed shapes of the azimuthal distributions are
not reproduced by our schematic calculations. While
these assume isotropic emission in the rest frame of the
respective source, better agreement with the data could be
obtained by including angular momentum effects. Clear-
ly, the detailed shapes of the correlation functions will
also be sensitive to the reaction dynamics. Different two-
particle correlations may arise for systems which disin-
tegrate instantaneously or via a sequence of statistical de-
cays. In a more microscopic picture, the correlation func-
tions are expected to be sensitive to the effects of the
mean field as well as the effects of individual nucleon-
nucleon collisions. It is, however, less our purpose to fit
the observed correlations with a specific model than to
demonstrate with our calculations that momentum and
energy conservation dominate the two-particle correlation
functions for small nuclear systems. Our discussion
should make it clear that meaningful comparisons with
specific models can only be made if these models incorpo-
rate relevant conservation laws. While present microscop-
ic calculations ' ' with the Boltzmann-Uehling-
Uhlenbeck equation make consistent predictions of single
particle distributions, they do not incorporate the effects
of energy and momentum conservation in such a way that
two-particle correlations are fully comparable to the
data. Comparisons of two-particle correlations mea-
sured for small nuclear systems with these calculations
are, therefore, of limited value.

Two-particle correlations measured for the reaction
' 0+ ' Au are shown in Figs. 14—19. For this heavier
system, momentum conservation effects are significantly
less pronounced. ' Consequently, the correlations do not
exhibit the pronounced enhancement of coincident parti-
cle emission to opposite sides of the beam axis which
dominates the correlations measured for the ' 0 + ' C re-
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action. The azimuthal correlations are nearly symmetric
about the beam axis. They exhibit a minimum at ItI=90'
which becomes more pronounced at larger angles, 8~ and

Hz, and with increasing mass of the emitted particles. The
in-plane correlations exhibit a minimum at forward an-

gles; they are peaked at intermediate angles and decrease
towards larger polar angles,

~
{9z

~

& 90'.
The qualitative features of the two-particle correlations

for the ' 0+ ' Au reaction can be understood in terms
of an ordered transverse motion in the entrance channel
reaction plane which is superimposed onto the random
motion of the individual light particles. ' In order to il-
lustrate this effect, we performed schematic calculations
based on the parametrization of Eq. (5). Neglecting
momentum and energy conservation effects, the two-
particle coincidence cross section was expressed as'

d 0)2'
dE) d Q)dE2d Q
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FIG. 15. Two-particle correlations between coincident pro-
tons and deuterons emitted in ' 0 induced reactions on ' Au at
E/A =25 MeV. The solid lines are explained in the text.
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FIG. 14. Two-particle correlations between coincident pro-
tons emitted in ' 0 induced reactions on ' Au at E/3=25
MeV. The solid lines are explained in the text.

where the single particle cross sections, d cr,/dF. )d Qi and
d a2/dE2dQ2, are given by Eq. (5). The calculated corre-
lation functions were then obtained by using Eq. (8). The
calculations were performed with the following set of pa-
rameters T=5.6 MeV, Uo =0.09c, V, = 10 MeV,
Rco =O. lc. For each particle combination, the calculated
correlations were multiplied by a single normalization
constant which was chosen to provide reasonable overall

agreement with the magnitudes of the measured correla-
tions. The calculations describe the qualitative features of
the observed correlations rather well. They reproduce the
characteristic "V" shape of the azimuthal correlations and
the experimental observation that the minimum at P =90'
becomes more pronounced at larger angles, 8& and 82, and
with increasing mass of the emitted particles. These
dependences are clear from the explicit form of Eq. (5).
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FIG. 16. Two-particle correlations between coincident pro-
tons and tritons emitted in ' 0 induced reactions on '9'Au at
E/A =25 MeV. The solid lines are explained in the text.

The mass dependence of the azimuthal correlations may
also be understood in terms of simple qualitative argu-
ments. The enhanced coplanar emission of coincident
particles may be viewed as due to the superposition of a
collective motion (parametrized here in terms of a simple
rotation) and a random motion of the individual particles
(parametrized here in terms of a temperature). While the
velocity component due to the collective motion is in-
dependent of the mass of the emitted particles, the
thermal velocity component decreases for heavier particles
(U,b, ,) sx: m ' ). The effects due to collective motion
are, therefore, more pronounced for heavier particles.

The calculations predict a minimum of the correlation
function at small angles,

I 82
~

=0', in quahtative agree-
ment with the experimental in-plane correlations. The oc-
currence of such a minimum at forward angles is charac-
teristic of systems for which the emission of particles is
enhanced in a plane which contains the beam axis.

The depth of the minimum of the in-plane correlation
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FIG. 18. Two-particle correlations between coincident deute-
rons and tritons emitted in '60 induced reactions on ' 'Au at
E/A =25 MeV. The solid lines are explained in the text.

function at small angles is not reproduced by the calcula-
tions. It may be possible that additional suppression of
the correlation function at small angles is caused by im-

pact parameter averaging effects. Low multiplicity peri-
pheral reactions which do not contribute to the coin-
cidence cross sections can be expected to make increasing
contributions to the single particle inclusive cross sections
at small angles, resulting in a suppression of the correla-
tion function. To address this question, multiplicity
selected, two-particle correlation data are needed.

Close inspection of the coincidence cross sections at
s))) =0' and 180' reveals a small enhancement for the emis-
sion of coincident protons to opposite sides of the beam
axis. Coincident deuterons and tritons, on the other hand,
are preferentially emitted to the same side of the beam
axis. It is possible that these in-plane asymmetries are the
result of the competing effects of momentum conserva-
tion and the refractive or absorptive interactions of the
outgoing particles with the heavy reaction residue. At
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FIG. 17. Two-particle correlations between coincident deute-
rons emitted in ' 0 induced reactions on ' Au at E/3=25
MeV. The solid lines are explained in the text.
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small relative angles further complications may result
from final state interactions of the emitted particles and
from the stxluential decays of highly excited primary reac-
tion products.

As a final comment, we wish to emphasize that the
comparison of the two-particle correlation functions with
our schematic parametrizations serves only to elucidate
certain general features which must be reproduced by
more complete models of noncompound light particle
emission. We expect that similar agreement with the
measured correlations can be obtained by other models
which incorporate the superposition of collective and ran-
dom velocity components and the phase space constraints
caused by energy and momentum conservation.

VI. SUMMARY AND CONCLUSION

cle inclusive cross sections than simple Maxwellian distri-
butions. Temperature parameters extracted by this pa-
rametrization were consistently lo~er than those extracted
from fits with Maxwellian distributions, illustrating that
absolute temperature determinations from the slopes of
single particle inclusive energy spectra can be associated
with considerable uncertainties.

As a final remark, we wish to emphasize that our use of
simple model parametrizations ought to be viewed only as
an attempt to illustrate some of the main characteristics
of the data. A deeper understanding of the underlying
physics will have to emerge from microscopic approaches
which incorporate the effects mediated by the nuclear
mean field, individual nucleon-nucleon collisions, conser-
vation laws, and composite particle formation in a con-
sistent way.

We have measured single- and two-particle inclusive
cross sections for the emission of protons, deuterons, and
tritons, for ' 0 induced reactions on ' C, Al, and ' Au
at E/A =25 MeV. The single particle inclusive cross sec-
tions were shown to follow the systematic trends estab-
lished for similar reactions and over a wide range of in-
cident energies. ' ' We have employed several different
parametrizations to characterize particle emission at inter-
mediate rapidities, The integrated cross sections extracted
with different parametrizations can differ by as much as
30%; relative particle production cross sections can be ex-
tracted with better accuracy (typical uncertainties are of
the order of 10%).

The two-particle inclusive cross sections exhibit large
azimuthal anisotropies. For reactions on ' C, the angular
correlations are dominated by the phase space constraints
imposed by momentum and energy conservation on small
nuclear systems. Since these constraints cannot be
evaluated in a model independent fashion, the presence of
collective effects mediated by the mean nuclear field can-
not be established unambiguously. Comparisons with
more microscopic calculations, such as the Boltzmann-
Uehling-Uhlenbeck approach, ' ' will only be meaning-
ful once momentum conservation effects are correctly in-
corporated into the calculations.

For reactions on ' Au, momentum conservation effects
are less pronounced. Noncompound light particles are
preferentially emitted in a plane which contains the beam
axis. Previous coincidence measurements between non-
compound light particles and fission fragments indicate
that this plane corresponds to the entrance channel
scattering plane. The experimental two-particle correla-
tion functions can be described in terms of an ordered
motion in this plane which is superimposed onto the ran-
dom motion of the individual particles. In terms of a
more microscopic model, the ordered motion is associated
with the propagation of the particles in the mean nuclear
field. The random components of the particle velocities
are influenced by individual nucleon-nucleon collisions.

We have employed a simple parametrization to simu-
late the superposition of collective and random velocity
components. This parametrization could describe the
overall trends of the two-particle correlation functions
rather well. It also provided better fits to the single parti-

This work was supported jointly by the National Sci-
ence Foundation under Grant No. PHY83-12245 and by
the U.S. Department of Energy under Contract No. DE-
AC05-840R21400 with Martin Marietta Energy Systems,
Inc.

APPENDIX: CLASSICAL PARTICLE
EVAPORATION FROM A ROTATING SPHERE

Following the derivation of Halpern, we give a brief
discussion of particle evaporation from a rotating sphere
of radius R and temperature T assuming a Maxwellian
energy distribution in the interior. The flux of particles
leaving a surface element dS is proportional to

d X
cc p(R) (n v')exp( E'/T), —

dtdSd v' (A 1)

v' =v +R (n&(ro) +2Rn ( rDXv) +2&/ m, (A2)

where 8' is the difference in potential energy across the
surface. ( W is assumed to be a constant. ) The density of
a rotating ideal gas in hydrostatic equilibrium is given by

p(r)=poexp(mao r /2T),

where r denotes the distance from the axis of rotation. At
the surface we have co r =R (n X to) and:

p(R)=poexp[mR (nXm) /2T] . (A4)

Using n.v'd v'=n-vd U, one obtains

where p(R) is the density of particles at the surface,
E'=mu' /2 is the energy of a particle in the interior de-
fined with respect to the rotating reference frame, and n
is the unit vector normal to the surface element dS. For a
sphere of angular velocity to, the exterior velocity with
respect to the nonrotating external reference frame, v, is
given by
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d'X
~ (n.v)expI —(m/ZT)

dtdSd u

X[u +2Rn (roXv)]1 . (A5)

have

n (ro X v) = —uru sin8&sing &sina, (A6)

Choosing a coordinate system (indicated by a subscript 1)
with v parallel to the z axis and co in the x-z plane, we

where a is the angle between v and r0 and n=n(8&, P&).
~ith dS =R dg&d(cos8~) and E =mu /2, integration
over the surface of the decaying nucleus provides

~ E exp( E/T—) 2Q~cos8&exp[(2mE) Rtu sing&sin8&sina/T)1/2

J~(iAE'~ sina)
~ E exp( E/T) —

&&21AE sin@i
(A7)

where A =(2m )'~ Rto/T, and J~ is the first order Bessel
function. Rotation to a coordinate system with the z axis
parallel to the beam axis and m chosen to be parallel to
the y axis yields

sina=(1 —sin 8sin P)'

where 8 and P denote the polar and azimuthal angle of

the emitted particle. Inserting into (A7) gives

d X ~ E exp( E/T)—
dt dEdQ

J~[t'A(E Esin 8s—in P)' j
iA(E Esi—n 8sin P)'~

Transformation into the laboratory gives Eq. (5) of the
text.

'Present address: Arete Associates, P.O. Box 6024-PT, Sher-
man Oaks, CA 91413.
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