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Single- and two-particle inclusive cross sections for the production of light nuclei and intermedi-

ate mass fragments, 3&Z&24, were measured at angles well beyond the grazing angle for ' S-

induced reactions on Ag at 720 MeV. Information about fragment multiplicities and reaction
dynamics was extracted from measurements of light particles, intermediate mass fragments, and

targetlike residues in coincidence with intermediate mass fragments. Incomplete linear momentum

transfer and non-compound-particle emission are important features of collisions producing inter-

mediate mass fragments. About half of the incident kinetic energy in these collisions is converted
into internal excitation. The mean multiplicity of intermediate mass fragments is of the order of 1.
Particle correlations are strongly enhanced in the plane which contains the intermediate mass frag-
ment and the beam axis.

I. INTRODUCTION

The emission of low energy intermediate mass frag-
ments, 3 Zf (25, in processes distinct from fission is
recognized to be a phenomenon characteristic of energetic
proton-nucleus' and nucleus-nucleus collisions.
The energy spectra for these fragments typically exhibit
broad maxima at energies slightly less than the exit chan-
nel Coulomb barriers and exponential slopes at higher en-

ergies. In general, the angular distributions are isotropic
in the laboratory only at relativistic bombarding energies;
for intermediate energies, the angular distributions are
forward peaked, indicating that some emission occurs pri-
or to the attainment of statistical equilibrium in the com-
posite system. '" ' The cross sections increase with
bombarding energy; '" in proton induced reactions they
increase until E~=5 GeV, at which point they reach a
limiting value. They are characterized "by an ap-
proximate power-law dependence on fragment mass,
cr(AI ) cc Af ', in both proton and heavy-ion induced reac-
tions.

At present, there is no consensus concerning the origin
of these fragments. The power law behavior of the mass
yield distributions has been interpreted ' in terms of
statistical clustering' near the critical point in the liquid-
gas phase diagram of nuclear matter. However, this inter-
pretation is disputed. ' ' Other models have been based
on the assumption of thermodynamic disassembly' ' '

or the cold shattering ' of the composite system,
raising the possibility of relatively high fragment multipli-
cities in reactions with relatively small cross sections. Al-
ternatively, statistical models of compound nucleus decay
have been generalized' ' ' to account for the emis-
sion of intermediate mass fragments. These models are
applicable at lo~er energies, at which sequential decay

processes dominate. ' ' ' ' At intermediate energies, they
predict low fragment multiplicities. ' '

Until now, these models were principally compared
with single particle inclusive data; each of them has
achieved a certain degree of success in these comparisons.
Critical judgments or improvements of the various models
can be expected only in light of more restrictive measure-
ments. In this paper we explore the statistical and
dynamical aspects of intermediate mass fragment emis-
sion in i2S-induced reactions on Ag at E/A =22.5 MeV
through measurements of intermediate mass fragments in
coincidence with nonequilibrium light particles and heavy
reaction residues. The intermediate mass fragments are
detected at angles significantly larger than the grazing an-

gle in order to reduce contributions from quasielastic peri-
pheral processes. Both sets of coincidence measurements
provide information about the relative importance of
binary and multifragmentation emission mechanisms.
Coincidence measurements with heavy recoils provide in-
formation about the momentum transfer and the inelasti-
city of the reactions. Coincidence measurements with
nonequilibrium light particles provide information on the
associated particle multiplicities as well as on the reaction
dynamics.

In this paper we have deliberately avoided discussing
the data in the context of a specific model, so that the
essential features of the data are not confused with model
dependent conclusions. The paper is organized as follows:
Experimental details are given in the following section. In
Sec. III single particle inclusive data are presented. Corre-
lations between energetic light particles and light inter-
mediate mass fragments are discussed in Sec. IV. Esti-
mates of associated particle multiplicities are given in Sec.
V. Coincidence measurements between low energy residu-
al nuclei and intermediate mass fragments are presentmi
in Sec. VI. Our conclusions are summarized in Sec. VII.
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II. THE EXPERIMENT

The experiment was performed at the Holifield Heavy-
Ion Research Facility at Oak Ridge National Laboratory.
Self-supporting Ag targets were bombarded by S ions of
720 MeV incident energy. Two independent sets of mea-
surements were made: (1) Correlations between light par-
ticles and intermediate mass fragments were measured
with a 3.2 mg/cm target. This relatively thick target was
used because of low coincidence cross sections and limits
these coincidence measurements to fragments, Zf & 7. (2)
Velocity distributions of heavy reaction residues emitted
in coincidence with intermediate mass fragments were
measured with a 0.75 mg/cm target. This target was
also used for the measurements of the single particle in-
clusive cross sections.

A schematic drawing of the experimental geometry is
shown in Fig. 1. a particles and intermediate mass frag-
ments, 3&Zf &24, were detected with three AE-AE-E
detector telescopes, with individual solid angles of 8 msr.
These telescopes were located at the azimuthal angle of
/=0' and at the polar angles of 8=27.5', 40', and 52.5'

with respect to the beam axis. Each telescope consisted of
a 10 cm deep Frisch grid ion chamber followed by 400
pm and 5 mm thick silicon detectors. The solid state
detectors were calibrated with a charge injecting pulser
and with a particles from a Cm source. The ion
chambers were operated at a pressure of 150 Torr using a
90% Ar+ 10% CH4 gas mixture. They were calibrated
with heavy ions of known energy, using published energy
loss tables. The energy calibrations are accurate to 5%.

The velocities of coincident heavy reaction residues
were measured with a position sensitive parallel plate
detector with an active area of 10.5 cmX10.5 cm. This
detector was located at a distance of 50.2 cm from the tar-
get; its azimuthal angle was /=180'. A total angular
range in the reaction plane, 5'&8&23', was covered in
three measurements with the detector centered at 8=11',
16', and 22'; these measurements span the angles expected
for binary decay following full momentum transfer. The
detector subtended a 12' opening angle perpendicular to
the plane defined by the beam axis and the three inter-

mediate mass fragment telescopes. The time-of-flight
measurements were calibrated via the cyclotron radio fre-
quency and the time of flight of elastically scattered beam
particles. The velocity vectors of the heavy residual nu-
clei are accurate to within 5% and 1'.

Light particles, p, d, t, and a, were detected by five
M-E telescopes, each consisting of a 400 pm thick sil-
icon detector and a 10 cm thick NaI(Tl) scintillator.
Three of these telescopes were placed at the azimuthal an-

gle of /=90' and at the polar angles of 8=40', 70', and
130', two telescopes were positioned at /=180' and at
8=40' and 70'. They subtended solid angles between 22
and 65 msr. The NaI detectors were calibrated with recoil
protons produced via elastic scattering of s S ions from a
polyethylene target. The calibrations are accurate to 5%.
Coincident and downscaled singles events were recorded
on magnetic tape and analyzed off line. The absolute nor-
malizations of the cross sections are accurate to within
10%%uo.

III. SINGLE PARTICLE INCLUSIVE DATA
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The measured single particle inclusive cross sections are
shown in Figs. 2—4. Both light particle and intermediate
mass fragment inclusive cross sections are forward peaked
in the laboratory and center-of-mass rest frames, indicat-
ing the onset of emission prior to the establishment of
thermal equilibrium in the composite system. The energy
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FIG. 1. Schematic drawing of the experimental setup. The
intermediate mass fragment detectors at / =0' are labeled IMF.
The light particle detectors, located at /=90' and 180', are la-
beled LP. The position sensitive heavy residue detector at
P = 180' is labeled HR.

FIG. 2. Differential cross sections for p, d, t, and a particles
emitted at the laboratory angles of 40', 70', and 130'. (For a
particles, additional spectra were measured at 27.5' and 52.5'.)
The solid lines correspond to fits with the parametrization
described in Sec. III.
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spectra for light particles (Fig. 2) exhibit the characteristic
features and follow the systematic trends previously estab-
lished for non-compound-light-particle emission in inter-
mediate energy nucleus-nucleus collisions. ' At present,
however, there is insufficient experimental information to
establish systematic dependences of intermediate mass
fragment cross sections upon bombarding energy or the
masses of the projectile, target, or emitted fragments.

To organize the present set of data and to provide
reasonable extrapolations to unmeasured scattering angles,
we fit our cross sections with a single parametrization,
which models both a fusionlike and a nonequilibrium
source, each emitting isotropically with a Maxwellian en-

ergy distribution in its respective rest frame. We must
emphasize that the parametrization should not be inter-
preted in terms of the sequential decay of two well defined
sources. The emission of intermediate mass fragments is
a much more complicated process involving a continuum
of "sources" from the quasielastic regime to the com-
pound nucleus. However, the present single particle data
do not justify a larger parameter space than the restricted
two source space used here. In addition, this parametriza-
tion facilitates the formation of a qualitative picture of
the timescale for emission as compared to the timescale
for the dissipation of the entrance channel kinetic energy
into intrinsic degrees of freedom.

We formulate this parametrization in a rest frame O,q
which moves with a velocity Ucq with respect to the labo-
ratory frame. This velocity is chosen to be characteristic
of fusionlike residues. In this frame the cross sections are
given by
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FIG. 3. Differential cross sections for Li, Be, B, C, N, and 0
nuclei measured at 27.5', 40', and 52.5'. The solid curves corre-
spond to fits with the parametrization described in Sec. III.

d Ox8„'(e',E')=, , = f N«(E' —Vc)exp

X (2n.iu„) '~ exp

E' —~c 1/2+Ny[(E' Vc )EI] ex—pT,qR

(Vc —Rvx)
dVc

2x

with

and

E/ =E' Vc+Ed 2[(E—' Vc)Ed—]'~2 cose—'

Ed ———,M~(u/ —u,q )

Here, the factor

R =(~p+MT —M„)/(Mq+MT)

is due to momentum conservation, where M&, MT, and
M~ denote the masses of the projectile, target, and frag-
ment, respectively; E' is the energy of the fragment in the
frame O,q; uI is the velocity of the fast, nonequilibrium
source with respect to the laboratory; and Xf and Tf
(N~ and T~) are the normalization and "temperature"
parameters which characterize the fast (slow) source. To
avoid sharp cutoffs at low energies, Eq. (1) contains a
weighted average over a Gaussian distribution of
Coulomb barriers Vc. The parameters V„and w„are the
mean and the standard deviation of this distribution.

I

Comparison to experimental data is made after transform-
ing Eq. (1) to the laboratory rest frame to yield the labora-
tory cross sections a„(e,E). We used the value

u, =0.86XuoM~/(M~+Mr), where uo is the projectile
velocity. This value is consistent with the systematics for
linear momentum transfer observed in measurements on
fissile targets.

We have assumed that particles are emitted from the
surface of both the equilibriuin and nonequilibrium
sources in our derivation of Eq. (1). Temperature parame-
ters obtained under this assumption are approximately
10% lower than the corresponding parameters extracted
with a parametrization which assumes volume emission.

In order to reduce the number of variable parameters,
we used Coulomb widths of u„=2,4, 11, and 17 for
Z„=1,2, 3, and 4 &Z„&24,respectively. The tempera-
ture parameter of the fusionlike source was fixed at
T~=7 MeV. This leaves Xcqp Xfp Uf Tf, and V„asfree
parameters.

The resulting fits, shown as the solid lines in Figs. 2—4,
are superior to fits with a single moving source. ' The fit
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FIG. 4. Differential cross sections for nuclei, 9&Z &24, measured at laboratory angles of 27.5', 40', and 52.5'. The solid curves
correspond to fits with the parametrization described in Sec. III.

parameters are given in Table I. The relative contribution
from the fusionlike source increases with increasing frag-
ment mass, becoming the dominant contribution for
Z„&8. The velocity of the nonequilibrium source de-
creases with fragment mass, rendering the spectral decom-
position into two sources increasingly artificial for
Z„&13. A decrease in the apparent source velocity with
fragment mass is observed in heavy ion induced reactions
whenever fragments with target rapidity are mea-
sured. ' ' ' This suggests that the cross sections of
heavier fragments may have sizable contributions from
later, more equilibrated stages of the reaction. '"

The temperature of the fast source remains relatively
constant for fragments of charge Z„&20,at which point
it begins to decrease. (This feature is also observed in fits
with a single moving source. ) A similar behavior has also
been observed in Ar induced reactions on ' Au at
higher boinbarding energies. ' lt differs from reactions
with lighter projectiles, where the "temperatures" decrease
systematically over the entire range of fragment
mass&. 14' 15'36

Finally, the Coulomb barrier V„is considerably smaller
than the Coulomb barrier V, between two touching
spheres, possibly indicating emission from highly de-
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TABLE I. The parameters resulting from the fits with Eq. (1). The parameter Tf is the temperature
of the fast source; Uf/Uo is the ratio of the velocity of the fast source to that of the projectile; Nf and

X~ are the normalization constants for the fast and equilibrated sources; V„is the mean Coulomb bar-
rier and V, is the Coulomb barrier calculated for touching spheres of radius R =1.44)&A '; O.f and 0.~
are the integrated cross sections from each source.

p
d

a
Li
Be
B
C
N
0
F
Ne
Na
Mg
Al
Si
p
S
Cl
Ar
K
Ca
Sc
Tl
V
Cr

Tg (MeV)

6.09
7.08
8.38
7.99
8.36
8.96
9.62
9.30

10.2
10.6
11.2
11.2
11.7
11.8
12.2
11.7
11.4
11.3
10.0
10.7
11.2
10.4
9.72
9.18
9.89
8.59

0.53
0.52
0.50
0.50
0.55
0.54
0.50
0.50
0.49
0.49
0.49
0.48
0.46
0.43
0.40
0.38
0.36
0.34
0.34
0.32
0.31
0.29
0.30
0.27
0.26
0.26

6610
1650
515

3320
278
81.7
74. 1

98.7
48.2
34.4
16.9
17.4
13.2
12.5
8.94
9.34
7.04
6.69
7.49
6.47
5.37
7.60
5.94

14.0
6.24

13.6

600
320
100
790
280
156
172
194
118
110
65.6
80.0
70.2
73.8
60.4
64.2
43.7
45.2
40.0
38.5
40.5
39.7
46.0
20.0
45.9

5.0

V„/V,

0.4
0.4
0.4
0.4
0.73
0.71
0.78
0.80
0.76
0.75
0.75
0.69
0.69
0.68
0.62
0.61
0.55
0.55
0.45
0.50
0.47
0.45
0.47
0.36
0.42
0.32

crf (mb)

3060
1030
450

2630
240
79.2
84.4

106
63.1

48.2
26.3
27.5
22.7
21.6
16.7
15.9
11.5
10.8
9.29
9.30
8.40

10.0
6.96

14.0
7.43

11.6

367
193
59

460
152
74.3
84.5
96.9
57.5
52.1

30.1

35.3
36.5
30.2
23.7
24.2
15.8
15.7
12.6
12.1

11.9
10.7
12.3
4.57

10.4
1.0

formed systems or significant contributions from the
sequential decay3 of highly excited primary fragments.

Total cross sections for intermediate mass fragments
were extrapolated by integrating Eq. (1}over energy and
solid angle. These extrapolations are shown as open
points in Fig. 5. The solid points in Fig. 5 represent cross
sections (do./dQ) obtaintxi by averaging the experimen-
tal data over scattering angle:

105

I i 1 I

)
i I I i

f
I I I I

f

l I i l

)

i i t I

t

I I I i

~&("s,x~

g aQ(8, )

g [do(8;)/dQ]b Q(8;)

(
dv

)

b'a
V

where bQ(8;}=2m.sin8;68, and 58=12.5' is the angular
separation of the fragment detectors. Both cross sections
decrease smoothly with fragment charge and show no par-
ticular enhancement in the neighborhood of the projectile
(Z„=16},as would be expected at angles closer to the
grazing angle. The elemental distributions in Fig. 5 fall
off much more gradually with fragment charge than the
yield distributions observed in proton induced reac-
tions ' or ' C-induced reactions on Au and Ag. " Oth-
er factors besides the internal excitation energy of the
composite system, such as collision dynamics and angular
momentum, must play a major role in the emission pro-
cess.

10~ = 103
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X
FIG. 5. Integrated cross sections for intermediate mass frag-

ments. The open points represent the total cross sections extra-
polated from the fits shown in Figs. 2 and 3. The solid points
represent the differential cross section (do/d 0) averaged over
the measured angular range. The solid curves correspond to a
function cZ ', where e has been chosen to provide a reason-
able overall normalization.
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IV. CORRELATIONS BETWEEN INTERMEDIATE
MASS FRAGMENTS AND LIGHT PARTICLES

where we use, for brevity,

In this section we will examine correlations between en-
ergetic light particles and light intermediate mass frag-
ments, 3 & Z„&7, at large relative angles.

Light particle energy spectra measured in coincidence
with intermediate mass fragments are similar to those
measured inclusively. This is illustrated in Fig. 6. The
upper and lower parts of this figure show energy spectra
of protons and a particles, respectively, measured at
0„=40'and 70. Single particle inclusive spectra, shown
as solid curves, are compared to spectra measured in coin-
cidence with lithium (left hand side) and carbon frag-
ments (right hand side), detected at 8„=27.5' and $„=0'.
Coincidence spectra measured for (t» =P» —$„=180'(co-
planar geometry, solid points) are nearly identical in shape
to the singles spectra. Coincidence spectra measured for

P» =P» —$„=90'(out-of-plane geometry, open points) ex-
hibit slightly steeper slopes. This difference in slope is
more pronounced for a particle spectra than for proton
spectra.

We examine the differences between coincidence and
singles spectra in more detail by defining the spectrum ra-
tio R (E», 8»,8„,P»

—P„):
dE o'» (E»E 8» 8 P» P )

R (E», 8»,8„,P» —P„)=
rr» E», 8»

(3)

dE d QydE dO dEydOy

Comparisons which utilize the spectrum ratio have the

advantage of being relatively insensitive to uncertainties in

energy calibrations and normalizations. Spectrum ratios
for protons (y =p) and alpha particles (y =a) are shown

in Figs. 7 and 8, respectively. Spectra measured in coin-

cidence with lithium and carbon nuclei are shown in the

upper and lower parts of each figure. Solid and open

points represent the spectrum ratios for P» =180' and 90',

respectively. For $» =180', the spectrum ratio is nearly

constant, demonstrating the close similarity of the single-

particle inclusive energy spectra to the coincidence spectra
measured in the coplanar geometry. For $»=90' the

spectrum ratios tend to decrease with increasing light par-
ticle energy; they are also smaller than for $» =180', indi-

cating that coincident particles are preferentially emitted

in a common plane containing the beam axis. This prefer-
ence for coplanar emission becomes more pronounced as
the mass of either of the two detected partjcies js in-
creased. The slopes of the spectrum ratios correspond to
differences in the temperature parameters which charac=
terize the singles and coincidence spectra. The largest
measured difference between these parameters is of the or-
der of 10—15%.
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FIG. 6. Comparison between single particle inclusive spectra
(solid curves) and spectra of light particles measured in coin-
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P» = 180' and 90', respective1y. Coincidence spectra measured at
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FIG. 7. The spectrum ratio of the coincidence and single par-

ticle differential cross sections, defined in Eq. (3), for protons in
coincidence with Li (upper part) and C nuclei (lower part), as a
function of energy. The spectra for protons detected at 40' and
70 are shown on the left and right hand sides of the figures,
respectively. The solid and open points represent the in-plane
and out-of-plane ratios, respectively.
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FIG. 10. Azimuthal asymmetries, defined in Eq. (S), for pro-
tons, deuterons, tritons and a particles detected in coincidence
with intermediate mass fragments of element number Z„.Light
particles are emitted at the angles 8» =40' and /~ =180' or 90',
intermediate mass fragments are detected by 8„=27.5', $„=0'.
The energy thresholds are given in the text; open points
represent higher energy thresholds.

o„y(Py——180')
Ap ——

a'„y(Py——90 )

C(8„=27.5', 8y ——40, Qy
—P„=180')

C(8„=27.5', 8y
——40', Qy

—$„=90') (5)

The correlation functions C are defined in Eq. (4). The
dependence of the azimuthal asymmetry on particle type
is shown in Fig. 10. For the solid points the cross sections
were integrated over the energies of E„/A„~5 MeV and
Ez ~ E, for intermediate mass fragments, x, and light par-
ticles, y, respectively. The light particle energy thresholds
were E, =15, 20, 20, and 40 MeV for protons, deuterons,
tritons, and u particles, respectively. The open points
show the azimuthal asymmetries for fragments and light
particles of higher energy, E„/3„&10 MeV and
E„»E, +20 MeV. The azimuthal asymmetries increase

P =90', corresponding to the strong preference for emis-
sion in a common reaction plane. The coincidence cross
sections for emission to the same or to opposite sides of
the beam axis are of similar magnitude. The minimum at
P =90' is more pronounced if the intermediate mass frag-
ment is detected at the larger angle of 8„=52.5'.

%e characterize the enhanced emission in the reaction
plane in terms of the azimuthal asymmetry A&, which is
defined as the cross section ratio of in-plane and out-of-
plane coincidences:

with increasing mass of the coincident particles and be-
come more pronounced with increasing particle energy.
For correlations between high energy nitrogen ions and u
particles, the in-plane to out-of-plane ratio is nearly 10.

The right hand side of Fig. 9 shows in-plane correla-
tions between coincident a particles detected at 0 and in-
termediate mass fragments detected at 8„=+27.5' (open
points) and at 8„=+52.5 (solid points). Here, positive
and negative values of 8 correspond to the azimuthal an-
gles P =0' and P =180', respectively. The approximate
symmetry of these correlations about the beam axis indi-
cates again that nonequilibrium light particles are not
principally emitted in the sequential decay of the inter-
mediate mass fragment or a heavy reaction residue. The
in-plane correlations decrease at forward angles. The ef-
fect is more pronounced when the intermediate mass frag-
ment is emitted at a larger angle.

A decrease in the correlation at forward angles would
occur if the singles spectra of light particles at forward
angles contained significant contributions from peripheral
breakup reactions which do not lead to the emission of
low energy intermediate mass fragments. However, this
effect alone does not explain the dependence of the corre-
lation function on the emission angle 8 of the intermedi-
ate mass fragment. Alternatively, strongly enhanced
emission in the reaction plane will produce a dip in the
correlation function at forward angles which becomes
larger as the angle of the gating particle is increased. It
may well be possible that the minimum of the in-plane
correlation function at small angles is due to a combina-
tion of these two effects.

The azimuthal correlations are similar to those ob-
served for coincident light particles emitted in '60 in-
duced reactions on ' Au at E/A =25 MeV. Further-
more, light-particle fission-fragment coincidence measure-
ments have demonstrated that light particles are preferen-
tially emitted in the entrance channel scattering plane
which is perpendicular to the entrance channel orbital an-
gular momentum. Therefore, it is likely that intermedi-
ate mass fragments, too, are preferentially emitted in this
plane. The azimuthal correlations measured in Refs. 38,
39, and 42 could be understood in terms of a collective
transverse motion in the reaction plane, upon which is su-
perimposed the random motion of the individual light
particles. The enhanced emission of particles in the en-
trance channel scattering plane has recently been ex-
plained in terms of the Boltzmann-Uehling-Uhlenbeck
theory ' and was attributed to the collective motion of
the nucleons in the attractive nuclear mean field. In its
present formulation, this theory does not predict self-
consistent two-particle distributions or the emission of
complex particles. Comparison of our data to such a mi-
croscopic theory is, therefore, not yet feasible. Neverthe-
less, it appears that the mean field dynamics is relevant to
the interpretation of complex fragment emission in inter-
mediate energy nucleus-nucleus collisions.

V. ASSOCIATED MULTIPLICITIES

It is useful to know the average multiplicities of parti-
cles in reactions producing intermediate mass fragments.
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%e have exploited the similarities between singles and
coincidence spectra to estimate the multiplicity of particle

y, associated with the emission of particle x, by

f f dE„dE»o»(E'8 E» 8»)z & x y xy x x~ y~ y

f dE„cr„(E„,H„)
-tot

X (6)f dE»c»»(E», 8»)

where c»,»(E„,H„,E», 8») is the experimental differential
coincidence cross section for particles x and y, and
cr„(E„,H, ) is the experimental differential cross section
for particle x. The integrals dE„and dE» extend

x
over the experimental acceptances of the detectors. The
tatal and differential cross sections for particle y, o»" and

cr»(E», 8»), are given by the parametrizations described in
Sec. III. We estimate that the extrapolation over unmea-
sured angles introduces a model dependent uncertainty in
the multiplicity estimates which could be as large as 50%.

The multiplicities of nonequilibrium light particles as-
sociated with the emission of Li, 8, and C fragments of
various momenta (P, ) detected at 8, =27.5' are deduced
from the cross sections of coincident light particles detect-
ed at 8»=40'. The estimates obtained from in-plane and
out-of-plane coincidence cross sections are averaged. The
resulting values are listed in Table II. At least ten non-
equilibrium nucleons are emitted in the form of light par-
ticles, Z 2, in collisions leading to the emissian of inter-
mediate mass fragments. (We assume that the multiplici-
ties of nonequilibrium neutrons are identical to those for
nonequilibrium protons. ) If these nucleons are emitted
with distributions which are similar to the corresponding
single particle distributions, then they remove a total
momentum of 1100 MeV/c and a total kinetic energy of
about 160 MeV from the system.

The multiplicities of intermediate mass fragments asso-
ciated with light particles can be deduced in a similar
manner. We estimate that the multiplicity of Li nuclei as-
sociated with the emission of a particles is =0.2; the mul-
tiplicity of carbon ions is about 0.1. Within the uncertain-
ties of this procedure, these multiphcities scale with the
integrated cross sections. If we assume that they fallow a
power law dependence on fragment charge, M ccZ

(see Fig. 5), and that particles are emitted independently,
the total associated multiplicity of fragments with charge
Z 3 is approximately 0.7, corresponding to the emission
of about 12 nucleons in the form of complex fragments.
The parametrizations of the single particle cross sections
indicate that half of the cross sections are nonequilibrium
in nature. Therefore, an appreciable fraction of the avail-
able energy and linear momentum are carried away by the
emission of nonequilibrium intermediate mass fragments.

The multiplicities of intermediate mass fragments asso-
ciated with other intermediate mass fragments are de-
duced from coincidence cross sections between the three
heavy ion detectors at $„=0'.The multiplicity of Li
fragments associated with Li fragments is approximately
0.2. The C-C multiplicity is approximately 0.1. One
must exercise caution in interpreting these results since
the estimates are deduced from measurements which are
taken over a very restricted angular range. They are,
therefore, subject to the effects of momentum conserva-
tion and final state interactions between coincident parti-
cles. In addition, they are not corrected for probable in-
plane enhancements of the coincidence cross sections,
which would lower the estimates. Nonetheless, these asso-
ciated multiplicities are of an order comparable to the
multiplicities associated with light particles, suggesting
that these fragments do not originate from a peculiar class
of reactions with high fragment multiplicities, such as the
complete shattering of the target nucleus. Instead, inter-
mediate mass fragments appear to be emitted stochastical-
ly with little memory of prior emission.

Complex fragments can also originate from the sequen-
tial decay of highly excited projectile residues into two
lighter nuclei, ' and this process may contribute to the
total fragment cross sections. In this experiment inter-
mediate mass fragments were detected at angles signifi-
cantly larger than the grazing angle, where such processes
might be dominant. Therefore, we cannot estimate the
magnitude of contributions from reactions resulting in the
forward emission of highly excited projectile residues
which subsequently decay by the emission of one complex
fragment to larger laboratory angles (8 & 27') and a
second fragment to more forward angles. However, the
low fragment-fragment multiplicities measured here pre-
clude significant contributions from the decay of primary

TABLE II. The multiplicities M of nonequilibrium light particles associated with intermediate mass fragments of momenta (P ).
Mf t is the total nucleon multiplicity; ( P ) and (E ) are the average total momentum and the average total energy carried away by
nonequilibrium light particles. Momenta and energies are given in units of MeV/c and MeV, respectively.

(P ) (MeV/c)
Mp„
Md
M,
M

(P) (MeV/c)
(E) (MeV)

820
2.0
0.5
0.3
1.2

10.4
1170

167

1080
1.8
0.4
0.2
1.1
9.5

1070
152

1350
1.7
0.4
0.2
0.9
8.3

940
136

832
1.7
0.5
0.2
1.0
9.1

1030
145

1140
2.1

0.5
0.3
1.2

10.8
1220

174

1430
2.0
0.5
0.2
1.2

10.5
1180

168

1720
1.8
0.4
0.2
1.1
9.4

1060
150

1160
1.9
0.5
0.2
1.2

10.4
1170

16S

1450
2.0
0.5
0.3
1.3

11.1
1250

177

1750
1.9
0.5
0.2
1.2

10.1
1140

161
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projectile residues which were originally emitted at angles
larger than about 30'.

The total fragment production cross section is approxi-
mately 1.5 b. If we assume that fragment emission is sta-
tistical, we can write the fragment production cross sec-
tions in the form cr„''=M„criMF,where M„denotes the
multiplicity of particle x, and 01MF denotes the cross sec-
tion for that class of reactions in which fragments can be
emitted (IMF denotes intermediate mass fragment). We
use the parametrizations of Sec. III to estimate the total
cross sections o „''.Both Li and C fragment data suggest
a value for oiMP of 2 b. For comparison, the geometrical
cross section is 2.8 b. We are therefore led to the con-
clusion that intermediate mass fragments are emitted with
modest probabilities from a large class of reactions,
representing between 60%%uo and 70% of the total reaction
cross section.

In summary, the production of light intermediate mass
fragments, 3 &Z„&7,is accompanied by the emission of
approximately ten nucleons in nonequilibrium light parti-
cles. The multiplicity of intermediate mass fragments, as
deduced from coincidence data with both light particles
and other intermediate mass fragments, is of the order of
1, with approximately 12 nucleons being emitted in this
form. About half of these are nonequilibrium in nature.

VI. COINCIDENCES BETWEEN INTERMEDIATE
MASS FRAGMENTS AND HEAVY RECOIL NUCLEI
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FIG. 11. Velocity distributions for heavy recoil nuclei detect-

ed in coincidence with intermediate mass fragments emitted at
8» ——27.5'. The left hand side shows the distribution as a func-
tion of the polar angle 82 of the projection of the recoil velocity
onto the reaction plane. The right hand side shows the mea-
sured distributions of

~
vq

~
. The arrows show the values expect-

ed for binary reactions.

In this section we discuss the results of coincidence
measurements between intermediate mass fragments and
targetlike residual nuclei. Since these two particles carry
away a major fraction of the total mass, momentum, and
energy of the composite system, a kinematic analysis of
such coincidences data can place significant constraints
on hypothetical reaction mechanisms.

Angular distributions for targetlike residues detected in
coincidence with lithium and carbon nuclei emitted at
Hi ——27.5' are shown on the left hand side of Fig. 11.
These spectra are normalized to represent the probability
distributions for the detection of targetlike residues in
coincidence with Li and C nuclei in the momentum
ranges PL; ——960—1280 MeV/c, Pc 1280—1600 MeV/c, ——
and Pc ——1920—2250 MeV/c. The distributions are
shown as a function of 82, the polar angle of the projec-
tion of v2 onto the reaction plane, where vz denotes the
velocity of the coincident heavy residue. They exhibit
broad maxima, the widths of which are comparable to the
angular acceptance of our experiment. The peak positions
expected for complete fusion followed by binary decay are
indicated by arrows. The observed maxima are located at
angles larger than expected for such fusion-fission pro-
cesses, indicating that the two particles do not carry away
the entire projectile momentum.

The location of the maximum Hz
'" is not solely a func-

tion of the momentum of the intermediate mass fragment
This is illustrated in Fig. 12. The upper part of the figure
shows angular distributions of recoiling residual nuclei
coincident with B nuclei of different momenta. For ener-

gies above the exit channel Coulomb barrier, 8z'" in-
creases with increasing values of Pi, qualitatively con-

sistent with momentum conservation. However, as I' j de-
creases below the Coulomb barrier, 82'" increases again;
Hz'" is smallest for emission at the Coulomb barrier.
Fragment energies less than the Coulomb barrier can be
generated by the sequential particle decay of heavier parti-
cle unstable nuclei which were originally emitted with
Coulomb barrier energies. The increase of 8&'" at mo-
menta below the Coulomb barrier may be caused by such
sequential decay processes for which the laboratory veloc-
ities of the parent nuclei are, on the average, larger than
those of the detected daughter nuclei. Similar observa-
tions hold true for other outgoing nuclei. They are in
qualitative agreement with the trends measured36 for ' N
induced reactions on Ag at E//I =35 MeV.

The bottom section of Fig. 12 shows angular distribu-
tions for residues coincident with different nuclei of simi-
lar momenta. The value of Hz'" depends not only on the
momentum of the outgoing fragments but also on their
mass. This effect is, at least in part, due to the nonmono-
tonic momentum dependence near the Coulomb barrier,
which occurs at different momenta for different frag-
ments. The angular distributions for heavier fragments,
Zf —9, do not exhibit maxima within the angular accep-
tance of our detector.

Recent results' for the Kr+' C system at E /A =35
MeV were interpreted in terms of complete fusion fol-
lowed by binary fragment emission. For the present reac-
tion, the peaks in the angular distributions of the recoiling
residues never occur at the angles expected for complete
fusion followed by binary decay. This includes reactions
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FIG. 12. Probability distributions of recoil nuclei as a function of recoil angle 82 detected in coincidences with boron fragments of

different momenta I'& detected at 8&
——40' {upper part) and in coincidence with different intermediate mass fragments gated by the

same momentum bin {lower part). The arrows indicate the angles, 92'", used in the kinematic analysis. The dotted lines correspond
to an angle of 82 ——15'.

producing fragments with masses comparable to the mass
of the projectile.

We have extrapolated the measured angular distribu-
tions to estimate the probability that a heavy residue is
emitted in coincidence with an intermediate mass frag-
ment. For this purpose, we have assumed that the distri-
bution is a Gaussian function of angle and that the widths
both in-plane and out-of-plane are the same. For the case
of carbon nuclei detected at 8=27.5' with momenta be-
tween 1280 and 1600 MeV/c, the width of the distribu-
tion in the reaction plane is approximately 25'. Such a
narrow distribution is, by itself, inconsistent with an inter-
mediate mass fragment multiplicity significantly greater
than 1. The integrated probability for detecting a residue
over the measured angular range 8=9.5'—21.5' is about
0.13. Extrapolation over the full angular range gives ap-
proximately unit probability for the detection of a coin-
cident heavy residue: The average number of heavy recoil
nuclei is approximately 1, consistent with the existence of
a single targetlike residue remaining after fragment emis-
sion.

Velocity distributions of coincident heavy residues are
shown on the right hand side of Fig. 11. They, too, are
inconsistent with fusion-fission processes. (The velocities
expected for purely binary reactions are indicated by ar-
rows. ) There are two sources for systematic errors in the
velocity distributions. The first source of uncertainty is
due to the energy loss of the residue in the target, which
reduces the velocity by 5—10%, depending on the (un-
known) mass of the residue. The six:ond source of uncer-
tainty results from the finite angular acceptance of the
detector used in this experiment. This effect, discussed in

the Appendix, results in an apparent increase in the resi-
due velocity which can be of the order of 10%. Within
the uncertainties inherent in making corrections for either
effect, the two effects tend to cancel. Therefore, no
corrections have been made to the velocity distributions.

For our kinematic analysis we assume that the mass
number M~ of an intermediate mass fragment of charge
Zi is given by Mi ——2Zi. Then, the momentum of the in-
termediate mass fragment is calculated from the expres-
sion

Pi ——Pi(2MiEi )'i

where P& is the unit vector characterizing the momentum
of the outgoing intermediate mass fragment. The
momentum of the heavy residue is given by

P2(M2) =v2M2,

where v2 is the measured velocity of the residue and Mz
is the mass of the residue, which is not ineasured. We
treat this mass as a parameter in the kinematics calcula-
tions. For each assumed value of M2, we calculate the

ITlissirlg mass, M 3 —Mo M ] Mz, and the "missing
momentum, "

P3 ——Po —P[ —Pz, carried away by undetect-
ed particles in the reaction. Here, Mo and Po denote the
total mass and momentum in the reaction.

We define the "sum kinetic energy"

as the sum of the kinetic energies of the two detected frag-
ments and the kinetic energy corresponding to the motion
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of the center of mass of the missing mass. The difference,
Eo —Ek, between the projectile energy and the sum kinet-
ic energy may be associated with the energy dissipated
into other, "internal, " degrees of freedom. Small values
of Ek correspond to violent collisions in which a large
amount of energy is converted to excitations of internal
degrees of freedom. For example, complete fusion fol-
lowed by symmetric binary fission would result in

Ek ——E~ +E2-250 MeV.
Another quantity of interest is the magnitude of the

center-of-mass velocity of the missing mass,
U3 —

~
P3/M3

~

. For example, values of u3 close to the
projectile velocity would indicate that the missing
momentum is carried away by projectile fragments as
might be expected for a breakup-fusion process. Informa-
tion about the linear momentum transfer is provided by
(P3)„the component of the missing momentum along the
beam axis. Finally, we evaluate the polar angle of the
missing momentum, 83——cos '[(P3), /P3]. In our sign
convention for this angle, negative angles correspond to
the side of the beam opposite the intermediate mass frag-
ments.

As a specific exainple, we discuss the kinematics for
coincidences between heavy recoil nuclei and carbon nu-

clei, the latter being detectixl at 8i ——27.5' and with mo-
menta between 1280 and 1600 MeV/c, corresponding to
laboratory energies of about 90 MeV. The experimental
distributions for this case are shown in Fig. 11(b). The
maxima of the angular and velocity distributions are lo-
cated at Oz'" ——14' and U2'" ——1.05 cm/ns, respectively.
Calculations of the kinematic quantities defined above
were performed as functions of M2', they are shown as
solid curves in Fig. 13.

%e may consider undetected light particles evaporated
from the heavy residue as part of the mass Mz, because
velocities and emission angles of these particles are, on the
average, the same as those of the heavy residue. With Mz
defined in this manner, the "missing momentum" is prin-
cipally due to nonequilibrium emission mechanisms. In
Sec. V we have shown that nonequilibrium light particle
emission carries away about 10 mass units. Furthermore,
there is a non-negligible probability for nonequilibrium
emission of nucleons in the form of heavier particles. The
average value of M2 should, therefore, be smaller than
120 by several mass units. We confine our discussion to
values of M2 & 120.

The sum kinetic energies Ei, extracted from the
kinematics analysis are shown in Fig. 13(a). The values of
Ek =200—300 MeV indicate that amounts of energy be-

tween 400 and 500 MeV are dissipated into degrees of
freedom other than the nine translational degrees of free-

dom which are included in the definition of the suin ki-

netic energy. An energy of approximately 100 MeV is es-

timated to be associated with the random motion of none-

quilibrium light particles. It is possible that a comparable
amount of energy is carried away by additional intermedi-

ate mass fragment emission. Thus, an amount of energy
between 200 and 400 MeV is deposited into internal exci-
tations of the residual nucleus or emitted fragments. In-

termediate mass fragments are emitted in highly inelastic
collisions.
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FIG. 13. The solid curves show the results of kinematics cal-
culations for coincidences between heavy recoil nuclei and car-
bon nuclei, detected at 8=27.5' with an average momentum of
1448 MeV/c. The hatched area represents the estimated uncer-
tainties. The dashed curves are obtained when the carbon nu-
cleus is assumed to be a secondary fragment produced by the de-
cay of a particle unstable ' 0 nucleus. A detailed discussion is
given in the text.

The angle of the missing momentum vector is shown in
Fig. 13(b). The missing momentum is directed close to
the beam axis. The velocity of the missing mass, shown
in Fig. 13(c), is less than or equal to the beam velocity. A
value of about half the beam velocity, characteristic of
pre-equilibrium light particle emission, is consistent with
a pre-evaporation residue mass of about 110 mass units
and the emission of 15—20 nucleons at the early stages of
the reaction. This number is consistent with our estimates
of the associated particle multiplicities discussed in Sec.
V. The magnitude of the missing momentum is greater
than 20% of the projectile momentum; see Fig. 13(d).
This value of the missing momentum is slightly larger
than the value of the missing momentum, = 15%, expect-
ed from the systeinatics of linear momentum transfer
measurements for fusionlike reactions. This difference
could be explained if one assumed that a significant frac-
tion of the observed fragments correspond to secondary
decay products of highly excited primary fragments; this
possibility is discussed further below.

In order to assess the sensitivity of the extracted quanti-
ties to uncertainties of our input parameters we have
varied three of the input parameters separately: the direc-
tion of the residue was changed by +4, corresponding to
the uncertainty in the most probable recoil angle; the velo-
city was changed by +10%, corresponding to the uncer-
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TABLE III. The observed and calculated kinematic properties of systems for which a heavy residue
with a velocity v2 was detected in coincidence with an intermediate mass fragment with a momentum
(P~ ) at an angle 8~.

Li
Li
Li
Be
Be
Be
Be
8
8
8
8
B
C
C
C
N
N
N
0
0

(&&)
(MeV/c)

820
1080
1350
836

1110
1400
1680
832

1140
1430
1720
2010
1160
1450
1740
1460
1760
2060
1770
2070

mgx
2

(cm/ns)

1.20
1.20
1.20
1.10
1.10
1 ~ 10
1.15
1.10
1.10
1.05
1.05
1.05
1.10
1.05
1.00
1.10
1.05
0.95
1.05
1.00

@max
2

9) ——27.5
—5.5
—9.5

—12.5
—8.5
—8.5

—12.5
—15.0
—17.5
—11.5
—13.0
—15.5
—16.5
—16.0
—14.0
—17.0
—17.5
—17.5
—17.5
—19.5
—20.0

P3
(MeV/c)

1740
1S50
1380
2100
1850
1640
1280
2350
1870
1790
1580
1330
1970
1800
1750
1740
1600
1630
1650
1520

0.6
6.7

11.4

6.0
11.0
18.7
7.0
4.9
6.2
4.2

14.9
6.6
6.6

15.5
9.9
1.2

13.7
8.3

209
240
286
223
234
266
305
254
232
258
287
326
245
252
283
251
265
302
271
288

Li
Li
Li
Be
Be
Be
8
8
8
8
C
C
C
N
N
0
0

801
1060
1340
833

1100
1380
845

1130
1420
1690
1160
1430
1730
1440
1740
1460
1750

1.25
1.25
1.30
1.20
1.20
1.20
1.25
1.20
1.15
1.15
1.25
1.20
1.10
1.25
1 ~ 15
1.25
1.20

8) ——40'
—9.0

—12.0
—15.0
—11.5
—12.0
—17.0
—17.5
—13.5
—15.5
—18.5
—17.5
—17.0
—20.0
—19.S
—21.0
—21.0
—23.0

1720
1570
1270
1910
1700
1600
1970
1710
1680
1540
1680
1560
1700
1510
1580
1560
1520

5.3
7.8

13.6
8.6
5.0

11.5
22.3
8.0
5.0
6.3

19.1
10.6
6.2

19.8
10.9
22.6
18.8

212
244
291
217
234
272
232
229
258
291
233
245
288
244
274
254
272

Li
Li
Be
Be
Be
8
8
8
C
C
N
N
0
0

777
1040
820

1080
1360
848

1110
1390
1140
1420
1150
1420
1440
1730

1.25
1.30
1.25
1.20
1.25
1.35
1.25
1.20
1.30
1.25
1.40
1.30
1.45
1.35

8) ——52.5'
—9.5

—15.5
—11.0
—14.0
—18.0
—15.0
—14.0
—18.0
—16.5
—18.0
—20.0
—20.0
—23.0
—21.0

1860
1680
1860
1920
1680
1660
1740
1810
1640
1640
1530
1560
1360
1220

2.9
12.8
5.2
4.2
8.S

18.6
5.3
5.4

13.0
7.2

28.5
14.9
36.0
13.8

220
255
218
250
281
216
235
273
234
258
241
2SS
261
261
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tainty in the most probable recoil velocity; the mass of the
carbon ion was changed by +2 amu. The shaded regions
in Fig. 13 indicate the range of values of the calculated
quantities which result from variations of these parame-
ters. The main results of our analysis are not very sensi-
tive to uncertainties in the input parameters.

Analyses of the coincidence measurements for other in-
termediate mass fragments or for different fragment mo-
menta lead to similar conclusions. Table III shows mea-
sured recoil momenta and directions for which a value of
ei '" could be determined. Also, we provide values of the
inferred kinematic quantities assuming that M& ——110.

It is possible that the detected intermediate mass frag-
ments are the decay products of highly excited primary
fragments. 5' Contributions from such sequential de-

cays are expected to be particularly large for fragment en-

ergies below the Coulomb barrier. Indeed, the missing
moments for low energy fragments of Z =5—g indicate
the preferential emission of matter to that side of the
beam axis at which these fragments are detected. Part of
this emission could be caused by sequential decays of
highly excited primary fragments. If we wish to exclude
the moinenta of the undetected products of sequential de-

cay from the missing momentum, Pi, we have to include
them in the definition of Pi, which is then interpreted as
the momentum of the primary fragment. To estimate the
effect of sequential decay on the total missing momentum,
we have assumed that the undetected sequential decay
products are emitted with the same average velocity as the
detected fragment. The dashed curves in Fig. 13 were ob-

tained by assuming that carbon nuclei resulted from the
decay of primary oxygen fragments. From the figure it is

clear that sequential decay has a larger infiuence on the
extracted angle of emission and on the longitudinal
momentum carried away by the missing mass than it has
on Ek and u3. It is interesting to note that the assump-
tion of sequential decay makes the magnitude of the miss-

ing momentum transfer more consistent with the Viola
systematics. The inclusion of sequential decay does not,
however, change the qualitative results of the kinematic
analysis. We may therefore conclude that intermediate
mass fragments are produced in reactions in which more
than 20%%uo of the incident linear momentum is carried
away by nonequilibrium particle emission. These none-

qmlibrium particles are emitted with a mean velocity
which is directed close to the beam axis and which is
somewhat less than half of the beam velocity. The reac-
tion is highly inelastic: a total amount of energy between
200 and 400 MeV is dissipated into internal degrees of
freedom

UII. SUMMARY AND CGNCLUSIONS

For S induced reactions on Ag at E/A =22.5 MeV,
the single particle inclusive cross sections of light particles
and intermediate mass fragments provide evidence for a
gradual transition from predominately nonequilibrium
emission of lighter particles to predominantly equilibrium
emission for the heaviest nuclei. The integrated cross sec-
tions decrease smoothly with fragment mass. There is no
evidence for sudden changes in the reaction mechanism.

Intermediate mass fragments and nonequilibrium light
particles are preferentially emitted in a plane which con-
tains the beam axis, probably corresponding to the plane
perpendicular to the entrance channel orbital angular
momentum. This implies that fragment production re-
sults from collisions with a large range of iinpact parame-
ters and is not restricted to central collisions, for which
less coplanar emission patterns would be expected. The
large azimuthal asymmetries emphasize the need to in-
corporate dynamical aspects of the collision process into
models of complex fragment production.

The fragment multiplicities are low, of the order of 1.
For the present reaction there is no evidence that violent
multifragmentation processes, implied by some models,
dominate the emission of intermediate mass fragments.
Instead, it appears that fragments are emitted with mod-
est probabilities from a class of reactions representing
60—70 '~/o of the total reaction cross section.

Intermediate mass fragments are emitted in highly in-
dastic collisions in which a large part of the kinetic ener-

gy of the incident projectile is converted into excitations
of internal degrees of freedom. However, the dissipated
energy is never completely thermalized in the composite
system. Significant parts of the incident momentum and
energy are carried away by particles emitted in nonequili-
brium processes. Much of this is accounted for by the
emission of ten or more nonequilibrium light particles.
There is, however, a non-negligible probability for the
emission of a second intermediate mass fragment.

Some of these observations are qualitatively consistent
with the expectations from a variety of statistical calcula-
tions. ' ' ' However, present model calculations of11,12, 14,27-30

intermediate mass fragment emission do not incorporate
important dynamical effects which might give rise to the
observed angular correlations and nonequilibrium emis-
sion.
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APPENDIX

Systematic errors in extracting information from the
residue velocities can result from a biased sampling of the
residue velocity distribution by a detector with a small an-
gular acceptance. Consider a distribution in v character-
ized by a mean velocity v0 such that v=v0+v'. For sim-
plicity, we assume that the distribution of v', f(v'), de-
pends only on u' so that f(v') =f(u').

By definition, the average velocity for aB particles is
'( v~a =vo .

However, for a finite detector solid angle in the laborato-
ry, 0, the measured average is given by

f +vf(u')du'dQ'+ f„vf(u')du'dQ'
(v&n= f f(u')du'dQ'+ f f(u')du'dQ'
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where 0+ and 0 denote the solid angles corresponding
to the two kinematic solutions for values of v'. In gen-
eral, the measured average is different from vo.

As an illustration, we assume f(u')=5(u' —a). If the
detector is centered about v0 and detects all particles emit-
ted inside a cone of half angle a, we can calculate the
average velocity of the detected particles,

cos 8—cos 8+2 2

(v)n=vo 1+
2uo 2 —cos8++ cos8

0U

8+ =cos ' — sm a+cosa 1—
a

U0
sin a

0

Here, 8+ and 8 represent the angular limits of the solid
angles of O', Q+, and 0 . For a =0.25U0, the average
emission angle in the laboratory is approximately 16',
similar to that of the experimental distributions. For an
acceptance angle of a=6', the measured average velocity
is (u ) = I. luo. Calculations with more reasonable distri-
butions as f (u) indicate that values of (u )/uo =1.05—1.1

can be expected for our measured distributions.
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