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Multifragment emission data from the He+Ag reaction are examined in the context of an
intranuclear cascade code followed by an expanding, emitting source calculation. The role of 4
resonances in the energy dissipation process is stressed. In addition, the importance of employing
a distribution of excitation energies in such analyses is pointed out. In order to describe the data
within the context of this hybrid model, excitation via 6 resonance formation and expansion of the
emitting source are required.

PACS number(s): 25.?O.Pq, 25.40.ve, 25.55.—e

I. INTRODUCTION

When two nuclei collide at high enough energy, there is
a high probability that the central collisions will lead to a
Anal state with several complex nuclear fragments of in-
termediate mass (IMFs). This process has been called
multifragmentation. To describe such a process com-

pletely, one would, in principle, be required to trace the
evolution of the entire many-body system from the initial
excitation, by means of the nucleon-nucleon interactions,
all the way to the emission of both nucleons and complex
fragments. A rigorous description appears to be beyond
the capabilities of current theory. Nonetheless, impor-
tant progress toward a reasonably full description, which
involves both microscopic and macroscopic aspects of the
process, has been made during the past few years [1—6].
The extensive multifragmentation data sets that are now

emerging from various detector arrays [6—9] are serving
to challenge and stimulate further theoretical advances
toward even more complete description and consequent
understanding.

The complexity associated with reactions at interme-
diate energies is well illustrated by the results of linear
momentum transfer and mass-yield measurements car-
ried out during the past decade [10—12]. These studies
have demonstrated that the initial target-projectile in-
teraction in such collisions generates a broad distribution
of residual nuclei and excitation energies. For an under-
standing of multifragmentation, it is therefore essential to
obtain these distributions through realistic treatment of
the impact geometry, pre-equilibrium emission, and exci-
tation mechanisms. For light-ion-induced reactions well
above the Fermi energy, the intranuclear cascade code
[13,14] can be used to evaluate these features, which are
related to the initial energy dissipation. For heavy ions,
however, the evolution of the mean field of the colliding
nuclear system also significantly influences the reaction
dynamics, and more elaborate BUU approaches are re-
quired [15—17]. For both light and heavy projectile, the

important question arises as to the time at which equi-
librium (if any) is achieved, and how to couple to the
subsequent decay stage self-consistently.

At present, the treatment of the later decay of excited
residues must be joined to some appropriate dissipation
model. Numerous theoretical approaches have been pro-
posed for this decay stage [1,18—25]. These span two
broad classes of calculations: (1) statistical models, in
which rate-dependent phenomena govern the distribu-
tion of final states, and (2) microcanonical models, for
which the predictions depend primarily on the initial,
time-independent, state of the system. Compression and
expansion of nuclear matter, as well as the fluctuations
due to initial X-N two-body interactions, are of major
concern in these approaches. One of the primary goals
sought in the study of the various multi&agmentation de-

cay models is an understanding of the nuclear equation
of state at low density. Attempts to obtain such informa-
tion from fits to experimental data are highly uncertain,
however, without accurate accounting of the energy dis-
sipation stage of the reaction.

In the analysis presented here, we focus on multi-
fragment events produced in light-ion-induced reactions.
Light-ion projectiles provide several important advan-
tages for the study of multi&agmentation, among them:
(1) isolation of a single emitting target-like source, free
of contributions from projectile decay or "fireball-like"
sources; (2) small kinematic distortions of the ejec-
tile spectra, due to the low center-of-mass velocity of
the emitting source; (3) easily identifiable forward-angle
yields; (4) low angular momentum, and (5) minimal col-
lective efIects, i.e., compression and initial source expan-
sion velocity are small. The last point is particularly
relevant in the sense that light-ion studies form an im-

portant baseline for deducing such effects in heavy-ion-
induced reactions.

Much of the early interest in the emission of interme-
diate mass fragments (IMFs) was stimulated by studies
of proton-induced reactions [26]. More recently, inclu-
sive studies of the 3He+" t&g system at energies up to
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3.6 GeV have suggested a change in mechanism at bom-
barding energies in the vicinity of 1.8 GeV total energy
[27]. Subsequent coincidence studies [8] with sHe beams
have demonstrated the existence of multi&agmentation
events for this system. In the present work we examine
these latter results in the context of a model in which the
energy dissipation stage is described by the intranuclear
cascade code (INC) [13] and the decay is described by
an expanding, emitting source (EES) undergoing statis-
tical decay [1]. The EES model has previously been suc-
cessfully employed in the interpretation of the &agment-
emission temperatures deduced &om the relative popu-
lation of states. It has also been used to gain general
insight into the multi&agmentation mechanism and to
describe IMF multiplicity yields and kinematic features
in specific heavy-ion-induced reactions [6]. The predic-
tions of these combined models are compared with the
coincidence data for 3.6 GeV 3He ions incident on an Ag
target [8,27].

II. ENERGY' DISSIPATIO¹ THE ROLE OF THE
K (3,3) RESONANCE

In the case of light-ion-induced reactions, it is espe-
cially important to treat the initial energy dissipation
stage carefully since there are a relatively small number
of N-N collisions, and there is substantial transparency
for the incoming particles. These two efFects conspire to
generate an exponentially falling excitation energy, E*,
distribution that extends over a very wide range [28].

As discussed in the introduction, the intranuclear cas-
cade code [13,14] has proved successful in describing the
energy dissipation process in light-ion-induced reactions
on medium-to-heavy target nuclei. In this section we re-
port on an investigation of the energy dissipation in the
3He+" ~Ag reaction, using the Weizmann Institute ver-
sion of the intranuclear cascade code ISABEL [13]. We
have paid particular attention to the role that excitation
of the 4 resonance plays in producing large excitation
energies on a very fast time scale ( 20 fm/c). This em-
phasis is motivated by two features of the experimental
data. First, as we have already noted, there is a change
in reaction observables for the sHe+" tAg system [27] be-
tween 0.90 and 1.8 GeV (E/A = 300—600 MeV). This cor-
responds to N-N collision energies near the peak of the
6 resonance excitation function. Second, calculations
show that b, formation followed by rescattering and/or

isotropic decay with reabsorption of the pion provides a
rapid, efficient mechanism for depositing large excitation
energies and transverse momenta in the struck nucleus

[29]. This feature ofFsets the low probability for density
compression in light-ion-induced reactions.

The ISABEL intranuclear cascade calculations were per-
formed using options in the code which emphasize the
formation of highly excited residual nuclei —a condition
necessary to enhance the probability for multi&agmenta-
tion. The salient code options are summarized in Table
I. Most important among these is the inclusion of fast
rearrangement during the cascade. This assumption has
been shown to reproduce experimental data for central
collisions in heavy-ion-induced reactions at similar pro-
jectile E/A values, and at the same time account for fast
nucleon spectra and multiplicities [13]. Cascade-cascade
interactions have also been permitted, an effect which
has been shown to increase pion absorption, especially in
heavy-ion collisions [30]. In principle, one could further
enrich the calculated spectrum of high excitation-energy
events by modifying the input-scattering cross sections.
However, this would require assumptions about unknown
in-medium effects, which we do not attempt to address.

In Fig. 1 the average excitation energy predicted by
the ISABEL code for the He+" Ag system is shown for
incident energies below 4 GeV. The curves show the av-
erage excitation energy for three impact parameter, b,
regimes: central collisions (b & 2.6 fm), intermediate im-
pact parameters (2.6 & ti & 4.4 fm), and more peripheral
interactions (b ) 4.4fm). Assuming a radius parame-
ter of rp ——1.4fm, these values correspond to approxi-
mately 10%, 20%, and 70% of the total reaction cross
section, respectively. It is observed that for events with
the largest impact parameters, i.e., most of the cross
section, the average excitation (E'), remains relatively
low and insensitive to bombarding energy, Eb, , with
A(E')/AEb, = 25 MeV/GeV. In the intermediate im-
pact parameter region, the average excitation energy in-
creases inore rapidly, b, (E')/b, Eb, 85 MeV/GeV,
reaching values near 400 MeV at 4 GeV bombarding en-
ergy. For the most central collisions the average excita-
tion energy grows even more rapidly, b, (E')/AEb,
130 MeV/GeV, with (E') values well in excess of the
predicted multifragmentation threshold [1,18]. It is in
this impact parameter region that the excitation of 6
resonances is predicted to be most probable [29]. For all
impact parameters the widths of the distributions in E'
grow monotonically with increasing bombarding energy.

TABLE I. Input for ISABEL INC calculation [13].

Total density is reduced after each collision; fast rearrangement option
Cascade-cascade interactions allowed; maximum distance=3. 0 fm
Standard step size=0. 6 fm
Isobar included with no refraction or re6ection
Isobar nucleon exchange allowed
Energy-dependent isobar resonance width [G. Ginnocchio, Phys. Rev. C 17, 195 (1978)].
Distance restriction=1. 10fm; isospin dependent
Projectile is Lorentz-contracted
Eight density regions employed; Thomas-Fermi local density approxixnation for Inomenta
Other parameters: default values
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FIG. 1. Predictions of ISABEL code' for average exci-
tation energy as a function of bombarding energy for the
He+" 'Ag system. Results are shown for three impact pa-

rameter regimes as indicated in figure.

FIG. 2. Upper frame: Average excitation energy per
residue nucleon number A as a function of impact param-
eter b for 3.6 GeV He+" 'Ag reaction. Middle and lower
frames, respectively; average residue mass A and charge Z as
a function of impact parameter for above reaction.

Another important feature observed in these calcula-
tions is the relationship between excitation energy and
the mass and charge loss in the cascade. Figure 2 shows
predictions for the average mass, charge, and excitation
energy per nucleon of the residual nuclei formed at 3.6
GeV incident energy as a function of impact parame-
ter. Values of E' jA 10—12 MeV are predicted for the
most central collisions with a monotonic decrease for in-
creasingly peripheral reactions. Figure 2 also shows that
for collisions with small impact-parameters, considerable
mass and charge loss occurs in the collision stage (up to
30 nucleons) and that this loss is correlated with very
highly excited residues. This correlation can be charac-
terized by b, (E*)/AA —33 MeV nucleon, where b,A is
the mass lost. These correlations suggest that both neu-
tron and proton multiplicities provide a gauge of the im-
pact parameter in these collisions, especially when they
include the mass lost due to subsequent evaporation.

Figure 3 shows the excitation energy distribution for
the 3.6 GeV+" Ag system for collisions which deposit
excitation energies greater than E* & 50 MeV. The
dashed curve gives the predictions of the ISABEL code,
which includes cross sections for A resonance formation,
decay, and pion reabsorption. For comparison, the solid
curve provides the distribution in excitation energy when
the inelastic cross sections for A production in ISABEL
have been suppressed by a factor of 10. This should re-
veal the excitation energy distribution that would arise
primarily due to N-N elastic scattering. The effect of
the A resonance in enhancing high excitation energy

0

0. 1

200 400 600
E, (uev)

I I

800 1000

FIG. 3. Distribution of excitation energies for residues with
E ) 50 MeV predicted by the ISABEL code for the 3.6
GeV He+" 'Ag reaction. Calculations are averaged over 100
MeV bins. Dashed curve is for standard ISABEL code with
fast rearrangement. Solid line is same calculation with cross
sections for A production reduced by a factor of 10.

events is apparent. The standard form of ISABEL, with
6's, predicts that for these events with E' ) 50 MeV,
about 33% will produce residues with excitation energies
greater than 500 MeV. With the N-N inelastic channels
suppressed, only 12'%%uo of the probability distribution ex-
ceeds 500 MeV. In Fig. 4 we compare the relative prob-
ability for depositing more than 500 MeV of excitation
energy as a function of bombarding energy for two sets
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of calculations, one with 68 and one with the 6 sup-
pressed. The importance of the 6 resonance for incident
energies above about 1 GeV is apparent. This sensitivity
suggests that multi&agmentation studies with light-ion
probes is strongly inHuenced by 6 formation and pion
reabsorption.

The INC code makes another important prediction;
this one with respect to the reaction dynamics. It con-
cerns longitudinal and transverse momentum transfers,

pll and p~. Figure 5 shows the average values of these
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FIG. 4. INC predictions of the probability for exciting
residues to energies greater than 500 MeV as a function of
beam energy for the He+" 'Ag reaction. Dashed line is for
standard ISABEL; solid line is for the case of no 48.

two momentum components as a function of deposited
excitation energy for the 3.6 GeV He+" Ag reaction.
Calculations were performed for two cases, one with and
one without the 4 resonance, as was done to produce
the predictions of Figs. 3 and 4. Here one sees that
the correlation between the excitation energy and each
component of the momentum transfer is quite insensitive
to the in8uence of the 6 resonance, although in the ab-
sence of the 4, the range of pll and p~ is limited due
to the much lower probability of forming highly excited
residues. Figure 5 also shows that for those events with
low excitation energy, (p~) is much larger than (p~~). In
addition, the distribution in p~ is very broad. This is
consistent with the more peripheral nature of these in-
teractions (see Fig. 1). On the other hand, for residues
with excitation energies greater than about 500 MeV, the
values of p~~ and p~ reverse roles, with (p~~) continuing to
grow while (p~), remains nearly constant.

One of the distinctive features of the multi&agment
coincidence studies of Yennello et al. [8] was the observa-
tion, in a rapidity plot, that the velocity of the sources
was relatively constant, independent of &agment charge
or kinetic energy for events with IMF multiplicity M & 3.
Depending on the assumed mass of the emitting source,
this observation suggested an average value of pll between
1.0 and 1.2 GeV/c. Using this with the correlation indi-
cated in Fig. 5, one deduces an average excitation energy
of 600—800 MeV for this set of multi&agment events. In
this regime, we also observe that p~ --

p~~
—1 GeV/c, a

result consistent with the nearly isotropic angular distri-
bution and rapidity plots that are observed for IMFs in
the 3.6 GeV He+" Ag reaction.

In summary, the ISABEL code predicts that for the
most central collisions, the energy dissipation stage
for light-ion induced reactions can produce significant
yields of target-like residues well above the &agmentation
threshold. The 6 resonance appears to play a crucial role
in enhancing excitation energy deposition. Linear and
transverse components of the momentum transfer are in
good accord with experimental observations for high E*
events. Thus we proceed to the investigation of the mul-
ti&agment decay stage under the assumption that the
reaction dynamics of the initial stage are reasonably well
under control.
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FIG. 5. ISABEL prediction of average longitudinal mo-
mentum transfer (left) and perpendicular momentum trans-
fer (right) associated with a given residue excitation energy.
Standard ISABEL (b,) is shown by solid line for (p~~) and
dashed line for (p~); case for no b,s is given by (0) for (p~~)
and x for (p~).

Given the mass, charge, and excitation energy distri-
butions of the hot residues following the cascade, as pre-
dicted by the INC code, we can now consider the subse-
quent deexcitation of these residues. In this section, we
examine the He+" Ag data in the context of the ex-
panding emitting source model [1). This schematic model
treats the dynamical response of a nuclear system, start-
ing at normal density with a given mass, charge, excita-
tion energy, and radial expansion velocity. It considers
monopole expansion driven by the thermal pressure of
the system and an efFective restoring nuclear force. For
the system studied here, the expansion time is of the or-
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der of 60—70 fm/c. Statistical decay is permitted during
the expansion phase by introducing density-dependent
transition rate expressions. This model thus extends
the dynamical expansion following the initial excitation
phase into the decay phase. In this respect it is important
to note two important consequences of the INC dynam-
ics. First, most of the energy dissipation is predicted to
occur during the first 20—40 fm/c following the first inter-
action between target and projectile [29]. This permits
a temporal separation of excitation and decay. Second,
for small impact parameters the INC suggests a collision-
driven nucleon distribution that eventually grows radially
as a function of time. Thus, in terms of both time scale
and the nuclear matter distribution, the INC and EES
models contain qualitatively consistent physics.

The EES model predicts both fragment multiplicity
distributions and kinetic energy spectra. It is sensitive
to the nuclear equation of state at low density through an
effective compressibility which relates the binding energy
of a finite cold nucleus to the mean density. For simplic-
ity, the relationship is taken as parabolic with a minimum
at normal nuclear density, po, and a value there consis-
tent with liquid-drop binding energies E~d, and with a
compressibility K

E(&)/A = Ei~(~o)/A+ (K/18) [' —(~/«)]'.

P(n) = ) AE'W(i)P(n; E,*,A;, Z, ), (2)

where the values of the multiplicity distribution
P(n; E;,A, , Z, ) for a given set of initial conditions (la-
beled by i) are provided by the EES calculations, and
weights W(i) are provided by the INC.

The model predicts a distinct increase in the mean num-
ber of IMFs as E'/A approaches 8 MeV, an excitation
populated with increasing probability for the He+" 'Ag
reaction above about 1 GeV incident energy. The EES
calculations performed here were used, in conjunction
with the INC predictions, to predict IMF multiplicity
distributions and spectra for comparison with the mea-
surements of Yennello et al. [8,27]. All the calculations
were performed with the assumption that the initial ex-
pansion velocity is zero, which, as stated in the introduc-
tion, should be a good assumption for light-ion-induced
reactions. In addition, the model does not explicitly treat
the e8'ect of the angular momentum of the source, using
instead level densities that are blind to angular momen-
tum.

The fundamental ingredients of the calculation are a
set of calculations at given mass, charge, and excitation
energy, with a subsequent convolution of the results of
these calculations with weights provided by the ISABEL
results. In the calculations for a given excitation en-

ergy the source charge and size were taken as the aver-
age values of these quantities associated with events in
a given bin of excitation energy (100 MeV bin size). To
predict the observed multiplicity distribution for IMFs,
taken here to be &agments of with Z & 3, we performed
the following sum
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FIG. 6. Multiplicity distribution for 3.6 GeV He+" 'Ag
reaction for several values of the compressibility parameter
K, all normalized to the same diQ'erential cross section at
M = 2. Data are given by crosses. INC input to the EES
calculation was standard ISABEL. Results for diferent values
of K are K = 144 (solid line), K = 200 (dashed line) and
K = oo (dot-dashed line).

In Fig. 6 we compare the relative multiplicity (M)
distribution from the 3.6 GeV data of Ref. [8] with EES
calculations for several values of the compressibility pa-
rameter K, defined in Eq. (1). Here K was given values
of 144, 200, and oo. All results are normalized to the
same value at M = 2 to permit comparison. Since the
expansion rate decreases as K increases, the K = oo
case corresponds to statistical decay from a compound
nucleus at Axed, normal density. For this case the cal-
culation severely underestimates the high multiplicities.
Similar comparisons with the GEMINI code [20], which in-
cluded angular momentum (I „=76h), have also been
shown [31] to underpredict the data by nearly 3 orders of
magnitude at M = 4. These comparisons demonstrate
a strong sensitivity of the multiplicity distributions to
the compressibility parameter. The best fi.t seems to be
associated with K = 144, which is at the lower bound
of the range of K found in a similar analysis of heavy-
ion reactions [6]. When the M = 2 cross section was
set to 130 mb, as indicated by the results of Ref. [8], one
finds a total reaction cross section of about 2500mb-
which is in qualitative agreement with the expectation
for the He+Ag. (For touching sphere geometry, this
corresponds to an ro of about 1.44 fm. ) Other values of
K, similarly normalized, require much larger values for
the total reaction cross section, while providing poorer
M distributions.

It is also of interest to examine the sensitivity of the
predicted multiplicities to the INC input used for the
EES calculations. In Fig. 7 we compare the multiplicity
distributions for the 3.6 GeV He+" 'Ag reaction with
INC/EES calculations which include the 6 resonance in
one case and suppress it in the other. In both cases the
compressibility parameter of K = 144 was used, and re-
sults displayed are normalized to M = 2. The impor-
tant role of the 6 is apparent. With only X-N elastic
scattering in the INC calculations, the combined models
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FIG. 7. Multiplicity distribution for EBS calculation with
K = 144 in Fig. 6 (solid line). Dashed line is same compar-
ison, except the INC input does not include A production.
Data are given by squares.

FIG. 8. Multiplicity distribution for RES calculation with
K = 144 and standard INC calculation, except the average
excitation energy for central collisions only (610 MeV) is re-

placed by the full distribution. Solid line is experimental data.

overpredict M = 1 events by a factor of 2 and under-
predict the largest multiplicities by up to a factor of 10.
Thus, it appears that both the 6 resonance and source
expansion are essential to account for the data in the
context of the ISABEL/EES model. Although not shown,
omission of both these efFects underpredicts the data by
orders of magnitude for M = 4. In order to obtain a
satisfactory fit value of K larger than 144 in this model,
the INC excitation energy distribution would have to be
skewed to significantly higher values of E' than shown
in Fig. 3. While we have chosen INC input param-
eters and options that should optimize high excitation
energies (notably fast rearrangement), the sensitivity of
the energy dissipation to in-medium effects cannot be
ignored. Thus, for example, if the probability for pion
reabsorption, nucleon-nucleon, and/or b, scattering in-
medium are actually much larger than the input values,
equivalent fits with larger values of K could be obtained.

The importance of employing a realistic distribution of
excitation energies and source size in performing multi-
&agmentation calculations is illustrated in Fig. 8. Here
we have replaced the full distribution of excitation en-
ergy with the average value predicted by the INC code
for the 3.6 GeV He+" Ag reaction. Even with 4 forma-
tion and K = 144, the results are in strong disagreement
with the data. This simply emphasizes the need for a full
treatment of the initial excitation energy distribution as
a starting point in order for calculations to be compared
with data quantitatively.

In addition to the multiplicity distribution, we have
also examined the predictions of differential spectral
shapes obtained from the INC/EES models. We shall
show below that these are in qualitative agreement with
the spectra of IMFs observed in He+" Ag.

First, we summarize the prominent features found in
the data. In Fig. 9, which contains a selection &om pre-
viously published data [27], it can be seen that the lower
energy regions of the spectral peaks broaden as one goes
to higher bombarding energy, and that there is also a

qualitative change in the shape of the high-energy tails
of the spectra. These changes are most abrupt between
the incident energies of 0.90 and 1.8 GeV. It is in this
bombarding energy range that the probability for excita-
tion energies about E' & 500 MeV becomes significant
(Fig. 4).

To obtain a calculated prediction, we have used the
EES model to generate a set of differential cross sec-
tions of &agments arising &om the evolution of residues
beginning &om specific initial conditions, labeled by i,
do/dO(E; , A';, Z;, p~.~). Figure 9(b) gives a representa-
tive set of differential cross sections for carbon &agments
taken at E,* = 100 to 900 MeV, in 200 MeV steps. For
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FIG. 9. Left frame: inclusive spectra for C fragments at
backward angles for He+ 'Ag reaction [27] as several bom-
barding energies. Right frame: Spectral shapes predicted by
EBS model for emission of Z = 6 fragments at 117' for several
residue excitation energies (in MeV), as indicated on figure.
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excitation below 400 MeV, the spectral shapes remain
essentially the same with little change in the location
or shape of the Coulomb peak. However, above this en-

ergy, the calculated Coulomb peaks broaden dramatically
toward lower kinetic energies. This effect arises in the
EES model as a consequence of fragment emission from
a dilute system, which lowers the mutual Coulomb re-
pulsion experienced by the emitted &agments. Similarly,
the slope of the high-energy tails of the spectra become
harder for E* & 500 MeV. This behavior is a consequence
of boosting the velocity of the emitted particles by the
expansion velocity of the source.

The spectra of C &agments has previously been re-
ported for selected events characterized by the value of
the IMF multiplicity [8]. We review these data in Fig.
10, where the results show | fragments at laboratory
angles of 35', 63', and 117' for events with IMF mul-
tiplicity M = 1,2, 3. To compare the predictions of the
model with these data, it is necessary to sum over the
distribution of the sources produced in the initial phase
of the reaction. This is indicated by the following sum

1000
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1—
2

ata
= 144
= 200

T = 2.1

7 = 4.8

r = 5.7

IO

do/dAM = ) AE'W(i)P(M; E,*,A, , Z;)

x der/dO(E, ",A, , Z, , p((),

where M indicates the multiplicity of IMFs character-
izing the cross section. No account has been made for
the distribution in p~, which would serve to broaden the
calculated distributions further. The weights W(i) were
obtained from the INC, and the other factors were ob-
tained from the EES model. The application of Eq. (3)
to the case of the 3.6 GeV incident He, provides the re-
sult displayed in Fig. 10 for carbon fragments. For com-
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FIG. 10. Right fraxne: Data from Ref. I8] for carbon spec-
tra at angles of 36' (top), 63' (middle), axxd 117' (bottom).
In each case, the multiplicity of IMFs is identical to that indi-
cated in upper frame. Left frame: INC/EES calculations for
same spectra as in left frame.

FIG. 11. Experimental inclusive charge distribution for 3.6
GeV He+" 'Ag reaction (points) compared with predictions
of INC/EES model for K = 144, K = 200, and K = oo.

parison with the data, the respective curves are scaled
by the M-dependent efficiencies suggested in Ref. [8]. In
general, the calculated Coulomb peaks are higher and the
spectral slopes are steeper than the data.

In order to provide a better Gt to the spectra with the
INC/EES model, several modifications merit consider-
ation. Among these are (1) an increase in the 6 cross
section in medium, which would extend the excitation en-

ergy distribution to higher energies; (2) inclusion of INC-
generated fluctuations by using distributions other than
average values, and (3) adding an additional expansion
velocity &om the INC stage of the reaction. Nonethe-
less, in qualitative terms, the INC/EES model provides
a consistent description of the energy spectra, and the
models suggest transparent explanations for the change
in the gross features with increasing energy.

It is also of interest to compare the charge distributions
predicted by the INC/EES model with the experimental
data. In Fig. 11, we present such a comparison with
a calculation which employs the standard (with 6) INC
code with the EES model for various values of the ef-
fective compressibility parameter K. The calculation is
quite sensitive to the value of K; a value of K = 144
for the INC/EES model again gives the best fit to the
data. Thus the results for the charge distributions are
self-consistent with other observables.

IV. SUMMARY

In summary, multi&agment emission data from the
He+Ag reaction have been examined in the &amework
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of a hybrid model that treats the reaction dynamics in
terms of an intranuclear cascade calculation, followed by
decay &om an expanding, emitting source.

The INC calculations demonstrate that the average
excitation of the excited residues formed in central colli-
sions increases rapidly with bombarding energy; for more
peripheral collisions this increase is much more grad-
ual. The important role of the 4 resonance in produc-
ing highly excited residues is illustrated by the calcula-
tions. This mechanism provides a rapid, efBcient means
of energy dissipation that is necessary to form the highly
excited species required for multi&agmentation in light-
ion-induced reactions. It also significantly accelerates
the equilibration process [33]. The results suggest that
multifragmentation studies, when complemented by pion
emission probabilities, may provide valuable insight into
the question of pion production and reabsorption in the
nuclear medium. The INC calculations also show that

p~~
and p~ are comparable for excitation energies in the

vicinity of 600—700 MeV; for lower E* values, p~ is large,
while for higher values, p~~

is the larger component. These
calculated values are consistent with source velocities de-
rived &om a rapidity analysis of the spectra for high mul-

tiplicity events in the He+Ag system.
Fits to the 3.6 GeV He+Ag data with the combined

INC/EES model and K = 144 describe the multiplic-
ity and charge distribution data best. Calculations with
stiffer equations of state or without 4 excitations in the
cascade severely underpredict the high multiplicity data;
in fact, the calculations are quite sensitive to all parame-
ters. In order to describe the data with a stiffer equation
of state, the probability for b, excitation and/or pion
absorption in the INC code would need to be increased
significantly in order to enhance the probability for high
excitation energy residues.

The importance of employing a realistic excitation en-

ergy distribution in multi&agmentation calculations is
also stressed by this work. If the EES calculations are
performed with the average INC excitation energy in-
stead of the full distribution, the data are significantly
underpredicted. Comparison of the INC/EES calcula-
tions with experimental kinetic energy spectra accounts
for the major features of the data. The calculations suc-
cessfully predict changes in IMF spectral shapes for He
bombarding energies below and above about 1 GeV, i.e.,
broadening of the Coulomb peaks toward lower energies
and flattening of the spectral tails at high projectile en-
ergies, as observed in the data [27]. In the context of the
EES model, this behavior is explained in terms of ener-
getic IMFs being emitted early in the expansion, where
the expansion velocity is large, and low energy IMFs be-
ing emitted &om nuclear matter at low density. While
the quantitative agreement with the spectra is not per-
fect the qualitative features of the data are successfully
described.

In conclusion, these INC-EES calculations provide a
physically transparent framework for understanding the
basic features of light-ion-induced multi&agmentation re-
actions. The fundamental roles of inealstic N-N scatter-
ing and expansion of the nuclear medium are essential in
con&ontation of this model with the data.
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