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The quantum statistical model (QSM) is used to calculate nuclear fragment distributions in
chemical equilibrium. Several observable isotopic effects are predicted for intermediate energy heavy
ion collisions. It is demonstrated that particle ratios for different systems do not depend on the
breakup density—the only free parameter in our model. The importance of entropy measurements
is discussed. Specific particle ratios for the system Au+Au are predicted, which can be used to
determine the chemical potentials of the hot midrapidity fragment source in nearly central heavy

ion collisions.

PACS number(s): 25.70.Pq

I. INTRODUCTION

Heavy ion collisions serve as a powerful tool for in-
vestigations concerning the thermal properties of nuclear
matter [1-4], because they allow for a systematic vari-
ation of parameters, e.g., the system size the projectile
and target combination and entropy and temperature by
the incident energy.

In the following we consider only symmetric projectile-
target combinations. Such a reaction can be viewed as
follows: The two heavy nuclei impinging on each other
will form a hot and dense region of nuclear matter, which
is centered around the center of mass rapidity. Due to
the strong compression and the rapid sequence of hard
nucleon-nucleon scattering, nucleons will be stopped and
then escape from the central reaction zone. During the
phase of high pressure projectile and target matter is still
streaming in. This hinders the escape of the nucleons
from the participant zone in the longitudinal direction.
Therefore matter is squeezed out of the reaction plane
and projectile and target material bounces off in the re-
action plane. These collective low phenomena have been
predicted by nuclear hydrodynamics (1,5 and Vlasov-
Uehling-Uhlenbeck (VUU) and quantum molecular dy-
namics (QMD) [6-8] models and have been discovered
experimentally [9-13].

As the impact parameter approaches zero, more and
more nucleons are part of the central reaction zone. In-
formation about the nuclear equation of state away from
the saturation point at E(p = po = 0.16 fm ™%, T = 0) =
—16 MeV /nucleon can be searched for in this zone.

It is one of the crucial questions in heavy ion physics:
whether the concept of an equation of state (EOS) is ap-
plicable to these conglomerates of nucleons, which evolve
from an initially completely nonequilibrated configura-
tion. An equation of state only makes sense in an equi-
librium situation. Thermal equilibration especially has
been much debated [14,15]. There are two hints that
equilibration, at least locally, seems to be a reasonable
assumption: Fluid dynamical calculations, which are ba-

0556-2813/94/50(4)/2085(11)/$06.00 50

sically footed on this assumption, are quite successful in
explaining various experimental findings. Moreover, tem-
perature fits to energy or momentum spectra of the emit-
ted particles can be utilized to parametrize the measured
data [16,17]. Little information is available correspond-
ing to chemical equilibration.

The initially compressed zone will later on expand
again, a process which is governed by the freeze-out of
clusters. According to hydrodynamics [18] this expansion
is almost adiabatic (=isentropic), so that the tempera-
ture will drop considerably. This implies that the major
fraction of entropy will be created in the early stages of
the collision. Although the freeze-out happens in the late
stages, these clusters still carry information about the
thermodynamical properties of the initially compressed
system. The pressure, temperature, entropy, and energy
content of the hot and dense medium are the relevant
quantities, which have to be deduced in order to learn
about the nuclear equation of state. Unfortunately none
of them can straightforwardly be measured in an experi-
ment.

However, beside the above mentioned projectile-target
combination and the incident energy, there exists a third
parameter, to which until now, only minor attention has
been paid: The charge to mass or equivalently the N/Z
ratio of the system under consideration appears to dom-
inate the nuclear chemistry, in particular at the lower
energies. Nevertheless, the N/Z ratio is not expected to
play an important role for the gross features of the mass
or charge distribution, but it can give a strong impact on
the abundances and particle ratios in particular isotopic
channels.

Variation of the initial isospin of the combined system
should give new insights to the equation of state physics.
Numerous infinite matter calculations are done under the
stringent condition of symmetric (N = Z) nuclear mat-
ter. Although the collective effects, i.e., the flow of free
neutrons is similar to protons [19], a large neutron excess,
which is more likely in heavy nuclei, may have strong im-
pact on the fragmentation of finite nuclear systems.

In principle the fragment distribution could serve as an
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indicator for chemical equilibration. However, the infor-
mation deduced from the cluster yields has to be taken
with care, because those fragments which are detected fi-
nally will not correspond to a chemical equilibrium con-
figuration. The half-life times of some isotopes of the
equilibrated system are short compared to the time scale
until the expansion phase has ceased. Therefore, their
decay has to be taken into account, which yields final
fragment distribution, which does not reveal a chemical
equilibrium configuration.

In the following section we will briefly outline the main
features of the quantum statistical model (QSM). Then
the influence of the isospin of the system on the fragment
distributions will be presented. Under the assumption of
a large chemically equilibrated source, several predictions
on particle yields in symmetric heavy ion collisions are
made. Finally a summary of the material is given.

II. THE QUANTUM STATISTICAL MODEL

In the following we briefly describe the quantum sta-
tistical model (QSM) [20,21]. It treats the breakup of
an excited nuclear system in equilibrium. Such systems
may be single excited nuclei as well as some composite
bulk of nucleons, which is formed in heavy ion collisions.
In principle there are several possibilities for a statistical
description of the breakup. All these methods have in
common that the filling of the available phase space is
calculated, either on average or on the basis of an event
by event sampling. It depends on the ensemble used in
the particular model. There exists a couple of attempts
to probe the microcanonical phase space by means of
Metropolis importance sampling method [22-25]. Intro-
ducing a temperature rather than a fixed energy of the
system, a canonical ensemble has to be simulated [26].
There are various models dealing with the statistical frag-
mentation of excited nuclei in this manner. However, all
these methods need the exact size of the system, which is
actually decaying, as an input. Especially in experiments
where the high excitation is reached by usage of heavy
ions, the initial size is not easily deduced due to preequi-
librium effects and the fact that only a part of the nu-
cleons participates in the direct reaction (cf. participant-
spectator picture). Competing models [27,28] do not rely
on the stringent assumption of an overall equilibrated
source, which suddenly breaks into pieces. Here a big,
excited nucleus decays by sequential evaporation of light
particles and intermediate mass fragments which them-
selves may further decay, until the excitation energy falls
below the threshold for particle emission for each single
fragment produced.

QSM operates in the grandcanonical ensemble, i.e., the
equilibrium state is characterized by a density and a tem-
perature. Hence, the particle number plays only insofar
a role, that the relative abundances may be normalized
to a finite size of the total system. Nevertheless, a third
variable, namely the N/Z ratio controls the isotopic dis-
tribution of the fragments produced.

In fact, QSM calculates the nuclear fragment distri-
bution in complete thermodynamical equilibrium. In

KONOPKA, GRAF, STOCKER, AND GREINER 50

its present numerical realization, 961 stable and insta-
ble states up to mass 20 are considered. Further stable
isotopes up to mass 208 are included in the calculation.
The latter are not essential for the outcome of the model
as far as the energies are as high as they are in this case.
They contribute only little to the equilibrium distribu-
tion; more than 99% of the initial mass will be stored in
clusters not heavier than A = 20.

The calculation consists of finding the protochemical
and neutrochemical potentials u, and p, for a fragment
mixture at some density p and temperature 7. The finite
volume of nucleons and fragments is explicitly included
in the model. This leads to a effective reduction of the
available volume. For each fragment specie the proper
statistics (Bose-Einstein or Fermi-Dirac, respectively) is
used together with the proper statistical weight. In global
chemical equilibrium the chemical potential of fragment
specie © is

where Z;, N;, and E; denote the charge, the neutron
number, and the total binding energy of this particu-
lar state. By integration over the relevant distribution
functions one obtains the primordial cluster distribution,
which will be distorted due to the decay of the parti-
cle instable states among them [29-31]. This decay is
carried out by calculating the barrier penetration prob-
ability in WKB approximation. The correct phase-space
factor is obtained by summation over all possible angular
momenta [ which can couple with the spin of the ejectile
to the total spin j. vy decays are always assumed to end
up in the ground state.

III. SYSTEMS IN NUCLEOCHEMICAL
EQUILIBRIUM

In the following we consider an idealized scheme: Us-
ing the quantum statistical model introduced above, we
calculate nuclear fragment distributions emerging from
chemically equilibrated sources produced in central reac-
tions of heavy ions at midrapidity or around projectile
rapidity in peripheral reactions. Detailed comparisons
with measured data can help to determine the extend of
equilibration. Furthermore, it will give new information
on the nuclear equations of state, namely, on the chemical
potentials involved.

A. Entropy deduction from fragmentation data

The possibility of determining the created entropy via
measurable observables has been much debated. The
QSM has been applied for this purpose: Various observ-
ables like the djixe/Prike ratio [32] or other relative multi-
plicities of complex fragment up to a’s have been related
to the baryonic entropy [33-36]. Therefore, the entropy
can be deduced indirectly from measurement. However,
the final results will depend on the model which actually
has been used. Even more so, there are also dependences
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on model parameters. In the case of the QSM the most
important parameter is the breakup density, i.e., the den-
sity at freeze-out. As we will show later on, QSM can
make predictions about different particles and systems,
predictions that are independent of the freeze-out density
used in the calculation.

Recently it has been demonstrated that heavy frag-
ments emerging from the innermost reaction region can
be used to “measure” the amount of baryonic entropy
[37]. Besides other observables the normalized total mul-
tiplicity of charged fragments can be used for an unique
S/A determination, nearly independent of the freeze-out
density.

The QSM operates in the grandcanonical ensemble.
This is well suited for our purposes, since we are in-
terested in comparisons with experimental data, where
each detected event is recorded in a limited part of the
total phase space. Therefore, even if very restrictive
event selection criteria were applied, the number of par-
ticles and the total energy detected changes from event
to event. To treat this correctly with a microcanonical
model [22,23,25] would require one to produce a large
number of events and take the average over several mi-
crocanonical samples. On the other hand, if equilibration
is established, restrictive selection criteria, which select
only a few percent of the most violent events with a large
number of nucleons involved, will give a sample of events
similar to the situation present in a macrocanonical en-
semble, provided that the fluctuations are of statistical
origin only. The latter is characterized by a volume, a
temperature, and the chemical potentials. There are no
further assumptions on particle number or energy. The
macrocanonical approximation will not provide informa-
tion about the fluctuations, but predicts all ensemble-
averaged observables. Even more so, detailed compar-
isons with a microcanonical code have shown, that finite
size effects change the results by a few percent only [38].

B. Nuclear matter at low densities: evidence for a
nuclear cluster equation of state

To understand the isospin dependence in detail, we re-
call that the chemical potential for each individual frag-
ment species ¢ is Eq. (1). The chemical potential can be
decomposed into a contribution which is proportional to
the mass number of the isotope under consideration and
a term which grows linearly with the isospin component

1,  Z—N,

3— P .
T = Z: - 5 A; > )

If the binding energy is neglected, which is a good ap-
proximation especially at higher temperatures and for
heavier clusters, such a representation can be established
when the chemical potentials p, and p, are combined
into a nucleochemical and isochemical potential:

+
HMnucleo = H‘p_zﬁ )

Hiso = Hp — HUn - (3)
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FIG. 1. Nucleochemical and isochemical potential as a
function of temperature. Various systems distinguished by
their N/Z ratio are displayed. In the T' — 0 limit pgnucleo
approaches ~ —8 MeV, the average binding energy of heavy
nuclei, rather than +16.5 MeV as for a fourfold degenerated
Fermi gas, indicated in the left portion of the figure, at the
same density. The breakup density has been kept constant
at 0.3po. The influence of the isospin becomes less important
with increasing temperature—note the different ranges on the
1 axes.

Thus the fragment chemical potential reads

+ n Z’L_N1
/—Li:(Zi+Ni)ﬂp2” + 2 (kp — pn) + B;

= Ai/‘nucleo + T?Hiso + Bi . (4)

The nucleochemical and isochemical potentials can be
interpreted as the energy needed to add an additional
nucleon to the system and to change the isospin of the
system by one unit, respectively. This can be seen in Fig.
1, where pfinucleo and piso are shown as a function of the
temperature. Different systems differ only as far as the
isochemical potential is concerned. The nucleochemical
potential is practically equal for all systems regardless
of their isospin. As T goes to zero, pnucleo CODVeErges
to &~ —8 MeV. This value is due to the clusterization
of complex fragments in low entropy nuclear matter at
subsaturation densities as proposed in [39]. In the ab-
sence of clusterization, the nucleochemical potential of
an equivalent system at the same density (consisting of
free protons and neutrons only) is positive, +16.5 MeV.

At the lowest temperatures the binding energy be-
comes important for the abundance of clusters. Strongly
bound clusters will be dominating. The yields will be
controlled both by the isospin as well as by the binding
energy of the fragments.

Nuclear matter at 7' = 0 and at densities below pg
prefers a configuration, where the nucleons are glued to-
gether to form heavier clusters [39,40]. Spatial homoge-
nuity is not established on the nucleon level but on a
larger scale, where the combined clusters can be regarded
as the elementary objects. This interpretation is some-
what density dependent; at the higher densities in par-
ticular the lighter clusters immerse in the continuum—
the Mott transition in nuclear matter [41,42]. When the
temperature is increased, the system behaves more and
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more like an ideal Fermi gas of protons and neutrons.
The influence of the isochemical potential becomes less
important (note the different scales on the axes in Fig.

1).

In addition to the temperature the entropy gained also
characterizes the state of the system. Moreover, it nearly
stays constant during the expansion phase after a heavy
ion collision [18], unlike the temperature, which drops
considerably. This is also in accordance with the fact that
the temperatures deduced from pion yields or charged
particles momentum spectra are too high to be consistent
with the large cluster abundances observed. However, an
unresolved puzzle remains to be why thermal and chem-
ical equilibrium should be established at different scales.

Although based on observables of the final state of the
reaction, the baryonic entropy is connected also to the
thermostatic properties of the high density phase. It pro-
vides additional information on the overall phase space
occupancy in the final stages of heavy ion reactions. This
is of special interest, since there is only little informa-
tion about the mass distribution in configuration space
at freeze-out. Therefore, it is important to relate the
chemical potentials to the entropy per nucleon in order
to show how fragmentation and overall phase space cov-
erage are connected.

As a matter of fact, the primary yield of particle species
1 is controlled by its fugacity

zi——-exp{:-—;,}, (5)

hence the ratio p/kT is the relevant quantity for the frag-
mentation. Its entropy dependence is displayed in Fig.
2, where the nucleochemical and the isochemical poten-
tial divided by the temperature are shown as a function
of the entropy for the systems Ca+Ca, Ni+Ni, Sn+Sn,
Au+Au, and U+U. The nucleochemical potential is not
influenced by the initial N/Z ratio of the system. This
explains the overall similarity in the gross features of the
mass distributions regardless of the isospin of the initial
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FIG. 2. Nucleochemical and isochemical potential divided
by temperature as a function of entropy per nucleon for
Ca+Ca, Ni+Ni, Sn+Sn, Au+Au, and U+U systems. The
nucleochemical potential does not depend on the initial N/Z
ratio of the system.
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system. At rather low temperatures or correspondingly
rather low entropies, the isochemical potential and also
the related fugacity factor become more important, so
that the isospin of the species as well as the mass are of
equal relevance for the population.

C. The reduced total fragment multiplicity; link
between theory and experimental observations

In order to compare our predictions with experimental
data independent of the size of the decaying system, we
introduce the reduced total fragment multiplicity M;eq
as the number of the emitted charged products N, di-
vided by the total charge Zi,4 of the system. Due to
the high complexity of the event shapes and the vari-
ety of possible reaction mechanisms, which are partially
purely dynamical effects, experimentally the only frag-
ments that have to be considered are those that really
stem from regions in phase-space, where the participat-
ing nucleons have undergone a sequence of hard collisions
and equilibrium may have been established. Unlike pre-
vious works, this excludes, e.g., the bounced projectile
and target spectators. Therefore the corresponding ex-
perimental reduced total fragment multiplicity is defined
as

expt ; n(Z)
red ZZTI(Z) ’ (6)
Z c.r.r.

where c.r.r. (= central reaction region) indicates that in
some way only particles from the central region are taken
into account. This is mandatory since one aims only at
those particles which have the highest probability of be-
ing chemically equilibrated. Unfortunately, there exists
up to now no recipe which provides a proper selection
of the participant zone. From the experimental point of
view, only angular cuts or cuts in momentum space are
applicable. However, these will depend on the specific
setup.

Indeed, the quantity M;.q does not characterize the
centrality of the reaction, unlike the absolute multiplic-
ity used in previous experimental analyses. For recent
4w experiments it can be demonstrated that M;eq does
only depend on the incident energy but not on the cen-
trality of the reaction. Our finding suggests that the
intensive thermostatic properties of the hot and dense re-
gion around midrapidity are essentially controlled by the
energy transfer per particle to it—only its total size is
determined by the impact parameter. Nevertheless, it is
highly appropriate to select only such events with a large
participant volume. More peripheral collisions will pre-
dominantly feed the bounced spectator, which has been
shown to be usable as a barometer of the reaction [43].

In this paper in particular heavy ion collisions in the in-
cident energy range up to 1 GeV/nucleon are considered.
The effect of a dynamical change of the N/Z ratio due
to pion emission can be neglected below 1 GeV /nucleon.
Generally, it is assumed that in the innermost reaction
region the N/Z ratio is the same as in the combined
projectile-target system.
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Different systems are normalized with respect to their
total charge rather than to any other possible number like
the total mass or neutron number of the system because
of several reasons: From the experimental point of view,
it is much easier to detect the charge rather than the
mass of the emitted fragments. Second, frequently used
heavy ion systems have a neutron excess, while almost all
produced clusters have masses below 20, where the most
stable isotopes have more or less equal proton and neu-
tron numbers. Hence the primary fragment distribution
is basically controlled by charge conservation, whereas
the conservation of the neutron number is responsible
for the abundances in specific isotopic channels. How-
ever, the situation is not as clear as that, because many
of the primarily produced fragments are particle instable
and do undergo decay, which may feed the yields of a
particular species to a large extent, which is not in ac-
cord with a chemical equilibration of the final fragment
distribution.

Figure 3 shows the reduced total fragment multiplicity
M,eq versus the baryonic entropy per nucleon S/A for
various systems at a breakup density of 0.3p¢. It is re-
markable that the entropy dependence of M,.q does itself
not depend on the N/Z ratio of the initial system. Never-
theless, the relation between incident energy and M,.q, or
equivalently the relation between S/A and Ej,p, may be
isospin dependent. The former relation Meq(Eiab) can
easily be obtained from systematic experimental studies.
In particular, for the system Au+Au this excitation func-
tion is known; see Table I in [37]. These findings can be
used to predict the excitation function of various parti-
cle ratios for this system on the basis of the QSM. The
range of M;.q =0.57-0.83 corresponds to laboratory en-
ergies from 150 to 800 MeV /nucleon for Au+Au. The
values stated depend somewhat on the experimental def-
inition of the central reaction region. Note that even at
the higher energies, the amount of fragments is substan-
tial.
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FIG. 3. Reduced total fragment multiplicity as defined
in the text as a function of the baryonic entropy for the
systems *°Ca+*°Ca, 5°Ni+°®Ni, '2°Sn+412°Sn, 1°7Au+127Au,
and 2*®U+2%8U. A value of 0.3p, has been chosen for the
freeze-out density. The final fragment distribution is uniquely
related to the baryonic entropy of the system, regardless of
its N/Z ratio. This behavior is present for all densities.
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D. Relative yields of light particles and their
ratios—messengers of the nuclear chemistry

This universality with the initial isospin or N/Z ratio
encouraged us to use the reduced total fragment multi-
plicity rather than the entropy as the independent, exper-
imental accessible variable, versus which all other quan-
tities can be plotted. This procedure has the basic ad-
vantage that measurable quantities only are used in the
corresponding representations, so that the QSM predic-
tions can easily be tested in experiments.

Comparing Fig. 4 left- and right-hand sides, it is ap-
parent that deuterons and a’s are of different origin: The
former correspond to light particle emission, which is a
relevant channel even at the higher energies, e.g., at the
AGS [4,44]. On the contrary, the a yield diminishes pro-
gressively with increasing M,.q or incident energy. Ob-
viously the nucleochemical potential is dominating the
situation.

As can be seen from Fig. 4, the relative contribution of
light particles with equal proton and neutron numbers,
where the influence of the isochemical potential is ab-
sent, to the total charged particle multiplicity is nearly
equal for all systems, independent of the N/Z ratio. This
should be different for neutron rich or neutron poor iso-
topes. For example, provided that chemical equilibrium
is achieved to some extent, neutron rich isotopes should
be more likely emitted from systems with a high N/Z ra-
tio than from isosymmetric systems. The opposite should
be true for neutron poor isotopes. This is illustrated in
Fig. 5, where the relative abundances of a neutron rich
and a neutron poor isotope, ¢t and 3He, respectively, are
plotted versus M,.q. Here it is quantitatively proven that
even after the secondary decay of the excited primordial
fragments the neutron rich ¢ is more likely produced with
systems having a high neutron excess. ¢ is a factor of 2
times more abundant in U+U rather than in Ca+Ca sys-
tem, whereas in the N = Z case of Ca+Ca 3He is more
frequently produced than in the N > Z case of U+U.

Protons are bound in clusters, which do not have the
ability to keep the high N/Z ratio of the initial system.
This leads to an enhanced production of free neutrons in

0-25 T | T I T [ T L I T | T | T 0.25
Ca+Ca \ 4
0.20 -~ Ni+Ni 7 - 0.20
| ——- Sn+Sn / \ 7 J
| — - Au+Au /7 _ _
50.15 [~ - U ‘.// 0350 ] 0.15 3
0.10 |- 7 ,;/ - 0.10
- /T J
0.05 — 0.05
0.00 L el IR IR N P BTN N TN B l 0.00
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Mred Mred

FIG. 4. Relative amount of deuterons (left-hand side) and
a particles as a function of the reduced total fragment multi-
plicity for different systems with varying N/Z ratio.
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FIG. 5. Relative yields of t and 3He for different systems
between Ca+Ca and U+U. A breakup density of 0.3po has
been used.

the intermediate energy domain. This behavior will be
less pronounced when the N/Z ratio of the initial sys-
tem is lowered. Moreover, as it can be seen from Fig.
6, right-hand side, for systems which have equal partici-
pating proton and neutron numbers, the opposite is true.
Here the neutrons are needed in order to glue together
the intermediate mass fragments produced. Hence, free
protons are emitted more frequently than free neutrons.

The isospin dependence can even more be amplified
when considering ratios of yields of neutron rich and neu-
tron poor isotopes. These ratios depend strongly on the
chemical composition of the initial system. Moreover,
they reveal strong entropy dependence and may therefore
serve as a tool for entropy measurements. Additionally,
they have the advantage that the volume dependence par-
tially divides out, since the yields are proportional to the
available volume. In Fig. 6, right-hand side, this be-
havior is expressed by the neutron-to-proton ratio which
approaches only asymptotically the value expressing the
N/Z ratio of the entire system. For the most asymmet-
ric systems, we observe a tremendous neutron enhance-
ment compared to free protons. Taking the measured
Au+Au data and assuming a breakup density of 0.3po

simultaneously. Nevertheless there exist first experimen-
tal observations, which support the prediction of a strong
rise of the n/p ratio for systems with a large N/Z ratio
as the bombarding energy is lowered [45,46]. Regarding
the ratio of the number of neutrons over the number of
hydrogen, the strong M,eq or energy dependence van-
ishes. As displayed in Fig. 7 for values of M;q > 0.5
the curves are almost flat for the Ni+Ni as well as the
Au+Au case. Nevertheless, this QSM prediction can eas-
ily be confronted with the data taken with the LAND
device [19] at GSL.

However, the strong isospin dependence is preserved
when considering the ¢ over *He ratio. Similar to the n/p
case, here the nucleochemical potentials of both species
are equal, but their isospin differs by one unit. A small
disturbance enters through the different binding energies
of t and 3He, which will become relevant at the low-
est temperatures only. The t/3He ratio shows a behav-
ior similar to n/p; see Fig. 8. Large deviations are ob-
served around M.y < 0.7 from the expectation when
the proton-neutron composition of the the initial sys-
tem is assumed. For systems with a high neutron ex-
cess, t/3He exceeds the N/Z ratio of the heavy ions by
a factor of 3 and more at the lower energies. This large
number demonstrates that the formation of light particles
and fragments at these energies cannot be understood in
terms of a coalescence picture. This is in agreement with
the findings in a-induced reactions at 43 MeV /nucleon
[47]). This effect becomes even more drastic when low-
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FIG. 6. Free neutron to free proton multiplicity as a func-
tion of Mieq. Left-hand side: Dependence of n/p for the
Au+Au system on the chosen break-up density. Right-hand
side: The corresponding curves are shown for the Ca+Ca,
Ni+Ni, Sn+Sn, Au+Au, and U+U systems.
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FIG. 7. Neutron-to-hydrogen ratio as a function of M;eq for
reactions of Ni+Ni and Au+Au for breakup densities varying
from 0.1pg to 0.5p0.
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FIG. 8. Same as Fig. 6 for the t/*He ratio.

ering the energy further: Neutrons may be emitted 10
times more frequently than protons.

As the system’s isospin goes towards zero (Ni+Ni and
Ca+Ca), the incident energy (cf. M;eq dependence) be-
comes much weaker, and the n/p and the t/*He ratio
reveal the N/Z ratio of the entire system over a wider
range of multiplicities. The predicted large differences
emerging when considering, e.g., Ca+Ca and U+U could
easily be tested in experiments. In addition, our predic-
tions do only weakly depend on the breakup density used
in the calculation.

There is another qualitative difference between Ca+Ca
and systems with a neutron excess. n/p and t/3He first
increase with bombarding energy for Ca+Ca, whereas
the ratios decrease for the other system. If the mass of
the clusters under consideration increases further, e.g.,
the 8He-to-%Li ratio, also the Ni+Ni system changes the
slope of the energy dependence. This ratio increases for
Ni+Ni with M eq like in Ca+Ca, but unlike the other
ratios (n/p and t®He) (Fig. 9).

One should be cautious, though, about interpreting
measured particle yields directly in terms of a possible
chemical equilibration. In the equilibrium calculation a
large number of particle instable states have to be taken
into account, because their lifetimes are longer than the
time scales involved for the equilibration processes. The
lifetimes of these isotopes are far too short in order to be
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FIG. 9. Same as Fig. 6 for the *He/®Li ratio.
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detected directly. However, they can be measured by two
particle correlations. A wide variety of particle instable
states (and +y instable states) has been observed and their
abundances are in accordance with the QSM predictions
for final temperatures about T =~ 5MeV [48-50]. The
final fragment distribution including feeding from insta-
ble states does not exhibit the shape of an equilibrium
distribution: several components, which participated in
the equilibrium configuration have vanished completely.
This is a large effect as shown in Fig. 10 and Fig. 11. Here
the relative yields of d, «, ¢, and 3He are plotted in the
equilibrium (labeled primordial) and in the final stage.
Secondary decays, as mentioned, feed particular channels
with multiples of the original yields of this isotope. Thus,
it cannot be expected that the initial isospin trivially will
have an impact on the final fragment distribution. Such
a dependence, although present in the primordial (i.e.,
equilibrium) stage, does not necessarily need to survive
the distortions due to the strong secondary decay effects.

From Fig. 12 it is obvious that this effect is present
for nucleons too. In the interesting range M;.q = 0.6 —
0.8 only one-third of the free nucleons in the final stage
directly originate from the initial hot and dense region.
Therefore the measurement of free nucleons, in particular
of free neutrons, gives only partially a direct view into
the interesting zone. A large portion of the free nucleon
yields is affected by the motion of (excited) fragments
plus their nuclear spectroscopy.

Since we know the relation between incident energy
and the quantity M;eq from recent measurements [37],
and we have seen that some particle ratios do not de-
pend on the breakup density chosen in our calculations,
we can make distinct predictions about the excitation
function of these ratios for the Au+Au system. Our pre-
dictions concerning the ratios for n/p, t/>He, °*He/®Li are
summarized in Table I.

There are several heavy ion experiments in the energy
range of interest. Devices which cover almost completely
a 4w geometry could address the question to which degree
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FIG. 10. Relative yields of deuterons and a’s as a function
of M;ea for Au+Au at 0.3pg. Solid lines represent the final
distribution, whereas the dotted line shows the primordial
distribution before the deexcitation of the particle instable
states. The latter corresponds to the chemically equilibrated
system.



2092

KONOPKA, GRAF, STOCKER, AND GREINER

50

TABLE I. Summarized predictions of the quantum statis-
tical model for a selection of particle ratios for Au+Au in the

incident energy range from 150 to 800 MeV /nucleon.

The

excitation function of the reduced total fragment multiplic-
ity is taken from [37]. The extracted numbers only weakly
depend on the freeze-out density. The indicated errors corre-

spond to the uncertainty of this parameter. E is in units of
MeV /nucleon.
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FIG. 11. Same as Fig. 10 but for t and 3He.

F Mieq n/p t/3He 6He/ﬁLi

150 0.57 4.29 + 0.04 3.94 £+ 0.23 1.05 + 0.19
250 0.67 3.14 £+ 0.05 2.94 + 0.07 0.89 £+ 0.17
400 0.74 2.69 + 0.06 2.56 + 0.03 0.82 + 0.15
600 0.79 2.42 + 0.05 2.32 + 0.02 0.77 £ 0.13
800 0.83 2.23 + 0.04 2.16 + 0.01 0.73 £ 0.11

chemical equilibrium is established in central reactions of
really heavy ions. The physics of thermal and chemical
equilibration, the search for a liquid-vapor phase tran-
sition [51-53], and the multifragment breakup [54-56] is
tightly related to the research program at the Plastic Ball
spectrometer [13,34,35], the EOS time projection cham-
ber [57], the FOPI detector at GSI [58], the ALADIN
(GSI) + MSU Miniball setup [59], and the forthcoming
INDRA detector at GANIL [60]. Unfortunately, data on,
e.g., the t/3He ratios at 150 MeV /nucleon Au+Au [13,61]
differ by factors of 2-3. However, these data have been
obtained in different rapidity bins and not over all 4.
The detectors should in the future provide data on the
matter for a wider range of phase space.

Equilibrium is indeed a crucial aspect as far as the
phenomenon of multifragmentation [54-56] is concerned.
Models on multifragmentation often rely on the assump-
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i — — t/'He (Ni+Ni)
8 - —— n/p (Au+Au) _|
----- He (Au+Au)
r ® n/p (Au+Au) 1

A He (Au+Au)
]

particle ratios

0
00 05 10 15 20

Ei.n [GeV/nucleon]

FIG. 12. Excitation function of n/p and t/*He for the
Ni+Ni and Au+Au system. Shock calculation of Ref. [63] has
been used to extract the entropy as a function of the bombard-
ing energy. These results are shown as lines, whereas the sym-
bols correspond to the predicted ratios using the measured
reduced total fragment multiplicities for the system Au+Au.

tion that the emitting system is equilibrated and the pro-
cesses can be treated with statistical methods [24,62]. In
the past, reasonable agreement between calculations and
data has been achieved. It should be mentioned that
these models often do not give the event-by-event phase
space distribution, even do not analyze data with respect
to single source emission. Mass and charge yields can be
fairly well reproduced by these type of models. How-
ever, as we have demonstrated, a possible chemical equi-
libration has severe consequences on the isotopic distri-
butions, whereas the mass or charge yields may be less
informative. The latter may be explainable in terms of
dynamical models like VUU and QMD. On the other
hand, in these models fragments are formed via a coa-
lescence mechanism, hence isotope ratios correspond to
the combinatorics of the number of protons and neutrons
involved. A future experimental confirmation of the de-
tails of the predicted enhancement of the various particle
ratios with increasing neutron excess in the system would
therefore serve as a strong indication for chemical equi-
librium. On the contrary, an overall disagreement would
point to nonequilibrium processes even in the most vio-
lent reactions and would indicate a quest on the applica-
bility of all kinds of equilibrium scenarios as a description
of heavy ion reactions.

The most drastic trends are expected at incident en-
ergies below 200 MeV /nucleon; see Fig. 13. Using the
entropy values obtained with a shock calculation for a
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106 5
L
Hoa42
- 0.2
0.0 il |--1 P .-1"'|"'|"Al " ] 0.0
0.2 0.4 06 0.8 0.2 0.4 0.6 0.8 1.0
Mred Mred

FIG. 13. Primordial and final yields of free nucleons.
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equation of state with a compressibility of 270 MeV [63]
QSM can also predict the evolution of ensemble averaged
observables with bombarding energy. n/p and ¢/3He par-
ticle ratios for the systems Ni+Ni and Au+Au are rep-
resented by lines. The symbols correspond to the values
summarized in Table I. For the heaviest possible sys-
tems with their large neutron excess, the production of
free neutrons and neutron rich isotopes, especially the
triton, is strongly enhanced. Unfortunately this energy
domain is not well covered experimentally up to now.
The maximum intermediate mass fragment (IMF) mul-
tiplicity is expected between 50 and 150 MeV /nucleon
[8]. According to the quantum statistical model, at these
rather low incident energies a’s should be emitted with
a high probability. Depending on the breakup density,
at the maximum on the average between 30% and 40%
of the total charge will be stored in the a channel (see
Fig. 4). Along with the QSM expectations, this should
happen even above the energy needed for the maximum
IMF production. Thus, heavy ion collisions below = 200
MeV /nucleon can shed light on new properties and the
decay of excited nuclear matter.

IV. SUMMARY

The quantum statistical model has been applied to
study the isospin dependence of fragment production in
heavy ion collisions in the few hundred MeV /nucleon in-
cident energy regime. The fragment mass distribution is
controlled by the nucleochemical potential and is inde-
pendent of the initial neutron to proton ratio. On the
other hand, in chemical equilibrium the abundances of
specific isotopic channels is strongly influenced by this
ratio. We have shown that the reduced total fragment
multiplicity is correlated to the baryonic entropy in a
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unique way. The use of Mg rather than S/A as the
independent variable provides predictions which can be
tested experimentally quite easily. In particular, relative
particle and light cluster abundances have been calcu-
lated for various systems between Ca+Ca and U+U.

The isochemical potential plays a dominant role for
particle ratios as n/p, t/>He, and ®He/SLi. It forces sys-
tems with a large isospin to a preferential emission of
neutron rich isotopes. These ratios do not reveal the
original N/Z ratio of the entire system but exceed it by
a factor of 2-3 and more at moderate incident energies.
It is concluded from this observation that the composite
fragment formation cannot be interpreted as a coales-
cence process.

Several particle ratios are predicted as a function of
energy for the system Au+Au. The complete total re-
duced multiplicity dependence of these ratios for the sys-
tems Ca+Ca, Ni+Ni, Sn+Sn, Au+Au, and U+U is pro-
vided. Some observables among these, in particular the
particle ratios, appear to be independent of the freeze-
out density—the only adjustable parameter in the QSM.
These observables may therefore serve as an excellent
measure of the entropy created in most central heavy
ion reactions, if the model predictions are valid.

The forthcoming generation of 47 detectors with the
ability for an accurate, simultaneous charge and mass de-
termination will be able to test these predictions experi-
mentally. Detailed comparisons will supply new insights
into the (chemical) equilibration process, the chemical
potentials, and the absolute amount of entropy produced
in heavy ion collisions.
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FIG. 1. Nucleochemical and isochemical potential as a
function of temperature. Various systems distinguished by
their N/Z ratio are displayed. In the T — 0 limit pgnucleo
approaches ~ -8 MeV, the average binding energy of heavy
nuclei, rather than +16.5 MeV as for a fourfold degenerated
Fermi gas, indicated in the left portion of the figure, at the
same density. The breakup density has been kept constant
at 0.3po. The influence of the isospin becomes less important
with increasing temperature—note the different ranges on the
/L axes.



