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Direct Experimental Evidence of Nonequilibrium Energy Sharing in Dissipative Collisions
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Primary and secondary masses of heavy reaction products have been deduced from kinematics and
energy–time-of-flight measurements, respectively, for the direct and reverse collisions of100Mo with
120Sn at14.1A MeV. Direct experimental evidence of the correlation of energy sharing with net mass
transfer and model-independent results on the evolution of the average excitation from equal-energy to
equal-temperature partition are presented. [S0031-9007(97)02323-5]

PACS numbers: 25.70.Lm, 25.70.Pq
de-
ct.
ple
is-

m
we
o-
y.
ent
ct
ot
nd
el
ith
ng
of

-
of

e
ts,
ch
c-

ring
ing
rse
us

ng
f-

x-
ith
ly)
on

tion
a

en
The determination of the microscopic mechanism of e
ergy dissipation and energy partition between the reacti
partners of a dissipative collision has been a controvers
subject of debate in the past years [1–12] (for a revie
see [13]). The excitation energy sharing presents an e
lution with the inelasticity of the reaction: In quasielasti
events the two reaction partners reseparate with alm
equal excitation energies, but with increasing dissipatio
there is a trend towards equilibrium partition (i.e., excita
tion energy shared in proportion to the mass of the fra
ments). In most cases, however, such a condition see
not to be reached even for the largest dissipated en
gies [2,6,9,11]. These experimental findings can be e
plained by models [14] which describe the evolution o
many macroscopic observables by means of stochastic
changes of single nucleons between the interacting nuc
More refined experiments [4,7,10] claimed that the excit
tion energy division is correlated with the net mass tran
fer, with an excess of excitation being deposited in th
fragment which gains nucleons. Moreover, the strength
this experimental correlation seems to be largely indepe
dent of the degree of inelasticity [10] and this latter resu
seems difficult to understand within a stochastic nucleo
exchange picture. The present Letter aims to obtain, in
model independent way, direct experimental informatio
on this subject.

In a previous paper [15], we used the sequential fi
sion to investigate the degree of equilibration between t
two reaction partners at the end of the interaction. Th
was achieved with an asymmetric system (120Sn 1 100Mo
at 19.1A MeV) in which a given primary massA corre-
sponds to different net mass transfers for projectile- a
targetlike fragments (PLF and TLF). The striking resu
was that the curves of fission probabilityPfiss vs fission-
ing mass for PLF and TLF do not coincide: For a give
A, Pfiss for the TLF (which gained mass) was significantly
larger than for the PLF, even at large total kinetic energ
losses (TKEL). However, sequential fission, while pro
viding a tool of great sensitivity, did not allow us to de
termine which variable (among those relevant to fissio
28 0031-9007y97y78(5)y828(4)$10.00
n-
on
ial
w,
vo-
c
ost
n
-

g-
ms
er-
x-
f
ex-
lei.
a-
s-
e
of
n-
lt
n
a

n

s-
he
is

nd
lt

n

y
-

-
n,

e.g., excitation energy, isospin, angular momentum,
formation) is mainly responsible for the observed effe
Moreover, fission events form a somewhat biased sam
and may be not fully representative of all events of a d
sipative collision within a specific TKEL bin.

In order to investigate whether similar nonequilibriu
effects are present also in the two-body exit channel,
turned to a different tool, namely the light particle evap
ration, which depends mainly on the excitation energ
This procedure was applied in the past to measurem
of PLF from rather asymmetric systems studied in dire
kinematics only [4,8,10] and required a detailed and n
trivial comparison between the experimental results a
evaporation calculations. To avoid relying on mod
calculations (which become increasingly uncertain w
increasing excitation energy), we aimed at compari
not the data with a model, but directly two sets
experimental data.

With an asymmetric colliding system, one might com
pare the two event samples in which reaction products
a given massA are PLF or TLF, this fact implying dif-
ferent “histories” (gained or lost nucleons). To overcom
the severe experimental difficulties (like threshold effec
poor resolution, and critical dead layer corrections) whi
impede the measurement of the TLF with sufficient a
curacy, we devised the alternative approach of measu
the secondary mass of the PLF only, however, study
the same asymmetric collision both in direct and reve
kinematics. This approach gives also the additional bon
that the efficiencies for the detection of the PLF, bei
quite similar for the two kinematics, practically do not a
fect the result of the comparison.

This Letter presents for the first time a direct e
perimental evidence (based not on comparison w
evaporation models, but on experimental results on
indicating that the number of emitted nucleons depends
the net mass transfer experienced by the primary reac
products. This observation is strongly suggestive of
nonequilibrated sharing of the excitation energy betwe
the two reaction partners.
© 1997 The American Physical Society
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Beams from the Unilac accelerator of GSI-Darmsta
were used to study the asymmetric collision100Mo 1
120Sn at 14.1A MeV, both in direct and reverse kinema
ics. The moderate asymmetry of the entrance channel
chosen in order to make sure that a common range
masses for PLF and TLF was available even at not
large TKEL The chosen isotopes, having almost the sa
NyZ ratio (1.38 and 1.40 for100Mo and 120Sn, respec-
tively), ensure that isospin equilibration plays a negligib
role. The experiment was based on the measuremen
both the primary (via the kinematic coincidence metho
KCM) and secondary mass (via additional measurem
of the kinetic energy) of the PLF.

Heavy (A $ 20) products were detected in an arra
of 12 position-sensitive parallel-plate avalanche detect
(PPAD), covering about 75% of the forward hemisphe
[16,17]. The FWHM resolutions of time of flight and
position were 700 ps and 3.5 mm, respectively. Fro
the measured velocity vectors, primary (preevaporati
quantities were deduced event by event with an improv
version of the KCM [18]. The FWHM resolution on th
primary mass values is of the order of 3%–4%. T
background of incompletely measured events of hig
multiplicity was estimated [18] and subtracted.

An array of 40 Si detectors of various sizes (from1 3

1 cm2 at small polar angles, up to5 3 5 cm2), of 300 mm
thickness, was mounted behind two of the forward PPA
so as to cover a sizable part of the region below a
around the grazing angle, where partly damped eve
are concentrated (ulab

graz ø 10± for the present collisions)
Secondary massesAsec of the PLF were obtained (with
a FWHM resolution of about 5%–6%) event by eve
from the energy deposited in the Si detectors and the tim
of-flight measured by the corresponding PPAD, using
iterative procedure which takes into account the pu
height defect in the semiconductors and the energy l
in the PPAD and in the dead layers.

For various windows of TKEL (corrected for theQgg

between entrance and exit channel [17]), the experime
data were sampled in bins of reconstructed primary m
A of the PLF and the centroids of the correspondi
distributions of evaporated massDA  A 2 Asec were
determined. The full squares and full circles in Fig.
show DA as a function of the primary mass of the PL
in the direct and reverse reaction, respectively. For
two kinematic cases, one observes two distinct (but alm
parallel) linear rises ofDA with increasing primary mass
A. The presented data refer to the region TKEL&

500 MeV, corresponding to partly damped events, whe
PLF can be safely distinguished from TLF due to t
strongly anisotropic angular distributions [16].

Quantities like the primary massA and TKEL are cor-
related to a certain extent with each other (being obtain
from the same velocity vectors), as well as with the s
ondary massAsec (via time of flight). Moreover, the over-
all finite resolution (arising both from the smearing of th
dt
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FIG. 1. The full squares (circles) show the experimenta
average number of evaporated nucleonsDA as a function of
the primary massA of the PLF in the direct (reverse) reaction,
for windows of TKEL. DA is the difference between the
primary mass and the centroid of the corresponding distributio
of secondary masses. The open symbols show the experimen
data after correction for the response of the setup, fini
resolution effects, and distortions of the analysis.

particle evaporation process and from the detection pr
cedure) can cause systematic distortions in determini
the value of nonuniformly distributed variables (see, e.g
the comment about the angular distribution in [18] an
the correction of the mass distribution in [19]). As ana
lytic corrections may be worked out only in very simple
cases, the experimental results were corrected via exte
sive Monte Carlo simulations, modeling the dissipativ
collision followed by an evaporative emission in agree
ment with the statistical codeGEMINI [20] and incorporat-
ing as realistically as possible the response of the setu
finite resolution effects, and all known distortions of the
analysis method. The open symbols in Fig. 1 show th
experimental data after correction.

The most striking result resides in the different value
of DA obtained, for a givenA, in the direct and reverse
collisions. It has to be noted that the differences (4
6 amu) between the evaporated masses in the two ca
are much larger than the applied corrections (1–2 amu
most). We want also to stress that the corrections to b
applied to the experimentalDA (and hence the corrected
data points in Fig. 1), are within errors largely indepen
dent of physical hypothesis (e.g., on energy partition), a
it was checked by repeating the Monte Carlo simulation
with different physical models.
829
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From the comparison between the two sets of correc
experimental points of Fig. 1 one obtains information
the mechanism of excitation energy sharing. The strik
difference inDA between the two kinematic cases can
viewed as a dependence of the excitation energy sha
on the net mass transfer. This behavior is put here i
evidence without recourse to statistical model calculatio
(our use of Monte Carlo simulated data is limited to t
correction for experimental systematic effects). We rec
that none of the usual ways of modeling the excitati
energy sharing—neither the equal-energy, nor the eq
temperature scenarios, nor any combination of the two
foresees the observed splitting of the correlationDA vs A
into two well separated branches.

Just to clarify this point, let us focus the attention o
the symmetric exit channel, in which the two prima
fragments have the same mass numberA  110. If the
dinuclear system at reseparation had lost memory of
history, the two excited reaction products should ha
deexcited by emission of the same average numbe
nucleons, irrespective of the size of the fluctuations in
internal degrees of freedom. Thus the observed differe
in DA indicates a sizable deviation from equilibrium
the end of the interaction phase. Actually, due to t
enhanced sensitivity of the particle evaporation proc
to the excitation energy of the emitter (with respect
other internal variables like isospin, angular momentu
[2] or deformation), this experimental result is a pro
of a sizable deviation from equilibrium in the excitatio
energy sharing. Neglecting preequilibrium emission a
evaporation from the dinucleus during the interacti
phase (which are small at these bombarding energ
[5,16]), one can estimate the mean excitation energe

removed per evaporated nucleon. Dividing the cen
value of the TKEL bin by the sum of the masse
evaporated by the PLF withA  110 in the direct and
reverse reaction, one obtains, at all TKEL, values
e (ø11 12 MeV) which are in good agreement wit
the 12–13 MeV predicted byGEMINI. Thus one roughly
estimates that, of two nuclei of primary massA  110,
the one obtained by a gain of ten nucleons (PLF in
direct reaction) should be about 50–60 MeV more exci
than the one obtained by removal of ten nucleons (PLF
the reverse reaction).

More quantitatively, one can build the ratio

R  sDAl
110 2 DAh

110dysDAl
110 1 DAh

110d , (1)

whereDAl
110 (DAh

110) is the total evaporated mass for nu
clei with primary massA  110, originating from the en-
trance channel light (heavy) nucleus and measured as
in direct (reverse) kinematics. Figure 2(a) shows the
definedR as a function of TKEL. R is an estimate of
the excitation-energy asymmetrysEpl

110 2 Eph
110dysEpl

110 1

Eph
110d, beingEpl

110  eDAl
110 (Eph

110  eDAh
110) the excita-

tion energy of nuclei withA  110, originating from the
entrance channel light (heavy) nucleus.
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FIG. 2. (a) Asymmetry in the total evaporated massR 
sDAl

110 2 DAh
110dysDAl

110 1 DAh
110d for nuclei of primary mass

A  110, originating from the entrance channel light and
heavy nuclei, as a function of TKEL.R is an estimate of
the excitation-energy asymmetry due to the net gain or lo
of nucleons. (b) Asymmetry in the evaporated massC 
sDAh

120 2 DAl
100dysDAh

120 1 DAl
100d for nuclei with A  100

and 120 originating from the entrance channel light and hea
nucleus, respectively, as a function of TKEL.C is an estimate
of the excitation energy partition in absence of net mas
transfer: C  0 indicates equipartition of excitation (equal
energy sharing); the dotted line shows the value expected
thermal equilibrium (equal temperature sharing).

In the present experiment also the average partition
excitation energy between the two reaction partners c
be deduced — in a substantially model-independent w
— from the number of nucleons emitted in case of no n
mass transfer. Figure 2(b) shows the ratio

C  sDAh
120 2 DAl

100dysDAh
120 1 DAl

100d (2)

as a function of TKEL, whereDAl
100 (DAh

120) is the total
evaporated mass for nuclei of primary massA  100
and 120 originating from the entrance channel light an
heavy nucleus, respectively.C is an estimate of the
excitation energy partitionsEph

120 2 Epl
100dysEph

120 1 Epl
100d,

when assuming a common valuee for the average energy
necessary to evaporate a single nucleon from the tw
reaction partners (we verified withGEMINI that indeed the
actual values ofe for A  100, 120 differ by no more
than 1% to 3% whenEp ranges from 50 to 250 MeV).

Our data show that for the exit channel without ne
mass transfer the total excitation energy is initially almo
equally shared between the fragments (C ø 0 at small
TKEL) and that the approach to the equilibrium partition
[mass ratio, shown by the dotted line in Fig. 2(b)] is ver
slow with increasing TKEL. In spite of the limited range
of C values spanned between these two extremes (le
then 10%, due to the moderate mass asymmetry of t
collision), we find that even at the highest explored TKE
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a partition consistent with full thermal equilibrium is no
reached. This average behavior is in agreement w
other experimental results and compatible, by itself, wi
model descriptions based on the exchange of independ
nucleons during the contact phase.

A linear dependence of the energy partition on the n
mass transfer had been proposed by Tokeet al. [10]:

Ep
PLF sAdyEp

tot  CT 1 RT sA 2 Abeamd , (3)

where the excitation energy of a PLF of massA was
given in terms of the TKEL-dependent parametersCT

(describing the partition in case of no mass transfer) a
RT (describing the rise ofDA with A in Fig. 1).

Using the parameters defined in Eqs. (1) and (2), w
can write Eq. (3) for the products deriving from the
original light or heavy colliding nucleus:

Ep l,hsAd
Ep

tot


1
2

1
C

Adif

µ
A 2

Atot

2

∂
1

R
Adif

sA 2 A
l,h
0 d ,

(4)
whereAl

0 (Ah
0 ) is the lighter (heavier) mass betweenAbeam

and Atarget in the entrance channel,Atot  Al
0 1 Ah

0 and
Adif  Ah

0 2 Al
0. Our notation has the advantage of mak

ing evident that there is a mass dependent term (co
taining C) which simply describes the dependence o
excitation energy on mass (e.g., in case of thermal eq
librium, C  AdifyAtot leading to a trivial proportionality
to the mass of the nucleus). However, only the term co
taining R truly represents a net-mass-transfer depende
term and it is responsible for the splitting of the corre
lation into two distinct branches. The slope paramet
RT of Eq. (3) mixes the two terms as it comes out to b
RT ; sC 1 RdyAdif. We want to stress that the experi
mental decomposition ofRT in the two contributions was
possible only in the present experiment, due to the me
surement of the PLF in the direct and reverse kinematic
Previous experiments, measuring the evaporated mass
PLF in one kinematic case only, could attempt such a d
composition only in a model-dependent way.

The observed correlation between “evaporated mas
and net mass transfer, which is here evidenced witho
need of model calculations, strongly suggests that there
no complete equilibrium between the two reaction par
ners. The persisting strength of such a correlation even
high TKEL is a strong challenge for a microscopic descrip
tion. Within a nucleon exchange picture, some correlatio
might arise from a possible donor-acceptor intrinsic asym
metry in the excitation energy deposition caused by th
exchange of a single nucleon. However, with increasin
dissipation, the larger and larger number of independe
nucleon exchanges should almost wash out the correlati
Toke et al. [10] emphasized the surprising constancy o
the donor-acceptor intrinsic asymmetryh which they de-
duced from a reanalysis of the data of Ref. [4]. Follow
ing Ref. [10], which employed, as usual, the experiment
mass variancess2

A as an estimate of the total number o
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exchanges, we obtain unreasonable values from our da
(h comes out to be greater than unity and increases wit
increasing TKEL), also because of the very rapid increas
of s

2
A with TKEL. In the spirit of Ref. [10], also this fact

points to a failure in the present description of the nucleon
transfer process at larger bombarding energies. Indee
with increasing TKEL and bombarding energy, other ef-
fects might come into play, which cannot be described sim
ply with the elementary process of single nucleon transfe
across a window. For example, remaining in the frame
work of one-body dissipation picture, the rapid increase o
s

2
A with TKEL could be reconciled with a smaller num-

ber of exchanges if a relevant contribution comes from the
transfer of clusters of nucleons. Alternatively, a relevan
role could be played by collective effects, such as forma
tion and rupture of a neck during the collision. Both of
these suggestions require complete and precise theoretic
calculations.

In conclusion, the existence of a mechanism which cor
relates the evaporated mass—and hence the excitatio
energy sharing—with the net mass transfer has been ev
denced in a model independent way. This experimenta
finding seems difficult to reconcile with existing models
based on stochastic exchanges of singles nucleons a
calls for a better theoretical understanding of the micro
scopic interaction mechanism of heavy nuclei.
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