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Excitation energy division in heavy-ion reactions
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The excitation energy of the primary products from the reaction56Fe on165Ho at 672 MeV was determined
by the kinematic coincidence technique. The fraction of the total excitation energy of the system stored in
projectilelike fragment was found to decrease with increasing energy loss. However, thermal equilibrium is
reached, even at the highest energy damping. A small correlation between excitation energy partition
reaction exit channel was observed. Monte Carlo simulations of the present experiment confirmed that so
this correlation is due to the finite resolution of the measured parameters.@S0556-2813~96!05808-6#
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I. INTRODUCTION

One salient feature of deep-inelastic heavy-ion reacti
is the conversion of relative kinetic energy of the system in
excitation energy. Knowledge of how this excitation ener
is divided between the two reaction partners is importan
the understanding of the underlying mechanisms. Howe
since the primary fragments are short lived~10218–10216 s!,
the excitation energy of the composite system formed a
the collision cannot be measured directly; it has to be
ferred from other observables.

Various techniques have been used to determine the e
tation energy of the reaction fragments@1–11#. A kinematic
coincidence technique in which the projectilelike fragme
~PLF! and the targetlike fragment~TLF! are detected simul-
taneously was one of the first methods tried in the 1970s
excitation energy determination@1#. Based on the assump
tion that deep-inelastic reactions are binary, and that the
erage fragment scattering angle and velocity are unchan
by evaporation, the PLF primary mass~preevaporation! can
be evaluated from measured secondary~postevaporation!
quantities. The use of an evaporation code then allows
determination of the excitation energy of the PLF. The
sults obtained by Babinetet al. @1# suggested that therma
equilibrium, where the temperaturestPLF and tTLF of the
PLF and the TLF are equal, was attained by the two fr
ments and, therefore, the excitation energy of the system
divided according to the mass ratios of the reaction fra
ments.

Other experiments based on the detection of neutr
emitted from the PLF and the TLF were performed. O
example is the study of the 400-MeV Cu1Au system by
Tamain et al. @6#, which confirmed the finding of therma
equilibrium in deep-inelastic reactions. However, studies
the system58Ni1 197Au at 15.3 MeV/u by Aweset al. @12#
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showed an important disagreement with the previous conc
sions. In this case only the projectilelike fragments were d
tected and the excitation energy division was inferred fro
comparing PLF charge distributions to theoretical distrib
tions obtained by applying evaporation corrections to p
mary distributions predicted by Randrup’s nucleon exchan
model@13#. The results in this case seemed to be more co
sistent with the scenario where the excitation energy is
vided equally between the two fragments at small ener
losses~less than 100 MeV! and tends to a mass partition fo
higher values of energy loss. However, the predictions we
based on primary distributions which do not have the stro
negative charge drift exhibited by the experimental dat
Therefore, it is not possible to make any rigorous concl
sions.

The study of the 505-MeV56Fe on165Ho system with the
kinematic coincidence technique by Bentonet al. @8# showed
an evolution of the system from equal excitation energy d
vision at low total kinetic energy loss~TKEL! towards a
division according to the fragment masses at higher TKE
However, no evidence of reaching thermal equilibrium wa
observed.

Another question addressed in the various studies of e
citation energy division is the correlation between fragme
mass and energy partition. This feature was reported
Sohlbachet al. @9# in the study of the reaction208Pb on
86Kr at 10, 13, and 18.2 MeV/u and which showed that th
heavier fragment was more excited than the lighter one.
addition, the correlation was found to decrease with increa
ing excitation energy.

The fragment mass-energy partition correlation was al
observed for the reaction56Fe on 165Ho at 505 MeV by
Bentonet al. @8# and the reaction74Ge on165Ho at 629 MeV
by Kwiatkowskiet al. @10#. These two studies showed that in
both systems the PLF is hotter than the TLF for pickup r
actions (APLF8 . A of the projectile! at low energy damping.
The opposite is true for stripping reactions (APLF8 , A of the
projectile!. The mass dependence was found to be weake
higher dissipation energies. However, it was suggested
Tõke et al. @14# that the correlation can be attributed to in
strumental effects. Monte Carlo simulations were perform
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1292 54H. MADANI et al.
to reproduce the parameters and the resolution of the exp
mental setup. The results of the simulation for the74Ge on
165Ho system showed that some of the excitation energy
vision dependence on the primary mass of the projectile w
indeed due to finite resolutions of some of the measur
variables@15#. However, these instrumental effects could n
account for all of the correlation between excitation ener
sharing and exit channel.

The primary goal of the present study of the 672-Me
56Fe on 165Ho system is to address the question of how th
excitation energy of the system is partitioned between t
two complex fragments that are emitted in deep-inelastic c
lisions. The use of the coincidence method to detect bo
reaction fragments, the PLF and the TLF, provides less a
biguous characterization of the PLF in terms of its preevap
rative mass than when relying on excitation energy divisio
assumptions to obtain postevaporative results from mo
predictions of primary fragments. This, in turn, makes th
determination of the PLF excitation energy by this type
analysis more rigorous than by analyses based on the st
of mass and charge distributions of secondary fragments

The kinematic coincidence technique is based on the
sumption that the detected fragments are close in mass
charge to the primary fragments before deexcitation, and
the premise that the only way the reaction products dispo
of their excitation energy is via evaporation and gamma r
emission, processes which can be simulated by well tes
statistical models. Therefore, it is important to choose rea
tion partners that are not likely to undergo fission. Th
56Fe on 165Ho system is thus an adequate choice, as both
and Ho are not heavy enough to have a significant fiss
cross section at the expected excitation energies. In addit
since this system is asymmetric, it is easy to determi
whether the system attains thermal equilibrium by studyi
the ratio of the PLF excitation energy to the total excitatio
energy of the system.

The 56Fe on 165Ho system has been extensively studie
by other authors at various bombarding energies and w
different experimental methods. Therefore, it is useful
compare the results of the present study to previous res
and add to the already existing pool of knowledge about th
system. It is particularly worthwhile to compare the prese
results to those obtained by Bentonet al. @8# for the same
reaction at lower bombarding energy and using the sa
kinematic coincidence method. The study of the 672-Me
56Fe on 165Ho system constitutes, in fact, a continuation o
the study of the same system at 505 MeV bombarding e
ergy, and allows for exploration of a wider range of tota
kinetic energy loss.

II. EXPERIMENTAL TECHNIQUE
AND DATA REDUCTION

A. Experimental setup

The experiment was performed at the Holifield Heavy Io
Research Facility~HHIRF! with a 56Fe beam ofE/A512
MeV impinging on a carbon-backed165Ho target. The PLF
energy, charge, mass, and scattering angle were meas
using a time-of-flight arm consisting of 2 parallel plate ava
lanche counters~PPAC’s! and a 4-anode ionization chamber
eri-
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A detailed description of the experimental and calibratio
techniques for characterizing the PLF can be found in Re
@16# and @17#.

The TLF’s were detected using a PPAC positioned insi
the scattering chamber, and referred to as the recoil PPA
providing the TLF horizontal (x-! and vertical (y-! positions,
which were translated into in-plane and out-of-plane TL
scattering angles, respectively. The recoil PPAC w
mounted 375 mm from the target and subtended an in-pla
angle of 75°. With this positioning, it covered angles rangin
from a minimum of 15° to a maximum of 90°. The recoi
PPAC was filled with isobutane at a pressure of 4.0 torr.

A mask consisting of a square aluminum plate of 10 c
by 10 cm with equally spaced holes was placed in front
the recoil detector during a calibration run, and was used
the calibration of the TLF scattering angle. To determine th
angular position of the holes, the calibration mask wa
placed in front of the beam line, at 0° with respect to th
beam. Each of the ten in-plane holes was then view
through a transit line and its relative angular position r
corded. The absolute angular differences between conse
tive holes could then be determined and used in the angu
calibration. A gold target was used during the TLF ang
calibration run to maximize the elastic cross section.

B. Primary PLF mass and excitation energy determination

The kinematic coincidence technique, where the PLF a
the TLF are detected in coincidence, was used to extr
information about the primary reaction fragments befo
evaporation takes place. One basic assumption in this te
nique is the invariance, on the average, of the velocity a
scattering angle of the emitted fragment by particle evapo
tion. Assuming the validity of this assumption, which i
based on the statistical properties of evaporation, the P
primary mass can be obtained by the application of two-bo
kinematics. For nonrelativistic cases, momentum conserv
tion is expressed by the two equations

Pproj5PPLFcos~uPLF!1P TLFcos~uTLF!, ~1!

and

PPLFsin~uPLF!5P TLFsin~uTLF!, ~2!

wherePproj is the projectile momentum,PPLF andPTLF are
the momenta of the PLF and the TLF, respectively, an
u PLF anduTLF are their respective scattering angles. Class
cally, the linear momentumPW of a particle of massM trav-
eling with a velocityVW is

PW 5MVW . ~3!

Using the scalar values of momentum and velocity th
mass of the PLF can thus be written as

MPLF5Mproj

Vproj

VPLF@cos~uPLF!1sin~uPLF!cot~uTLF!#
, ~4!

whereMproj andVproj are the projectile mass and velocity
andVPLF is the PLF velocity. All the parameters in Eq.~4!
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54 1293EXCITATION ENERGY DIVISION IN HEAVY-ION REACTIONS
are either known exactly, or assumed to be unchanged
the average, by particle evaporation; therefore, the prim
mass of the PLF can be determined with a fairly good a
proximation. The mass evaporated from the PLF,DA, can
then be determined by subtracting the measured mass
the primary mass as calculated from Eq.~4!. The evaporated
massDA was used with results of the evaporation codePACE

II to compute the PLF excitation energy. An iterative proc
dure developed by Bentonet al. @8# and later used by Kwi-
atkowski et al. @10#, was utilized and is briefly describe
here. More details about this technique can be found in R
@8# and @10#.

The amount of evaporated chargeDZ and evaporated
massDA from a primary PLF with atomic numberZPLF8 ,
mass numberAPLF8 , and excitation energyE PLF* can be ex-
pressed as a function ofZPLF8 , APLF8 , andEPLF* and the sec-
ondary PLF massAPLF9 and chargeZPLF9 by the two equations

DAPLF5APLF8 2A PLF9 5 f DA~ZPLF8 ,APLF8 ,E PLF* !, ~5!

and

DZPLF5ZPLF8 2Z PLF9 5 f DZ~ZPLF8 ,APLF8 ,E PLF* !. ~6!

The quantitiesDAPLF andDZ PLF are generated by running
the evaporation codePACE II. The results are tabulated an
stored as computer files, which will be referred to as
DA andDZ tables. To generate these tables, the evapora
code was run for 26 isotopes of each element with atom
numbers between 10 and 35 and for excitation energies
tween 0 and 300 MeV. Steps of 10 MeV were used
excitation energies lower than 100 MeV, and 50-MeV ste
were used for higher excitation energies. The functio
f DA(ZPLF8 ,APLF8 ,EPLF* ) and f DZ(ZPLF8 ,APLF8 ,E PLF* ) were then
determined by interpolation of the values calculated for
chosen set ofZ, A, andE* values that were obtained usin
PACE II. Therefore, the excitation energy and the prima
charge of the PLF can be evaluated using results from
evaporation codePACE II. In Eqs.~5! and ~6!, the three un-
knowns areZ PLF8 , DZPLF, andEPLF* . They were determined
by employing a self-consistent iteration procedure in wh
Eqs.~5! and~6! were solved event-by-event at each iteratio
Starting at an assumed value forZPLF8 , the value ofEPLF* ( i )
at each iteration (i ) was determined by solving Eq.~5!. It is
then possible to solve Eq.~6! for DZPLF. The convergence of
the iteration was reached when

e~ i !5uDZPLF~ i !2DZPLF~ i21!u,0.1. ~7!

For events that did not satisfy inequality~7!, the convergence
was accelerated by defining a new value forZPLF8 ( i ) as

ZPLF8 ~ i !5ZPLF8 ~ i21!10.9e~ i !. ~8!

Only events with positive values ofDAPLF were selected,
and the maximum number of iterations allowed was 20.

A contour plot of the excitation energy of the PLF vers
TKEL is displayed in Fig. 1~a!. The limits of no TLF exci-
tation energy, equal sharing of the excitation energy by
PLF and the TLF, and thermal equilibrium, are indicated
the dotted, dashed, and solid lines, respectively. Most of
events are in the region comprised by theETLF* 5 0 limit and
on
ry
p-

om

-

fs.

e
on
ic
e-
r
s
s

e

y
he

h
.

s

e
y
he

the thermal equilibrium limit. Another parameter of interes
which describes the excitation energy division more directl
is the ratio of the PLF excitation energy to the total excita
tion energy,EPLF* /Etot* . The quantityEPLF* /Etot* is defined as
a percentage and is therefore expected to have values
tween 0% and 100%. Any values outside this range are n
physically possible. The PLF excitation energy rati
EPLF* /Etot* is plotted against TKEL in Fig. 1~b!. The values of
the EPLF* /Etot* ratio are between 0% and 100% for most o
the events. Slit scattering and events with negative evap
rated mass have been eliminated. The limits where all t
excitation energy is in the PLF, the equal sharing of th
excitation energy and the thermal equilibrium limits ar
again indicated by the dotted, dashed, and solid lines, resp
tively. The high yield shown at TKEL values around 0 MeV
is due to contributions from elastic scattering. The distrib

FIG. 1. Contour plot of~top! the PLF excitation energy and
~bottom! the PLF excitation energy ratio as a function of TKEL fo
the 672-MeV56Fe on165Ho reaction. The limits of nonexcited TLF,
equipartition of the excitation energy, and thermal equilibrium a
indicated by the straight lines.
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1294 54H. MADANI et al.
tions ofEPLF* andEPLF* /Etot* for different bins of TKEL have
approximately Gaussian shapes, as shown in Fig. 2. Th
fore, Gaussian fits were performed to extract the centro
and widths of these distributions. It is also possible to us
one-dimensional moment analysis approach. However
this case it is essential to ensure the exclusion of any l
tails from the calculation. Both methods were tested a
gave similar results for well defined peaks, while it was b
ter to use Gaussian fits for cases of low counts. Theref

FIG. 3. Centroids ofDA the mass evaporated from the PLF, a
the PLF excitation energy,EPLF* as a function of TKEL, for the
672-MeV 56Fe on 165Ho reaction.

FIG. 2. Histograms of the PLF excitation energy~left! and ex-
citation energy ratio~right! for three representative gates of TKEL
for the 672-MeV56Fe on 165Ho reaction.
re-
ds
a
in
ng
d
t-
re,the Gaussian-fit method was opted for in the present stu
Because of the low statistics, it was not possible to obta
reliable values for the widths of theEPLF* andEPLF* /Etot* dis-
tributions, therefore, these are not presented.

III. EXCITATION ENERGY DIVISION

The evolution of the PLF excitation energy with the tota
kinetic energy loss, TKEL, is shown in Fig. 3~a! for the
56Fe on165Ho reaction. The values of^EPLF* & increase almost
linearly with increasing energy loss. A maximum value o
about 93 MeV is reached at 260 MeV of TKEL. However
this apparent lowering of̂EPLF* & for TKEL.260 MeV could
be attributed to a less accurate determination of the centro
at high values of TKEL, where only few events occur, a
suggested by the increased errors.

The average mass evaporated from the PLF^DA& was
also determined with one-dimensional Gaussian fits, as
function of TKEL. TheDA centroids are displayed in Fig. 3
as a function of TKEL. The behavior of^DA& with TKEL is
similar to that ofEPLF* . A maximum of 12 mass units is
reached at 250 MeV of TKEL. A slight decrease is shown
TKEL higher than 250 MeV, but again the statistical error
are large in this region.

The evolution of thêEPLF* /Etot* & with TKEL is shown in
Fig. 4. The ratios corresponding to the limits of equal exc
tation energy division and thermal equilibrium are indicate
by the solid and dashed lines, respectively. The value
^EPLF* /Etot* & exceeds the limit of equal excitation energy d

d

FIG. 4. The PLF excitation energy ratioFPLF* /E tot* as a function
of energy loss for inclusive isotopes, for the reaction56Fe on
165Ho at 672 MeV. Equal excitation energy division and therma
equilibrium are indicated by the solid and dashed lines, respe
tively.
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54 1295EXCITATION ENERGY DIVISION IN HEAVY-ION REACTIONS
vision for TKEL values below 120 MeV and remains near
constant around 50% for TKEL values between 120 Me
and 260 MeV. A sharp decrease in^EPLF* /Etot* & is observed
above 260 MeV of TKEL. However, the thermal equilibrium
limit is never reached.

The kinematic coincidence technique was used in t
study of the 505-MeV56Fe on165Ho system by Bentonet al.
@8# and the 629-MeV74Ge on165Ho system by Planetaet al.
@4#. The results for the Fe1Ho system suggest that equa
sharing of the excitation energy is favored at low ener
losses (,50 MeV!, whereas for larger energy losses the da
show a tendency towards a division according to mass rat
However, there was no evidence of thermal equilibrium
even at the highest energy loss values@8#. A qualitatively
similar behavior was shown by the data of the Ge1Ho sys-
tem @10#. The ^EPLF* /Etot* & ratios obtained with these two
systems are compared to those obtained in the present s
of the 672-MeV 56Fe1 165Ho system in Fig. 5. Results ob-
tained with the 476-MeV56Fe 1 238U by Vandenbosch
et al. @7# are also shown. The limits of equal division an
thermal equilibrium for each system are as indicated. O
remarkable feature is the higher^EPLF* /Etot* & values for the
systems with higher bombarding energy. A possible exp
nation could be the higher relative velocity, or a shorter i
teraction time.

IV. MASS DEPENDENCE OF EXCITATION
ENERGY DIVISION

The correlation between excitation energy division an
exit channel is shown in Fig. 6, where theEPLF* /Etot* cen-

FIG. 5. The PLF excitation energy ratio as a function of ener
loss for inclusive isotopes, for the reactions56Fe on 165Ho at 505
MeV and 672 MeV, 56Fe on 238U at 476 MeV, and74Ge on
165Ho at 629 MeV. The solid line refers to equal excitation energ
division. The short-dashed, long dashed, and dot-dashed lines r
to thermal equilibrium for56Fe on 165Ho at 505 MeV, and 672
MeV, 74Ge on 165Ho at 629 MeV, and56Fe on 238U, respectively.
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troids are plotted versus TKEL for selective bins of primar
~pre-evaporation! PLF mass,APLF8 . Figure 6 shows that the
contribution to the lowEPLF* /Etot* ratios at low TKEL is
mostly due to events with primary masses lower than 56, t
mass of the projectile. For primary masses higher than 5
the values of the PLF excitation energy ratio are in the 50
to 70% range at all values of TKEL. An alternative way o
looking at the correlation between the excitation energy ra
EPLF* /Etot* and the exit channel is by plottingEPLF* /Etot* ver-
susAPLF8 and versusAPLF9 .

To obtain theEPLF* /Etot* ratio as a function ofAPLF8 and
APLF9 , the spectra ofEPLF* /Etot* ratio were generated for con-
secutive bins ofAPLF8 andA PLF9 , and their centroids deter-
mined by Gaussian fits. Since the mass of the second
PLF, APLF9 , is evaluated more accurately than the prima
PLF massA PLF8 , theEPLF* /Etot* ratio is also determined as a
function ofAPLF9 . The results are displayed in Fig. 7.

The dotted lines in Fig. 7 describe how the excitatio
energy would be divided if the fragments were in therm
equilibrium. In this case the excitation energy is determine
as a function of the fragment mass (APLF8 or APLF9 ). The ex-
citation energy of a projectile-like fragment~or any excited
nucleus! can be written in terms of its mass and nuclea
temperaturet as

EPLF* 5aPLFtPLF
2 , ~9!

where aPLF is the level density parameter, assumed to b
proportional to the PLF mass. Equation~9! is also valid for
the targetlike fragment. Therefore, when the two fragmen
have equal temperatures, the total excitation energy of
system is expressed as

y

y
efer

FIG. 6. Centroids of the PLF excitation energy ratioEPLF* /Etot*
as a function of TKEL for different gates of primary PLF mas
(APLF8 ), for the 672-MeV 56Fe on 165Ho reaction. The limits of
equipartition of the excitation energy and thermal equilibrium a
indicated by the solid and dotted lines, respectively.
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1296 54H. MADANI et al.
Etot* 5EPLF* 1ETLF* 5~a PLF1aTLF!t2. ~10!

The ratio of the PLF excitation energy to the total excita
tion energy as a function of the PLF mass can thus be
rived from Eq.~10!, and expressed as

EPLF* /Etot* 5APLF8 /Atot . ~11!

For the 56Fe on 165Ho system,Atot 5 221 and therefore,

EPLF* /Etot* X10050.452APLF8 . ~12!

The thermal equilibrium limit determined in this fashion
is more accurate than the constant value of 25% used in F
4 and 5. In those cases it was necessary to assume a con
value forA PLF8 . Since the primary PLF mass was found no
to decrease greatly with TKEL, the mass of the projecti
was used. An evolution of the system from thermal equili
rium at low values ofAPLF8 towardsEPLF* /Etot* values even
higher than the equipartition of the excitation energy lim
with increasingA PLF8 is observed in Fig. 7. In contrast, when
plotted against the secondary PLF mass (APLF9 ), the EPLF* /
Etot* ratio indicates that the excitation energy is shared nea
equally by the two fragments forAPLF9 values lower than 56.
Above APLF9 of 56, theEPLF* /E tot* ratio decreases towards
values approaching thermal equilibrium. However, it is im
portant to remember that the secondary mass gives a pic
of the system after deexcitation. The PLF excitation ener
ratios versusAPLF8 andAPLF9 for different bins of energy loss
are displayed in Fig. 8. A slight dependence of th
EPLF* /Etot* ratio onAPLF8 is observed in Fig. 8~left panel! for
the three selected bins of TKEL. A different scenario is o
served when the PLF excitation energy ratio is plotted as
function ofAPLF9 as shown in Fig. 8~a!. For the low and the
intermediate TKEL bins, theEPLF* /Etot* ratio shows a slight
parabolic dependence onAPLF9 . At the highest TKEL bin, the

FIG. 7. Centroids of the PLF excitation energy ratioEPLF* /Etot* as
a function of the primary PLF mass (APLF8 ) and secondary PLF
mass (APLF9 ) for inclusive events, for the 672-MeV56Fe on 165Ho
reaction elastic and slit-scattering events are gated out. The limits
equipartition of the excitation energy and thermal equilibrium a
indicated by the solid and dotted lines, respectively.
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excitation energy seems to be divided nearly equally b
tween the two reaction fragments at all values ofAPLF9 .

The study of the 629-MeV74Ge1 165Ho system by Kwi-
atkowskiet al. @10# showed that the dependence of excitatio
energy sharing on the primary fragment mass weakens w
increasing energy loss. This feature is not noticeable in t
672-MeV 56Fe1 165Ho system.

V. MONTE CARLO SIMULATIONS

The dependence of excitation energy division on the d
rection of transfer has been observed in the present study
has also been reported for reactions. However, such a str
correlation cannot be fully attributed to physical phenome
and systematic errors and instrumental effects may contr
ute to the mass dependence, as was suggested by To˜ke et al.
@14#. To investigate the sensitivity of theEPLF* /E tot* centroids
to these effects, Monte Carlo simulations of the experime
for the 505-MeV 56Fe1 165Ho reaction@8# were performed
by Tõke et al. @14#. A very good agreement between th
experimental data and the Monte Carlo results was obser
starting with a mass-independent division of the excitatio
energy, it could thus be implied that the kinematic coinc
dence technique is responsible for the correlations betwe
fragment mass and excitation energy. This was thought to
due to the finite mass resolutions of the detected fragme
@14#.

Similar Monte Carlo simulations based on Refs.@10# and
@14# were used to model the 672-MeV56Fe1 165Ho experi-
ment. The parameters that define the reaction, such as m
and charge of the projectile and target, the laboratory bo
barding energy, and the detector angular acceptances, w

of
re FIG. 8. Centroids of the PLF excitation energy ratio
(EPLF* /Etot* ) as a function of the primary PLF mass (APLF8 ) and the
secondary PLF mass (APLF9 ) for three TKEL gates, for the 672-MeV
56Fe on165Ho reaction. The limits of equipartition of the excitation
energy and thermal equilibrium are indicated by the dotted a
dashed lines, respectively.
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used as inputs to the Monte Carlo code. Other inputs rela
to the instrumentation are the experimental resolutions
PLF mass and charge, estimated to be 1.3 and 0.3, res
tively, and the resolution in the TLF angle~2.5°) and PLF
angle~0.5°). These are introduced in the code to reprodu
as closely as possible the experimental conditions.

The first step in the Monte Carlo simulation procedu
was the generation of primary nuclide distributions~in the
N-Z plane in this case! that would describe the primary dis
tribution of PLF’s emitted in the reaction in question. Th
characteristic centroids and widths of the primary PLF m
and charge distributions obtained experimentally by the
nematic reconstruction technique were employed to gene
the ‘‘simulated’’ primaryN-Z distributions. This ensures tha
the measured events are reproduced by the ‘‘simulated’’ s
ondary events before the kinematic reconstruction. A furt
comparison of real and simulated data would otherwise
meaningless. The direction of the preevaporated fragm
emitted in the reaction was described by a center-of-m
angular distribution

ds

dV
}

1

sinuc.m.
. ~13!

The secondary nuclide distributions, equivalent to tho
measured experimentally, were obtained by subjecting
primary distributions to evaporation corrections using resu
from PACE II. At this point, it was necessary to make assum
tions about the excitation energy of the PLF, since it is
quired as an input toPACE II. Two different hypotheses were
investigated: a sharing of the excitation energy independ
of the primary PLF mass, where the average value of
EPLF* /Etot* ratio obtained experimentally ('50%) was used,
and a mass-dependent division based on the experime
results.

The recoil effects due to particle evaporation from t
emitted fragments were taken into account and the distri
tion of the recoil velocities was simulated by a Maxwellia
formulation@18#. The mass and charge resolution of the s
ondary PLF, as well as the velocity vectors of the second
PLF and TLF, were randomized to reproduce the finite ma
charge and angular resolutions that were measured ex
mentally. The secondary distributions obtained in this fa
ion were characterized by the same parameters as the ex
mental distributions: PLF mass, charge, kinetic energy a
angle, and TLF angle. The simulated data were then a
lyzed in a way identical to the analysis of the experimen
events, and the PLF excitation energy ratios that were de
mined from these calculations were compared to the exp
mental results.

Before comparing the experimentalEPLF* /Etot* ratios to the
values obtained from the simulation, it was necessary
verify that the experimental nuclide distributions were rep
duced by the Monte Carlo procedure. The centroids and v
ances of the secondaryN andZ distributions obtained with
the simulated data are compared to those of experime
distributions in Fig. 9. The centroids are well reproduced
the simulation. However, the variances for the simula
events are higher than the experimental ones. A similar c
parison is made between the centroids and variances of
simulated reconstructed primary distribution and the exp
ted
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mentally reconstructed primary distributions in Fig. 10. Bo
centroids and variances show a fairly good agreement
tween simulated events and real data. The differences in
secondary variances may be attributed to the random na
of the evaporation code,PACE II, which was used for evapo-
ration corrections in two steps of the simulation.

The EPLF* /Etot* centroids were determined by one
dimensional Gaussian fits and by moment analysis. Bo
methods yielded similar values ofEPLF* /Etot* The PLF exci-
tation energy ratio determined experimentally for the 67
MeV 56Fe1 165Ho system is compared to the results of th
Monte Carlo simulation in Fig. 11, for three selective bins o
TKEL. The two input assumptions of the division of excita
tion energy are shown by the short dashed line for the

FIG. 9. The experimental values of^N&, ^Z&, sZ
2 and sN

2 for
secondary distributions, compared to the results of a Monte Ca
simulation~solid line!, for the 56Fe on 165Ho system at 672 MeV.

FIG. 10. The experimental values of^N&, ^Z&, sZ
2 andsN

2 for
the primary distributions obtained with kinematical reconstructio
compared to the results of a Monte Carlo simulation~solid line!, for
the 672-MeV56Fe on 165Ho system.
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sumption of mass-invariant division, and by the experimen
data points for the assumption of mass-dependent divis
The results obtained after applying the kinematic reconstr
tion in the case of mass-invariant division are shown by
solid line. The results from the case of mass-dependent d
sion are shown by the long dashed line. In the case whe
mass-independent division was assumed, the deviation f
the initial EPLF* /Etot* value increases with increasing TKEL
This behavior is not observed for the case of mass-depen
division, where only a slight shift from the initial values o
EPLF* /Etot* is observed. TheEPLF* /Etot* ratios obtained with
this latter case reproduce the experimental data better tha
theEPLF* /Etot* ratios obtained with the mass-independent
sumption. This indicates that the correlation observed
tween the excitation energy sharing and the exit channe
not entirely due to instrumental effects. This is qualitative
consistent with the re-analysis of the 629-MeV74Ge1
165Ho system by To˜ke et al. @14#, where it was confirmed
that some of the correlation between excitation energy d
sion and primary fragment mass was indeed physical. Ho
ever, there are still disagreements about the magnitude
this correlation.

The effects of instrumental uncertainties on t
EPLF* /Etot* ratios were further investigated by performing th
Monte Carlo simulations of the 672-MeV56Fe on 165Ho
reaction with different values for the input parameters. T
mass independent excitation energy division assumption

FIG. 11. The observed correlation between the PLF excitat
energy ratio and the primary fragment mass~circles!, compared to
the results of a Monte Carlo simulation, for the reaction56Fe on
165Ho at 672 MeV. The solid line indicates simulation results bas
on a mass-independent partition of the excitation energy~dotted
line!. The dashed line is the result of the simulation with a ma
dependent division of the excitation energy~average behavior of the
data!. The dotted line indicates the limit of excitation energy eq
partition.
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used since a more drastic shift was exhibited by theEPLF* /
Etot* when the simulation was ran with this assumption. Th
finite TLF angle resolution was thought to contribute signifi
cantly to the mass correlation effects on the excitation ener
division. To test this hypothesis, the Monte Carlo simulatio
was performed with the angular resolutionsDuPLF and
DfPLF set to 0.5°, while the remaining input parameter
were left unchanged. Two other parameters that are likely
introduce uncertainties in the determination ofEPLF* /Etot* are
the charge (Z) and mass (A) resolutions of the detected
PLF’s. Therefore, the simulation procedure was also ru
with both A andZ resolutions set to 0.2 units of mass an
charge, keeping the remaining parameters at their experim
tal values.

The EPLF* /Etot* ratios obtained with the new TLF angle
resolution are compared to the values obtained with the e
perimental TLF angle resolution in Fig. 12~right panel!
whereEPLF* /Etot* is plotted versusA PLF9 for three different
ranges of TKEL. One noticeable change is observed for t
low TKEL bin ~40–80 MeV!, where theEPLF* /E tot* ratio
obtained with the 0.5° resolution~dashed line! is closer to
the initial assumption than the result with the 2.5° resolutio
~dotted line!, especially forAPLF9 ,58. A small shift is also
observed at high TKEL~250–300 MeV bin!, where the
EPLF* /E tot* ratio in the 0.5° case is closer to 50% for high
APLF9 (.58!. No variation ofEPLF* /Etot* is observed for the
intermediate values of TKEL~160–200 Mev bin!. The same
type of plot for the case of differentZ andA resolutions is
also shown in Fig. 12~left panel!. No sizable variation is
observed at all values of TKEL. Thus, it appears thatA and
Z resolutions have no effect on the determination o
EPLF* /Etot* while TLF angle resolution introduces a sligh
correlation betweenEPLF* /Etot* andAPLF9 . However, a prob-

ion

ed

s-

i-

FIG. 12. The PLF excitation energy ratio predicted by a Mont
Carlo simulation as a function of primary PLF mass, for the rea
tion 56Fe on165Ho at 672 MeV. The solid lines were obtained with
the charge, mass and TLF angular resolution set to the experime
values, and the dashed lines were based on a more ideal values
theZ, A, and angular resolution. The dotted line indicates the lim
of excitation energy equipartition.
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lem still remains, since the mass independent excitation
ergy division configuration that was used in the simulatio
program could not be reproduced after kinematic reconstr
tion.

A reanalysis of the 629-MeV74Ge1 165Ho data was per-
formed by Planetaet al. @15# with a method that does not
require an exact knowledge of the experimental resolutio
In this new analysis, the correlation between excitation e
ergy division and mass transfer were studied by plotting t
average evaporated mass^APLF8 2APLF9 & versus the measured
post-evaporation mass for different bins of energy loss. T
presence of a correlation between excitation energy divis
and primary PLF mass was confirmed. However, this stu
also showed that finite resolutions were responsible for t
quasiparabolic dependence of the average evaporated m
on the measured postevaporation mass of the PLF. This
pendence is very weak in the current work as can be seen
Fig. 8.

VI. NUCLEAR TEMPERATURE

One of the questions addressed in the study of de
inelastic heavy-ion reactions is whether the reaction fra
ments reach thermal equilibrium before they separate into
PLF and a TLF. The nuclear temperature of each fragme
as obtained from Eq.~9!, is plotted as a function of energy
loss in Fig. 13~b!. Both temperatures increase with increa
ing TKEL and a steeper slope is observed below 100 MeV
TKEL. The temperature of the PLF exceeds that of the TL
at all values of the energy loss, indicating that thermal eq
librium has not been established between the two fragmen
This can also be seen in Fig. 13~a!, where the ratio,
tPLF/tTLF , of the PLF temperature to the TLF temperatur

FIG. 13. The fragments nuclear temperature and the ratio of
PLF to the TLF temperatures as a function of energy loss, for t
reaction56Fe on 165Ho at 672 MeV. The arrow indicates the limit
determined by the spherical entrance channel Coulomb barrier.
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is displayed as a function of TKEL. Figure 13~b! shows that
the system evolves towards a lesser temperature gradient
tween the two fragments. However, it is still far from reach
ing equilibrium.

The study of the 505-MeV56Fe1 165Ho reaction by Ben-
ton et al. @8# showed the same qualitative behavior for th
temperature ratio. However, the lower bombarding energ
system was closer to the limit of equal temperature than
the present system. This could imply that the interaction tim
of the higher bombarding energy system, which is characte
ized by a higher relative velocity, is not sufficiently long to
allow thermalization.

VII. KINEMATIC RECONSTRUCTION VERSUS
NEUTRON EVAPORATION CORRECTION

This section presents a correlation between the results
the two types of analysis conducted on the data of the 67
MeV 56Fe on 165Ho system. The primary mass and charg
distributions that were obtained by using the kinematic coin
cidence technique, described in the present work, are co
pared to the primary distributions obtained by applying neu
tron evaporation corrections to the measured seconda
distributions. The results of this latter analysis were reporte
in a previous publication@16#. The function describing the
average behavior of the experimentalEPLF* /Etot* ratio in
terms of primary PLF mass was used to determine the PL
excitation energy when performing the neutron evaporatio
corrections.

The results, displayed in Fig. 14, are represented by d
monds for the kinematic reconstruction method, and b

he
he

FIG. 14. The^N&, ^Z&, ^N&/^Z&, sZ
2 , sN

2 , and rNZ values for
experimental primary distributions, for the reaction56Fe on 165Ho
at 672 MeV. The diamonds indicate results obtained with the kin
matical reconstruction method. The circles indicate the results
applying neutron evaporation corrections to the secondary distrib
tions. TheN/Z ratio of the projectile~dotted line! and the composite
system~dot-dashed line! are indicated. The arrow shows the limit of
energy loss determined by the spherical entrance channel Coulo
barrier.
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1300 54H. MADANI et al.
circles for the evaporation correction method. The^N& and
^Z& centroids and thêN&/^Z& ratio obtained with the two
different procedures are in agreement. The agreement in
^Z& values is consistent with the assumption that char
evaporation from the PLF is negligible for the 672-MeV
56Fe1 165Ho system. Such a result can be expected since
N/Z ratio of the PLF’s produced in this reaction vary be
tween 1.15 and 1.38 and charge evaporation becomes
important with increasingN/Z ratio.

The variancessZ
2 from the two techniques are in a fairly

good agreement at all values of TKEL. A difference is o
served for thesN

2 variances; those obtained with the evap
ration correction method are higher for TKEL values close
the limit of the spherical entrance channel Coulomb barr
~312 MeV!. This result is not surprising, since in the evapo
ration correction method only neutron evaporation was tak
into account. In addition, in this method the mass evapora
from the PLF was evaluated by determining the avera
functional dependence ofDA on an assumedEPLF* as de-
scribed in Refs.@16# and @17#, and the proton evaporation
that may occur in regions of lowN/Z ratios is unaccounted
for. In the kinematic reconstruction methodDA is evaluated
exactly from experimental measurements, andDZ and the
PLF excitation were determined by the iterative procedu
described in Sec. II. This latter method is more sensitive
the details of the distribution, such as long tails, and th
gives larger variances. The correlation factorrNZ obtained
with the evaporation correction method suggests a tende
towards a correlation between proton and neutron exchan
However, the kinematics reconstruction method results
rNZ values close to zero; this would mean that there is
most no dependence between proton and neutron excha
It is worthwhile to point out that the nucleon exchange mo
els of Randrup and Tassan-Got predict a gradual increas
rNZ with increasing energy loss.

VIII. CONCLUSION

The binary character of deep-inelastic collisions was us
for a kinematic reconstruction of the primary reaction, an
the determination of the primary mass of the PLF was th
used with the statistical evaporation code for excitation e
ergy determination. The fraction of excitation energy stor
the
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in the projectilelike fragment was found to exceed 50% a
low energy loss, and to decrease with increasing energy lo
but without ever reaching thermal equilibrium. The sam
qualitative behavior ofEPLF* /Etot* with energy loss was ob-
served for other systems studied with the kinematic coinc
dence method@8,10#. However, much largerEPLF* /Etot* values
were obtained for the 672-MeV56Fe on 165Ho system. This
is reflected in the high nuclear temperatures~up to 4 MeV!
that were attained by the projectilelike fragments. The larg
PLF excitation energy ratios obtained for the 672-MeV
56Fe on 165Ho system are attributed to the higher bombard
ing energy. A small correlation between the PLF excitatio
energy ratio,EPLF* /Etot* and the reaction exit channel was
observed. A larger portion of excitation energy is stored i
the acceptor nucleus than in the donor nucleus, however
stronger dependence of the excitation energy division on t
the direction of transfer was observed for the 505-MeV
56Fe on 165Ho and the 629-MeV74Ge on 165Ho systems
@8,10# than for the 672-MeV56Fe on 165Ho system.

Monte Carlo simulations of the present experiment wer
performed to test the dependence of the analysis results
instrumental effects. They confirmed the existence of som
correlation between the finite resolutions of the measure
parameters and the calculated physical quantities. Howev
a further examination of the instrumental effects, by runnin
the Monte Carlo simulation with different values for the
resolution of the experimental setup, showed only a wea
dependence of the simulation on the experimental para
eters.

The results of the two types of analyses, evaporation co
rection and kinematic reconstruction, performed on the da
of the 672-MeV56Fe on 165Ho system are qualitatively con-
sistent with the conclusion that the stochastic exchange
nucleons is the major contributor to energy dissipation i
deep-inelastic reactions. Studies of heavy-ion reactions at
termediate energies suggest that deep-inelastic proces
may still persist in this energy regime@19,20#, and that a
binary character of the reaction still dominates@21#. There-
fore, the study of the excitation energy division between th
fragments of heavy-ion reactions at intermediate bombardi
energies could be a useful tool to explore the possibility o
forming hot nuclear matter, and how much excitation energ
a nucleus can accommodate before it breaks apart.
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