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Excitation energy division in heavy-ion reactions
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The excitation energy of the primary products from the reactfsie on®*Ho at 672 MeV was determined
by the kinematic coincidence technique. The fraction of the total excitation energy of the system stored in the
projectilelike fragment was found to decrease with increasing energy loss. However, thermal equilibrium is not
reached, even at the highest energy damping. A small correlation between excitation energy partition and
reaction exit channel was observed. Monte Carlo simulations of the present experiment confirmed that some of
this correlation is due to the finite resolution of the measured paramgB€s56-28136)05808-9

PACS numbds): 25.70.Lm, 24.10.Lx

[. INTRODUCTION showed an important disagreement with the previous conclu-
sions. In this case only the projectilelike fragments were de-
One salient feature of deep-inelastic heavy-ion reactiontected and the excitation energy division was inferred from
is the conversion of relative kinetic energy of the system intacomparing PLF charge distributions to theoretical distribu-
excitation energy. Knowledge of how this excitation energytions obtained by applying evaporation corrections to pri-
is divided between the two reaction partners is important tgnary distributions predicted by Randrup’s nucleon exchange
the understanding of the underlying mechanisms. Howeveinodel[13]. The results in this case seemed to be more con-
since the primary fragments are short liva®~'8-10"16s),  sistent with the scenario where the excitation energy is di-
the excitation energy of the composite system formed afteYided equally between the two fragments at small energy
the collision cannot be measured directly; it has to be inlosses(less than 100 MeyVand tends to a mass partition for
ferred from other observables. higher values of energy loss. However, the predictions were
Various techniques have been used to determine the exdpased on primary distributions which do not have the strong
tation energy of the reaction fragmerits-11]. A kinematic ~ hegative charge drift exhibited by the experimental data.
coincidence technique in which the projectilelike fragmentTherefore, it is not possible to make any rigorous conclu-
(PLP and the targetlike fragmeifTLF) are detected simul- SIONS.
taneously was one of the first methods tried in the 1970s for The study of the 505-Me\V?%Fe on*®*Ho system with the
excitation energy determinatidrl]. Based on the assump- Kinematic coincidence technique by Benttral. [8] showed
tion that deep-inelastic reactions are binary, and that the a\@n evolution of the system from equal excitation energy di-
erage fragment scattering angle and velocity are unchangedsion at low total kinetic energy l0séTKEL) towards a
by evaporation, the PLF primary ma§sreevaporationcan  division according to the fragment masses at higher TKEL.
be evaluated from measured second§pgstevaporation However, no evidence of reaching thermal equilibrium was
quantities. The use of an evaporation code then allows thebserved.
determination of the excitation energy of the PLF. The re- Another question addressed in the various studies of ex-
sults obtained by Babinegt al. [1] suggested that thermal Citation energy division is the correlation between fragment
equilibrium, where the temperatures ¢ and 7. of the ~Mass and energy partition. This feature was reported by
PLF and the TLF are equal, was attained by the two fragSohlbachet al. [9] in the study of the reactiorf®®b on
ments and, therefore, the excitation energy of the system wasKr at 10, 13, and 18.2 MeV/u and which showed that the
divided according to the mass ratios of the reaction fragheavier fragment was more excited than the lighter one. In
ments. addition, the correlation was found to decrease with increas-
Other experiments based on the detection of neutron¥lg excitation energy.
emitted from the PLF and the TLF were performed. One The fragment mass-energy partition correlation was also
example is the study of the 400-MeV @éu system by oObserved for the reactioi®Fe on ®*Ho at 505 MeV by
Tamain et al. [6], which confirmed the finding of thermal Bentonet al.[8] and the reactior{‘Ge on'**Ho at 629 MeV
equilibrium in deep-inelastic reactions. However, studies oy Kwiatkowskiet al.[10]. These two studies showed that in
the system®®Ni+ °’Au at 15.3 MeV/u by Awest al. [12] both systems the PLF is hotter than the TLF for pickup re-
actions @Ap > A of the projectilg at low energy damping.
The opposite is true for stripping reactions{ - < A of the
*Present address: Lawrence Livermore National Laboratory, Livprojectile. The mass dependence was found to be weaker at

ermore, CA 94550. higher dissipation energies. However, it was suggested by
TPresent address: Department of Energy, Washington, DC 20585.0ke et al. [14] that the correlation can be attributed to in-
*Present address: 86 Buckingham, Cambridge, MA 02138. strumental effects. Monte Carlo simulations were performed
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to reproduce the parameters and the resolution of the exper detailed description of the experimental and calibration
mental setup. The results of the simulation for tf6&e on  techniques for characterizing the PLF can be found in Refs.
1630 system showed that some of the excitation energy dif16] and[17].
vision dependence on the primary mass of the projectile was The TLF’s were detected using a PPAC positioned inside
indeed due to finite resolutions of some of the measuredhe scattering chamber, and referred to as the recoil PPAC,
variableq 15]. However, these instrumental effects could notProviding the TLF horizontalX-) and vertical §-) positions,
account for all of the correlation between excitation energywhich were translated into in-plane and out-of-plane TLF
sharing and exit channel. scattering angles, respectively. The recoil PPAC was
The primary goal of the present study of the 672-MeVvMmounted 375 mm from the target and subtended an in-plane
56Fe on 1%Ho system is to address the question of how theangle of 75°. With this positioning, it covered angles ranging
excitation energy of the system is partitioned between thélom a minimum of 15° to a maximum of 90°. The recoil
two complex fragments that are emitted in deep-inelastic colPPAC was filled with isobutane at a pressure of 4.0 torr.
lisions. The use of the coincidence method to detect both A mask consisting of a square aluminum plate of 10 cm
reaction fragments, the PLF and the TLF, provides less amPy 10 cm with equally spaced holes was placed in front of
biguous characterization of the PLF in terms of its preevapothe recoil detector during a calibration run, and was used for
rative mass than when re|ying on excitation energy divisior{he calibration of the TLF Scattering angle. To determine the
assumptions to obtain postevaporative results from modedngular position of the holes, the calibration mask was
predictions of primary fragments. This, in turn, makes theplaced in front of the beam line, at 0° with respect to the
determination of the PLF excitation energy by this type ofbeam. Each of the ten in-plane holes was then viewed
analysis more rigorous than by analyses based on the studijrough a transit line and its relative angular position re-
of mass and charge distributions of secondary fragments. corded. The absolute angular differences between consecu-
The kinematic coincidence technique is based on the agive holes could then be determined and used in the angular
sumption that the detected fragments are close in mass a@libration. A gold target was used during the TLF angle
charge to the primary fragments before deexcitation, and ofalibration run to maximize the elastic cross section.
the premise that the only way the reaction products dispose
of their excitation energy is via evaporation and gamma ray B. Primary PLF mass and excitation energy determination
emission, processes which can be simulated by well tested
statistical models. Therefore, it is important to choose reacg,
tion partners that are not likely to undergo fission. The
6Fe on %*Ho system is thus an adequate choice, as both F
and Ho are not heavy enough to have a significant fissio

The kinematic coincidence technique, where the PLF and
e TLF are detected in coincidence, was used to extract
information about the primary reaction fragments before

Svaporation takes place. One basic assumption in this tech-
: . . > lﬁique is the invariance, on the average, of the velocity and
cross section at the_expected excitation energies. In add't_'ogcattering angle of the emitted fragment by particle evapora-
since this system is asymmetric, it is easy to determlm%on_ Assuming the validity of this assumption, which is

whether the system attains thermal equilibrium by studying,,qeq o the statistical properties of evaporation, the PLF
the ratio of the PLF excitation energy to the total excitationprimary mass can be obtained by the application of ,two-body

enerr?y of the SXgélim' has b elv studiegiNEMatics. For nonrelativistic cases, momentum conserva-
The *°Fe on 0 system has been extensively studied;, is expressed by the two equations

by other authors at various bombarding energies and with

different experimental methods. Therefore, it is useful to P proj= PpLCOS OpLp) + P 1 £COL O F), (1)
compare the results of the present study to previous results

and add to the already existing pool of knowledge about thigind

system. It is particularly worthwhile to compare the present

results to those obtained by Bentenal. [8] for the same PpLeSin( Op p) = P 1LeSin( O11p), 2
reaction at lower bombarding energy and using the same

kinematic coincidence method. The study of the 672-MeV\yyhere Poroj is the projectile momentun®p ¢ and P ¢ are
*Fe on *Ho system constitutes, in fact, a continuation ofthe momenta of the PLF and the TLF, respectively, and
the study of the same system at 505 MeV bombarding eng , - and 6 ¢ are their respective scattering angles. Classi-

ergy, and allows for exploration of a wider range of total cally, the linear momentur® of a particle of masM trav-

kinetic energy loss. . : R
euc energy loss eling with a velocityV is

II. EXPERIMENTAL TECHNIQUE P=MV. C)

AND DATA REDUCTION . .
Using the scalar values of momentum and velocity the

A. Experimental setup mass of the PLF can thus be written as

The experiment was performed at the Holifield Heavy lon
Research FacilitfHHIRF) with a *®Fe beam ofE/A=12 Mo c= M
MeV impinging on a carbon-backetf°Ho target. The PLF PLF
energy, charge, mass, and scattering angle were measured
using a time-of-flight arm consisting of 2 parallel plate ava-where M andV,; are the projectile mass and velocity,
lanche counter6PPAC’S and a 4-anode ionization chamber. and Vp ¢ is the PLF velocity. All the parameters in E@)

VPI’Oi
PV €O Op ) + SIN( OpLe) CO b1 ) ]
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are either known exactly, or assumed to be unchanged, on L
the average, by particle evaporation; therefore, the primary 280
mass of the PLF can be determined with a fairly good ap- -
proximation. The mass evaporated from the PAR, can ~ 240
then be determined by subtracting the measured mass from E i P
the primary mass as calculated from E4). The evaporated T 2007
massA A was used with results of the evaporation cedee =1 -
Il to compute the PLF excitation energy. An iterative proce- G160 |
dure developed by Bentogt al. [8] and later used by Kwi- 553 -
atkowski et al. [10], was utilized and is briefly described g 120 ¢ enf
here. More details about this technique can be found in Refs. & e
[8] and[10]. =80
The amount of evaporated chargeZ and evaporated
massAA from a primary PLF with atomic numbez;, ¢, 40

mass numbeA}, -, and excitation energf s - can be ex-
pressed as a function &, ¢, Ap . andEj - and the sec- 0L

ondary PLF mas#p, - and chargep, - by the two equations

A d | 1 1
0 50 100 150 200 250 300 350

TKEL (MeV)
AAp = AELF_ A,;DLF: fAA(ZI,DLF'Al;LPE*PLF)' ©)
and S IS Ere-Enr
- E'pLp=0
AZp p=Zh = 2o =T az(Zpr ApLe EBLE) - 6 0 : T e

The quantitiesAAp  and AZ p ¢ are generated by running
the evaporation codeace 1. The results are tabulated and
stored as computer files, which will be referred to as the
AA andAZ tables. To generate these tables, the evaporation
code was run for 26 isotopes of each element with atomic
numbers between 10 and 35 and for excitation energies be-
tween 0 and 300 MeV. Steps of 10 MeV were used for
excitation energies lower than 100 MeV, and 50-MeV steps
were used for higher excitation energies. The functions i
faa(ZpLe, ApLe, EpLe) and faz(Zp e, ApLe, Epp) Were then -40 T
determined by interpolation of the values calculated for the i
chosen set oE, A, andE* values that were obtained using [
PACE IIl. Therefore, the excitation energy and the primary 0 50 100 150 200 250 300 350
charge of the PLF can be evaluated using results from the
evaporation cod®AcE 1. In Egs.(5) and (6), the three un-
knowns areZ's , AZp ¢, andE} . They were determined
Ey employing a self-consistent iteration procedure n Wh'Ch(bottom the PLF excitation energy ratio as a function of TKEL for
gs.(5) and(6) were solved event-by-event at each iteration. . 675 MevSere on168Ho reaction. The limits of nonexcited TLF,

Starting at an assumed value @f, ¢, the value ofE5 i) equipartition of the excitation energy, and thermal equilibrium are
at each iterationi) was determined by solving E¢f). Itis  indicated by the straight lines.

then possible to solve E() for AZp . The convergence of

* *
100 E pp p/E tOT

TKEL (MeV)

FIG. 1. Contour plot of(top) the PLF excitation energy and

the iteration was reached when the thermal equilibrium limit. Another parameter of interest,
L . _ which describes the excitation energy division more directly,
e(i)=|AZp (i)~ AZp (i~ 1)|<0.L. (7) " is the ratio of the PLF excitation energy to the total excita-

tion energy E5 r /E;;. The quantityEy,  /Ef; is defined as
a percentage and is therefore expected to have values be-
tween 0% and 100%. Any values outside this range are not
Zh {1)=Zp H(i—1)+0.9(i). (8)  Pphysically possible. The PLF excitation energy ratio
EfLr /Efis plotted against TKEL in Fig.(b). The values of
Only events with positive values afAp ¢ were selected, the Ef /Ef; ratio are between 0% and 100% for most of
and the maximum number of iterations allowed was 20.  the events. Slit scattering and events with negative evapo-
A contour plot of the excitation energy of the PLF versusrated mass have been eliminated. The limits where all the
TKEL is displayed in Fig. {a). The limits of no TLF exci- excitation energy is in the PLF, the equal sharing of the
tation energy, equal sharing of the excitation energy by thexcitation energy and the thermal equilibrium limits are
PLF and the TLF, and thermal equilibrium, are indicated byagain indicated by the dotted, dashed, and solid lines, respec-
the dotted, dashed, and solid lines, respectively. Most of thévely. The high yield shown at TKEL values around 0 MeV
events are in the region comprised by &g = O limitand  is due to contributions from elastic scattering. The distribu-

For events that did not satisfy inequal(), the convergence
was accelerated by defining a new value Zg{ (i) as
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FIG. 2. Histograms of the PLF excitation energgft) and ex-
citation energy ratidright) for three representative gates of TKEL, N I DI RS B
for the 672-MeV>Fe on ***Ho reaction. 100 200 300 400

tions of E} - andE}, ( /Ef, for different bins of TKEL have TKEL (MeV)

approximately Gaussian shapes, as shown in Fig. 2. There- o _

fore, Gaussian fits were performed to extract the centroids FIG- 4. The PLF excitation energy ratith ¢ /E%, as a function
and widths of these distributions. It is also possible to use @2 energy loss for inclusive isotopes, for th?,r?aa'%e on
one-dimensional moment analysis approach. However, in *Ho at 672 MeV. Equal excitation energy division and thermal
this case it is essential to ensure the exclusion of any Ioncgqunllbrlum are indicated by the solid and dashed lines, respec-
tails from the calculation. Both methods were tested an vely.

gave similar results for well defined peaks, while it was bet- o _
ter to use Gaussian fits for cases of low counts. Thereford® Gaussian-fit method was opted for in the present study.
Because of the low statistics, it was not possible to obtain

reliable values for the widths of theg, - andEf,  /E}; dis-

150 c oo 3 tributions, therefore, these are not presented.
125 |- 3 3
100 _ . o % § B _. Ill. EXCITATION ENERGY DIVISION
5 vs [ 2 %_ﬁ The evolution of the PLF excitation energy with the total
A - o " E kinetic energy loss, TKEL, is shown in Fig.(a8 for the
50 o ° - %8Fe on'%Ho reaction. The values ¢E}, ;) increase almost
C ° ] linearly with increasing energy loss. A maximum value of
25 o ° E about 93 MeV is reached at 260 MeV of TKEL. However,
00 e by by |T= : this apparent lowering ofEf ) for TKEL>260 MeV could
125 ! ! ! - be attributed to a less accurate determination of the centroids
° E ] at high values of TKEL, where only few events occur, as
2 o0 - suggested by the increased errors.
A 5 §é ] The average mass evaporated from the RARA) was
*E ws [ g d b also determined with one-dimensional Gaussian fits, as a
v L 3 @ % function of TKEL. TheAA centroids are displayed in Fig. 3
50 @ i as a function of TKEL. The behavior ¢AA) with TKEL is
F 0 ° 1 similar to that of Ej . A maximum of 12 mass units is
o5 [ © ] reached at 250 MeV of TKEL. A slight decrease is shown at
S B R | TKEL higher than 250 MeV, but again the statistical errors
0 100 200 300 are large in this region.

TKEL (MeV)

The evolution of thd ES,  /Ef) with TKEL is shown in
Fig. 4. The ratios corresponding to the limits of equal exci-

FIG. 3. Centroids ofAA the mass evaporated from the PLF, and tation energy division and thermal equilibrium are indicated

the PLF excitation energyEs - as a function of TKEL, for the

672-MeV %6Fe on %o reaction.

by the solid and dashed lines, respectively. The value of
(Ep e /EY ) exceeds the limit of equal excitation energy di-
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FIG. 5. The PLF excitation energy ratio as a function of energy
loss for inclusive isotopes, for the reactiorfFe on ®Ho at 505 FIG. 6. Centroids of the PLF excitation energy rai§, - /Ex;
MeV and 672 MeV, *Fe on 238U at 476 MeV, and’“Ge on as a function of TKEL for different gates of primary PLF mass
18540 at 629 MeV. The solid line refers to equal excitation energy(Ap o), for the 672-MeV %%Fe on ®*Ho reaction. The limits of
division. The short-dashed, long dashed, and dot-dashed lines refequipartition of the excitation energy and thermal equilibrium are
to thermal equilibrium for*®Fe on %*Ho at 505 MeV, and 672 indicated by the solid and dotted lines, respectively.
MeV, "“Ge on!®Ho at 629 MeV, and®®Fe on 238U, respectively.

troids are plotted versus TKEL for selective bins of primary
vision for TKEL values below 120 MeV and remains nearly (pre-evaporationPLF massAyg, . Figure 6 shows that the
constant around 50% for TKEL values between 120 MeVcontribution to the lowE} /Ej, ratios at low TKEL is
and 260 MeV. A sharp decrease (B - /Ef,) is observed mostly due to events with primary masses lower than 56, the

above 260 MeV of TKEL. However, the thermal equilibrium mass of the projectile. For primary masses higher than 56,

limit is never reached. the values of the PLF excitation energy ratio are in the 50%
The kinematic coincidence technique was used in thdo 70% range at all values of TKEL. An alternative way of
study of the 505-Me\PFe on'%Ho system by Bentoet al.  looking at the correlation between the excitation energy ratio

[8] and the 629-MeV'“Ge on1®Ho system by Planetat al.  Ej r /Ef; and the exit channel is by plottings, - /Ef, ver-

[4]. The results for the FeHo system suggest that equal susAp  and versusAp .

sharing of the excitation energy is favored at low energy To obtain theE} JE}, ratio as a function ofA,, - and
losses (50 MeV), whereas for larger energy losses the dataa?, _ the spectra oE}, J/EZ, ratio were generated for con-
show a tendency towards a o_l|V|5|on according to mass ratiogecytive bins ofAs - and A’h -, and their centroids deter-
However, there was no evidence of thermal equilibrium,yineq py Gaussian fits. Since the mass of the secondary

even at the highest energy loss valligs A qualitatively  p) a7 " s evaluated more accurately than the primary
similar behavior was shown by the data of the4&t0 sys- PLF massA’s,r, the EX, . /EX, ratio is also determined as a

* * : ; ;
tem [10]. The (Ep, /Eqyy ratios obtained with these wo Hmction of A . The results are displayed in Fig. 7.
systems are CO“QEaredm‘%th"se obta.une(_d in the present stu YThe dotted lines in Fig. 7 describe how the excitation
'?firgh?j szifr']'v,l[ﬁv 4';(;\/' V?G:ysiengggz Ft;g. \5/ r?desr:jl;ts Oﬁ' energy would be divided if the fragments were in thermal
aine © © € y Vandenbosc equilibrium. In this case the excitation energy is determined

et al. [7] are also shown. The limits of equal division and gsa function of the fragment mas&{ - or Ab. ). The ex-

thermal equilibrium for each system are as indicated. One., . S .
remarkable feature is the high¢E%, JEZ,) values for the Citation energy of a propcule—hke fragme(mr any excited
PLF —to nucleus can be written in terms of its mass and nuclear

systems with higher pombardmg energy. A possible explafemperaturer as
nation could be the higher relative velocity, or a shorter in-

. . . 2
teraction time EfLr=apLeThLe 9
IV. MASS DEPENDENCE OF EXCITATION where ap ¢ is the level density parameter, assumed to be
ENERGY DIVISION proportional to the PLF mass. Equati®) is also valid for

the targetlike fragment. Therefore, when the two fragments
The correlation between excitation energy division andhave equal temperatures, the total excitation energy of the
exit channel is shown in Fig. 6, where ti&, - /E}; cen-  system is expressed as
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FIG. 7. Centroids of the PLF excitation energy reffif) JE7; as S N P Y R
a function of the primary PLF massAf ) and secondary PLF 45 50 55 60 65 3B 40 45 50 55 60 65
mass Ap o) for inclusive events, for the 672-Me¥Fe on 1%*Ho A'pir Alprr

reaction elastic and slit-scattering events are gated out. The limits of . o .
equipartition of the excitation energy and thermal equilibrium are FIG. 8. Centroids of the PLF excitation energy ratio

indicated by the solid and dotted lines, respectively. (EfLe /Efy as a function of the primary PLF mas&y () and the
secondary PLF mas#\, () for three TKEL gates, for the 672-MeV

56, 16 ; L N L
EX =EX o+ E* c=(aprtanp) (10) Fe on'%*Ho reaction. The limits of equipartition of the excitation

energy and thermal equilibrium are indicated by the dotted and

The ratio of the PLF excitation energy to the total excita-dashed lines, respectively.
tion energy as a function of the PLF mass can thus be de-

rived from Eq.(10), and expressed as excitation energy seems to be divided nearly equally be-
tween the two reaction fragments at all valuesAgf .
* * __ ! .
pLr /Etor=ApLr At 11 The study of the 629-MeV“Ge+ %*Ho system by Kwi-

atkowskiet al.[10] showed that the dependence of excitation
energy sharing on the primary fragment mass weakens with
increasing energy loss. This feature is not noticeable in the
672-MeV *¢Fe+ 1o system.

For the 5®Fe on %Ho systemA,, = 221 and therefore,
E% - [EXX100=0.45200 . (12)

The thermal equilibrium limit determined in this fashion

is more accurate than the constant value of 25% used in Figs. V. MONTE CARLO SIMULATIONS

4 and 5. In those cases it was necessary to assume a constant o o .

value forA’, . Since the primary PLF mass was found not  The dependence of excitation energy division on the di-

to decrease greatly with TKEL, the mass of the projectilerection of transfer has been observed in the present study and

was used. An evolution of the system from thermal equilib-has also been reported for reactions. However, such a strong

rium at low values ofA}, . towardsE% . /EX, values even correlation cannot be fully attributed to physical phenomena

higher than the equipartition of the excitation energy limit@nd systematic errors and instrumental effects may contrib-

with increasingA’s,  is observed in Fig. 7. In contrast, when Ut€ t0 the mass dependence, as was suggesﬁeﬂl&e,yeTgl.

plotted against the secondary PLF mas (), the EX ./ [14]. To investigate the sensitivity of tl*.@’F“,,_F/Etot centroids

Ef ratio indicates that the excitation energy is shared nearl p these effects, ls\gontemCarIo S|mL_JIat|ons of the experiment
" or the 505-MeV *%Fe+ ®*Ho reaction[8] were performed

equally by the two fragments fakp;, - values lower than 56.

) by Toke et al. [14]. A very good agreement between the

”n * *

Above Ap, ¢ of 55’ the Ep ¢ /E to ratio decreases “?W_a“.’s experimental data and the Monte Carlo results was observed
values approaching thermal equilibrium. However, it is im-

; . “starting with a mass-independent division of the excitation
portant to remember that the secondary mass gives a pictufgyarqy it could thus be implied that the kinematic coinci-

of the system,after desxcnanon. The PLF excitation energyjence technique is responsible for the correlations between
ratios versusAp,  andAp, ¢ for different bins of energy 10SS  fr3gment mass and excitation energy. This was thought to be
are displayed in Fig. 8. A slight dependence of theq,e 1o the finite mass resolutions of the detected fragments
Ef J/Eq ratio onAp ¢ is observed in Fig. &left pane) for [14].

the three selected bins of TKEL. A different scenario is ob-  Sjmilar Monte Carlo simulations based on RéfH] and
served when the PLF excitation energy ratio is plotted as #14] were used to model the 672-Me¥fFe+ 1%Ho experi-
function of Ap  as shown in Fig. &). For the low and the ment. The parameters that define the reaction, such as mass
intermediate TKEL bins, th&g /Ef, ratio shows a slight and charge of the projectile and target, the laboratory bom-
parabolic dependence @, . At the highest TKEL bin, the barding energy, and the detector angular acceptances, were
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used as inputs to the Monte Carlo code. Other inputs related
to the instrumentation are the experimental resolutions in
PLF mass and charge, estimated to be 1.3 and 0.3, respec-
tively, and the resolution in the TLF ang(@.5°) and PLF
angle(0.5°). These are introduced in the code to reproduce
as closely as possible the experimental conditions.

The first step in the Monte Carlo simulation procedure
was the generation of primary nuclide distributiofs the
N-Z plane in this casethat would describe the primary dis-
tribution of PLF’s emitted in the reaction in question. The
characteristic centroids and widths of the primary PLF mass
and charge distributions obtained experimentally by the ki-
nematic reconstruction technique were employed to generate
the “simulated” primaryN-Z distributions. This ensures that
the measured events are reproduced by the “simulated” sec-
ondary events before the kinematic reconstruction. A further
comparison of real and simulated data would otherwise be
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meaningless. The direction of the preevaporated fragments
emitted in the reaction was described by a center-of-mass
angular distribution FIG. 9. The experimental values ¢N), (Z), o2 and o2 for

secondary distributions, compared to the results of a Monte Carlo

do 1 simulation(solid line), for the %Fe on'%Ho system at 672 MeV.

T (13)
dQ  sinf. . . C -
mentally reconstructed primary distributions in Fig. 10. Both
The secondary nuclide distributions, equivalent to thosé&€ntroids and variances show a fairly good agreement be-
measured experimentally, were obtained by subjecting thiween S|mulat¢d events and real _data. The differences in the
primary distributions to evaporation corrections using resultSe€condary variances may be attributed to the random nature
from PACE 1. At this point, it was necessary to make assump-°f the evaporation Cod®ACE I, which was used for evapo-
tions about the excitation energy of the PLF, since it is reJation corrections in two steps of the simulation.
quired as an input teACE 1. Two different hypotheses were ~ The Ep J/Ely centroids were determined by one-
investigated: a sharing of the excitation energy independerfimensional Gaussian fits and by moment analysis. Both
of the primary PLF mass, where the average value of théhethods yielded similar values &f, ¢ /Ef; The PLF exci-

% ¢ |EX, ratio obtained experimentally<(50%) was used, tation energy ratio determlned experimentally for the 672-
and a mass-dependent division based on the experimentleV >Fe+ **Ho system is compared to the results of the
results. Monte Carlo simulation in Fig. 11, for three selective bins of

The recoil effects due to particle evaporation from the TKEL. The two input assumptions of the division of excita-
emitted fragments were taken into account and the distribuion energy are shown by the short dashed line for the as-
tion of the recoil velocities was simulated by a Maxwellian
formulation[18]. The mass and charge resolution of the sec- Baaas e A aa

ondary PLF, as well as the velocity vectors of the secondary
PLF and TLF, were randomized to reproduce the finite mass,
charge and angular resolutions that were measured experi-
mentally. The secondary distributions obtained in this fash-
ion were characterized by the same parameters as the experi-
mental distributions: PLF mass, charge, kinetic energy and
angle, and TLF angle. The simulated data were then ana-
lyzed in a way identical to the analysis of the experimental
events, and the PLF excitation energy ratios that were deter-
mined from these calculations were compared to the experi-
mental results.

Before comparing the experiments}, - /E;, ratios to the
values obtained from the simulation, it was necessary to
verify that the experimental nuclide distributions were repro-
duced by the Monte Carlo procedure. The centroids and vari-
ances of the secondaly and Z distributions obtained with
the simulated data are compared to those of experimental
distributions in Fig. 9. The centroids are well reproduced by
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the simulation. However, the variances for the simulated FiG. 10. The experimental values (), (Z), o% and o for

events are higher than the experimental ones. A similar comhe primary distributions obtained with kinematical reconstruction,

parison is made between the centroids and variances of thmpared to the results of a Monte Carlo simulaiisalid line), for
simulated reconstructed primary distribution and the experithe 672-MeV*%Fe on%Ho system.



1298 H. MADANI et al. 54

= — T T e ¥ 5
80 4|0—80 Mel/ ! l - - - 80 [~ 40-80 MeV T 40-80 MeV —
g 1 ] 60 |- 4 =
60 - )ﬁ/ - R IR - ol e
E T 'L iﬁ E 40 :_ _;_ —
40 — ir -3 E T
c A4 3 20 -+ -
. # 3 NN [ TS PN DU O PO OO ]
20 - / 3 5. F T E
E e b © 80 [ 160-200 MeV I~ 160-200 MeV ]
S A N WP P W F
5 o [ PR 2
& 80 [ 160-200 MeV T - EGO - P =1
&= r - ] . F
"5 60 - be - o0t + - E
e c o R BET ] S . F I E
r 3 2 ] - I
=40 - - ||||||| ]
8 et K ] 1 80 [ 250-300 MeV —+  250-300 MeV =
— 20 — — E
- 80 g 3 o]
80 [~ 250-300 MeV - 40 y - —
F el b E P —— EXPAZRES T _.o7 A§ = 2.5°]
o ,,%t ] 20 - (0.2) AZ RES T - 48 =0.5°_]
60 o & 3 ST TR TR OUR TR U0 PV DU PO U B
F L, AT g 45 50 55 60 65 7045 50 55 60 65 70
or WMASS INDEP ] Aeus Nerr
T -~ -MASS DEP ] _— ) .
=0 e FIG. 12. The PLF excitation energy ratio predicted by a Monte
45 50 55 80 85 0 C_:arlo simulation as a function of primgry_ PLF mass, for the reac-
App tion %%Fe on1®Ho at 672 MeV. The solid lines were obtained with

the charge, mass and TLF angular resolution set to the experimental
values, and the dashed lines were based on a more ideal values for

energy ratio and the primary fragment masscles, compared to
the results of a Monte Carlo simulation, for the reactf§fe on

18%0 at 672 MeV. The solid line indicates simulation results based dsi drastic shift hibited b /
on a mass-independent partition of the excitation endtpgted ~ USSC SINCE a more drastic Shift was exnibite yEIf,S@F
line). The dashed line is the result of the simulation with a massEtt When the simulation was ran with this assumption. The

dependent division of the excitation energyerage behavior of the finite TLF angle resolution was thought to contribute signifi-

data. The dotted line indicates the limit of excitation energy equi- cantly to the mass correlation effects on the excitation energy

partition. division. To test this hypothesis, the Monte Carlo simulation
was performed with the angular resolutiodsfp  and

sumption of mass-invariant division, and by the experimentaP¢PLF set to 0.5%, while the remaining input parameters

data points for the assumption of mass-dependent divisiofVere left unchanged. Two other parameters that are likely to

o e 3
The results obtained after applying the kinematic reconstrucl'troduce uncertainties in the determinationtg - /E{, are

tion in the case of mass-invariant division are shown by théhe Fharge Z) and mass A) resolutions of the detected
solid line. The results from the case of mass-dependent diviZLF'S: Therefore, the simulation procedure was also run
sion are shown by the long dashed line. In the case where With both A andz resolut!ons set to 0.2 units of. mass qnd
mass-independent division was assumed, the deviation froffnarge, keeping the remaining parameters at their experimen-
the initial E%, - /E, value increases with increasing TKEL. (@l values.

* * H : H
This behavior is not observed for the case of mass-dependent 11€ Epir/Ejq ratios obtained with the new TLF angle
division, where only a slight shift from the initial values of résolution are compared to the values obtained with the ex-

E* _JE* is observed. The&*. - /E*. ratios obtained with Perimental TLF angle resolution in Fig. 1@ight pane)

PLF / Etot PLF / Etot * * " .
this latter case reproduce the experimental data better than §8167€ EpLr /Eio is plotted versush'y ¢ for three different
the E%, /EX, ratios obtained with the mass-independent as!@nges of TKEL. One noticeable change IS obscirved for the
sumption. This indicates that the correlation observed be!®W TKEL bin (40-80 MeV, where theEp, ¢ /E'y ratio
tween the excitation energy sharing and the exit channel igPtained with the 0.5° resolutiofdashed lingis closer to
not entirely due to instrumental effects. This is qualitativelythe initial assumption than the result with the 2.5° resolution
consistent with the re-analysis of the 629-Me¥Ge+  (dotted ling, especially forAp (<58. A small shift is also
1650 system by Tke et al. [14], where it was confirmed Observed at high TKEL(250—-300 MeV bip, where the
that some of the correlation between excitation energy diviEpir /E’ ratio in the 0.5° case is closer to 50% for high
sion and primary fragment mass was indeed physical. HowAp ¢ (>58). No variation of E} - /Ef; is observed for the
ever, there are still disagreements about the magnitude aftermediate values of TKE(160—200 Mev bin The same
this correlation. type of plot for the case of differerd and A resolutions is

The effects of instrumental uncertainties on thealso shown in Fig. 123left pane). No sizable variation is
Ef - /Eg, ratios were further investigated by performing the observed at all values of TKEL. Thus, it appears thand
Monte Carlo simulations of the 672-MeV®Fe on %®Ho  Z resolutions have no effect on the determination of
reaction with different values for the input parameters. TheEp, ¢ /Ef; While TLF angle resolution introduces a slight
mass independent excitation energy division assumption wasrrelation betweer} - /Ey, and Ap . However, a prob-

of excitation energy equipartition.
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FIG. 13. The fragments nuclear temperature and the ratio of thg1atica| reconstruction method. The circles indicate the results of

PLF to the TLF temperatures as a function of energy loss, for thé@pplying neutron evaporation corrections to the secondary distribu-
reaction5®Fe on %Ho at 672 MeV. The arrow indicates the limit tions. TheN/Z ratio of the projectilgdotted ling and the composite

determined by the spherical entrance channel Coulomb barrier. SyStem(dot-dashed lingare indicated. The arrow shows the limit of
energy loss determined by the spherical entrance channel Coulomb

lem still remains, since the mass independent excitation er22Mer-

ergy division configuration that was used in the simulation, . _
program could not be reproduced after kinematic reconstrud$ displayed as a function of TKEL. Figure (1§ shows that

tion. the system evolves towards a lesser temperature gradient be-
A reanalysis of the 629-MeVGe+ 1®Ho data was per- Ween the two fragments. However, it is still far from reach-
formed by Planetet al. [15] with a method that does not N9 equilibrium. o 16 _
require an exact knowledge of the experimental resolutions. The study of the 505-MeVFe+ S_HO. reaction by Ben-
In this new analysis, the correlation between excitation enton et al. [8] showed the same qualitative behavior for the

ergy division and mass transfer were studied by plotting thdemperature ratio. However, the lower bombarding energy
7.) versus the measured system was closer to the limit of equal temperature than is

average evaporated massy — Ap r : : . o
post-evaporation mass for different bins of energy loss. Th&€ present system. This could imply that the interaction time

presence of a correlation between excitation energy divisio! the higher bombarding energy system, which is character-

and primary PLF mass was confirmed. However, this stud;'/zed by a higher relative velocity, is not sufficiently long to

also showed that finite resolutions were responsible for th&!loW thermalization.

guasiparabolic dependence of the average evaporated mass

on the measured postevaporation mass of the PLF. This de-  vII. KINEMATIC RECONSTRUCTION VERSUS
pendence is very weak in the current work as can be seen in NEUTRON EVAPORATION CORRECTION

Fig. 8.
g This section presents a correlation between the results of

the two types of analysis conducted on the data of the 672-
MeV 5¢Fe on %*Ho system. The primary mass and charge
One of the questions addressed in the study of deegdistributions that were obtained by using the kinematic coin-
inelastic heavy-ion reactions is whether the reaction fragcidence technique, described in the present work, are com-
ments reach thermal equilibrium before they separate into pared to the primary distributions obtained by applying neu-
PLF and a TLF. The nuclear temperature of each fragmentfon evaporation corrections to the measured secondary
as obtained from Eq9), is plotted as a function of energy distributions. The results of this latter analysis were reported
loss in Fig. 18b). Both temperatures increase with increas-in a previous publicatioi16]. The function describing the
ing TKEL and a steeper slope is observed below 100 MeV ofiverage behavior of the experimentaf, /Ef,; ratio in
TKEL. The temperature of the PLF exceeds that of the TLRerms of primary PLF mass was used to determine the PLF
at all values of the energy loss, indicating that thermal equiexcitation energy when performing the neutron evaporation
librium has not been established between the two fragmentsorrections.
This can also be seen in Fig. (BB where the ratio, The results, displayed in Fig. 14, are represented by dia-
pLe!/ 7L, Of the PLF temperature to the TLF temperaturemonds for the kinematic reconstruction method, and by

VI. NUCLEAR TEMPERATURE
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circles for the evaporation correction method. ¥ and  in the projectilelike fragment was found to exceed 50% at
(Z) centroids and théN)/(Z) ratio obtained with the two low energy loss, and to decrease with increasing energy loss,
different procedures are in agreement. The agreement in tHaut without ever reaching thermal equilibrium. The same
(Z) values is consistent with the assumption that charggualitative behavior oE5, ¢ /Ej, with energy loss was ob-
evaporation from the PLF is negligible for the 672-MeV served for other systems studied with the kinematic coinci-
%8Fe+ 1830 system. Such a result can be expected since thdence metho@8,10]. However, much largeEg, J Ey, values
N/Z ratio of the PLF’s produced in this reaction vary be- were obtained for the 672-MeVFe on 1*Ho system. This
tween 1.15 and 1.38 and charge evaporation becomes leissreflected in the high nuclear temperatutep to 4 Me\)
important with increasing\N/Z ratio. that were attained by the projectilelike fragments. The large
The variancesr> from the two techniques are in a fairly PLF excitation energy ratios obtained for the 672-MeV
good agreement at all values of TKEL. A difference is ob- *Fe on **Ho system are attributed to the higher bombard-
served for thes?, variances; those obtained with the evapo-ing energy. A small correlation between the PLF excitation
ration correction method are higher for TKEL values close toenergy ratio,Eg,  /Ej,; and the reaction exit channel was
the limit of the spherical entrance channel Coulomb barriepbserved. A larger portion of excitation energy is stored in
(312 MeV). This result is not surprising, since in the evapo-the acceptor nucleus than in the donor nucleus, however, a
ration correction method only neutron evaporation was takestronger dependence of the excitation energy division on the
into account. In addition, in this method the mass evaporatethe direction of transfer was observed for the 505-MeV
from the PLF was evaluated by determining the average™Fe on *Ho and the 629-MeV’“Ge on **Ho systems
functional dependence afA on an assumed . as de- [8,10] than for the 672-MeV*°Fe on ***Ho system.
scribed in Refs[16] and[17], and the proton evaporation Monte Carlo simulations of the present experiment were
that may occur in regions of low/Z ratios is unaccounted Performed to test the dependence of the analysis results on
for. In the kinematic reconstruction methad is evaluated instrumental effects. They confirmed the existence of some
exactly from experimental measurements, @@ and the correlation between the finite resolgtions of fche measured
PLF excitation were determined by the iterative procedurdarameters and the calculated physical quantities. However,
described in Sec. II. This latter method is more sensitive td further examination of the instrumental effects, by running
the details of the distribution, such as long tails, and thughe Monte Carlo simulation with different values for the
gives larger variances. The correlation factq, obtained resolution of the experimental setup, showed only a weak
with the evaporation correction method suggests a tendendependence of the simulation on the experimental param-
towards a correlation between proton and neutron exchang€ters. _
However, the kinematics reconstruction method results in The results of the two types of analyses, evaporation cor-
pnz Values close to zero; this would mean that there is alf€Ction and kinematic reconstruction, perform.ed'on the data
most no dependence between proton and neutron exchand¥.the 672-MeV*°Fe on**Ho system are qualitatively con-
It is worthwhile to point out that the nucleon exchange mod-Sistent with the conclusion that the stochastic exchange of

els of Randrup and Tassan-Got predict a gradual increase 8f/cleons is the major contributor to energy dissipation in
pnz With increasing energy loss. deep-inelastic reactions. Studies of heavy-ion reactions at in-

termediate energies suggest that deep-inelastic processes
may still persist in this energy regind 9,20, and that a
binary character of the reaction still dominaf@4]. There-

The binary character of deep-inelastic collisions was usedore, the study of the excitation energy division between the
for a kinematic reconstruction of the primary reaction, andfragments of heavy-ion reactions at intermediate bombarding
the determination of the primary mass of the PLF was therenergies could be a useful tool to explore the possibility of
used with the statistical evaporation code for excitation enforming hot nuclear matter, and how much excitation energy
ergy determination. The fraction of excitation energy storeda nucleus can accommodate before it breaks apart.

VIIl. CONCLUSION
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