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Fragment excitation energies at freeze-out irf*Kr +%Nb collisions at 45 MeVnucleon
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The emission of light charged particles and intermediate-mass fragiftetts) from central collisions of
45 MeV/nucleon®Kr with ®*Nb has been studied. Violent collisions have been selected using the total
collected charge condition. The analysis of the primary IMF excitation energies has been performed for four
bins of the detected IMF charge €Z,,=<20). We find evidence thag) the mean excitation energy per
nucleon for these fragments is independent of fragment charge and approximately equal to 2 (H)Mes/,
primary fragments at freeze-out preserve the entrance chd&ooelbined systeinN/Z ratio, and(c) the
freeze-out volume itself is far from spherical.
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I. INTRODUCTION However, the relationship between experimental data and
bulk properties of strongly interacting matter is far from

One of the primary motivations for studying collisions 5‘”?9"3- The predominant decay mode of highly excited nu-

between heavy nuclei far above the Coulomb barrier is t&'€l IS the disassembly into several fragmelfs The under-
learn about the properties of nuclear matter at densities argfa"ding of this multiragmentation phenomenon is difficult
temperatures far different from those encountered in nuclei f#€cause the detected fragments are the cold remnants of the
or near their ground states. This is related to the physic§itially hot system. _ o
contained in the equation of state for infinite nuclear matter. A few studies have claimed that bulk volume expansion is
needed in order to explain the production of intermediate-
mass fragments in heavy-ion collisiof%3]. If this is so, the
*Present address: Niels Bohr Institute, DK-2100 Copenhagergollisions would be providing a means of studying the decay

Denmark. of subsaturation density nuclear systems. However, in order
TPresent address: H. Niewodni¢sanInstitute of Nuclear Phys- to have confidence that this scenario is correct, the dynamics
ics, ul. Radzikowskiego 152, PL-31-342 KrakoPoland. must be well understood as well as how these dynamics are

*present address: Laboratoire de Physique Corpusculaire, ISMReeflected in the few selected observables that are used in
6, Boulevard du Marechal Juin, F-14050 Caen Cedex, France. comparison with theory.

0556-2813/2001/68)/06461313)/$20.00 63 064610-1 ©2001 The American Physical Society



P. STASZELet al. PHYSICAL REVIEW C 63064610

The importance of dynamics has been made clear in in-g
vestigations of observables that might be related to the temg
perature of the system. These observables include the slope®
of light-particle kinetic energy spectid], relative popula-
tion of excited state$5], and double yield ratios of neigh-
boring isotopeg6—11. The striking disagreemeni2—14
of the extracted temperatures measured by these techniqu
suggests that these thermometers are sensitive to the therms
ized energy at different epochs in the evolution of the
nuclear system.

In the framework of the currently accepted scenario for
the multifragmentation process, the compressed equilibratet
hot system(created in the violent heavy-ion collisipfirst
expands and emits mainly light particles. When the system
reaches a sufficiently low density, the remainder disinte-
grates. The time at which this latter process occurs is callec
“freeze-out.” In this paper we use correlation techniques to
extract information on the excitation energy per nucleon of
intermediate mass fragments at or near freeze-out in centre
collisions betweerf*Kr + %Nb at 45 MeV/nucleon.

impact parameter [fm]

Il. EXPERIMENT FIG. 1. Impact parameter distributions forcaiMERA+GEMINI

A. Experimental setup calculation when the total charge detected is greater than 60% of

hi . f d he GANIL facili Z,y (dashed-line histograyrand when the total charge detected in
This experiment was performed at the acility us- the DB is greater than 25% d,, (dotted-line histogram The

ing the Washington University Dwarf Ball/Wall multidetec- iy jine histogram shows the results without any restriction given
tor system. A beam of 45 MeV/nucleotfKr was used t0 g the filtered events.

bombard targets ot’C, 2’Al, %°Sc, ®*Nb, and '*°Tb. This
work focuses on the nearly symmetric systéfir-+*Nb.
The center of mas&.m) energy for this system is 2.0 GeV.
The Dwarf Ball/Wall detector system is described in detail in
the literature[15] so only a few points will be made here.
This 104-element, fast plastic-C$l) phoswich array covers
laboratory angles from 6° to 35° with the Dwarf WaDW) _ . .
and from 35° to 168° with the Dwarf BallDB). Light B. Selection of the violent collisions events

charged particle$LCP’s=p, d, t, *He, anda particles are In Ref.[16], some results for the 45 MeV/nucledfiKr
identified using the pulse shape characteristics of th€TOsl +5°Tb reaction were presented. It was determined that the
light output. The atomic numbers of intermediate-mass frageondition imposed by the total detected chaifygs>75% of
ments(IMF’s) (2<Z,ye<20) are determined by comparing Z,, selects events that are characterized by high LCP mul-
the integrated fast light output from the plastic foils to thetiplicity. Z,, is a sum of the projectile and target nuclear
much slower light output produced by the C8). The plas- charges. The impact parameter and the energy dependence of
tic foils vary in thickness from 200 to 2@m for forward to  observables in intermediate-energy heavy-ion reactions were
backward angles, respectively. The IMF masses that are neaiso studied by Tsanet al. in Refs.[17,18.

essary in our analysis were assigned fstable nuclei. In For the present study of the reactidfkr+%Nb at 45

this experiment, the energy calibration of the LCP was obMeV/nucleon, the violent collisions have been selected in a
tained from the punch-through points of the light ions. Infashion similar to that used in Reff16]. Our procedure is
other experiments, it has been verified that these points agregiided by the results of the computer cod@mEeRA [19],

with those determined from inelastic scattering. The energyhich provides a more quantitative estimate of the impact
calibration for the heavy ions was done by the procedurgarameter distribution for gates on the total detected charge.
described in Ref[15]. This procedure makes use of a mea-This code is based upon the molecular dynamics concept
sured average responsef Dwarf Ball/Wall detectors for  [20,21]. The output of thecHIMERA code at timet
heavy ions relative to that for LCP’s. The detector system= 150 fm/c has been taken as input for the statistical code
subtends approximately 88% ofmdwith energy thresholds Gemini [22]. Coulomb trajectories are following during the
that vary with angle and ion charge. The thresholds for prodeexcitation process. The results of thi@MERA-GEMINI cal-

tons andua particles are 4 and 2 MeV/nucleon, respectively,culation have been filtered through the experimental condi-
for a large angular regioffrom ~167° to near 35°). The tions using software that simulates the main physical features
energy thresholds increase at more forward angles. For pr@f the detection systerfe.g., the geometry and the energy
tons, which is the worst case, the threshold increases by thresholds of each detecjoil he solid line histogram in Fig.
factor of 2 at the most forward angles. The laboratory angui shows the overall event distribution as a function of impact

lar granularities are-14° for DB and+5° for DW in both
polar and azimuthal directions. Some of the details of this
experimental, including the overall multiplicity distributions,
have been presented previoufl].
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FIG. 2. Number of event§roportional to the area of the rect-
angle square’s surfag@s a function of the LCP multiplicity and
IMF multiplicity when the collected charge in the DB detector was

larger than 25% 0Zy;.

parameter generated by this simulation. This figure also dis- v, [em/ns]
plays the event distributions faii) the condition that the I
total collected chargedetected in DW and DBwas larger FIG. 3. Proton invariant velocity plot. The largest fragment in

than 60% ofZ,, (dashed lingand(ii) the condition that 25%  each event has been selectéai Raw coincidence(b) background,
of Z,y is detected in the DB onlydotted ling. One can see and(c) difference[(a)— (b)].
that the condition that requires substantial emission in the
backward hemispher&otted ling significantly rejects pe- The first and second of these sources produce LCP’s that
ripheral collisions. Due to the improved rejection of periph-cannot be associated with any parent IMF, while the last
eral collisions and our desire to focus on central collisions inproduces LCP’s not correlated to the IMF selected for study.
the present work, conditiofii) has been used in this study. Due to these background contributions, the LCP’s from the
Using this condition, the number of experimental eventssecond source cannot be associated with the selected residual
as a function of the LCP and IMF multiplicities is plotted in IMF on an event by event basis. Nevertheless, some of the
Fig. 2. This presentation of the charged particle multiplicity detected LCP’s and IMF’s are correlated via their common
correlation is similar to that obtained in R¢1L6] [see Figs. primary parent. If we calculate the relative velocities be-
2(b) and 3a) therein]. The average LCP and IMF multiplici- tween the selected IMF and LCP’s on an event by event
ties are about 14.5 and 4, respectively. Figure 2 shows theasis, then the correlation should be seen as an excess of
distinct correlation between thd, cp and theM e, which  counts around the IMF position inw@ versusv, represen-
reflects the finite size of the disintegrating system, a point weation. The velocities)) and v, are the projections of the

made in our previous publicatidi.6]. relative velocity into the IMF direction in the c.m. system
and into a plane perpendicular to that axis, respectively. In
lll. PROCEDURE OF THE PRIMARY FRAGMENT this work, we assume that the average velocity of the de-
EXCITATION ENERGY RECONSTRUCTION tected fragment after statistical emission is equal to the ve-

locity of the primary fragment.
Figure 3a) displays the proton-invariant velocity plot in
The primary fragment excitation energies can be deterthe reference frame described above and constructed for the
mined from the multiplicities of associated LCP’s evaporatedargest fragmentIMF) detected in each event. One cannot
from the IMF. However, the LCP’s detected in coincidencesee a substantial excess of protons around the pginb |

A. Overview

with an IMF can originate from several sources, namely, =0 cm/ns. This indicates that the correlated component rep-
(2) the colliding system at the early phase of the reactiorresents a relatively small contribution to the total proton

before thermal equilibrium is achieved, emission. In order to isolate uncorrelated emission, back-
(2) the composite excited system at freeze-out stage, ground plots have been constructed by replacing the relative
(3) the primary IMF of interest, velocity of LCP’s that coincide with the given IMF by the
(4) all other primary IMF'’s. relative velocity of the uncorrelated LCP’s produced in a
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different event. An example of the distribution for the uncor- expt N ) e ()
related componentfrom mixed eventsis shown in Fig. {8Ei b AW —— Vi) ——{v{}
3(b). The result of the subtraction of this background from gﬂ_,{é"fy‘"}_T

the total LCP emission is presented in Figc)3 One can g od 5 Coulomb dynamics +

now clearly see correlated counts surrounding the IMF’s po- {B7 | %oo ————

sition in velocity space. Similar pictures have been obtained
for other combinations of the IMF’s and LCP’s. Such corre-  FIG. 4. Technique for determining the fragment velocities at
lations have been exploited in previous wp8] to estimate  freeze-out.

the E*/A for IMF’s produced the?®Xe+"Sn at E/A

=50 MeV reaction. Here, we have introduced a Monte Carlogeen in the data; see Fig. 2. The charge and mass partition of

simulation procedure to evaluate the freeze-out characterigpqo asymptotic fragments is obtained from the normalized
tics. This procedure that is described in the next section aléxperimental charge versus mass distributid®(Z,A)

lows for the extraction of the excitation energies of the pri'whereP(Z,A) is the probability that the fragment has charge
mary fragments. Z and massA. This asymptotic fragment partition will be
used to obtain théearlier timg freeze-out primary fragment
B. Monte Carlo simulations partition by removing a few light particlep( d, t, *He, and

The simulations begin at the freeze-out time, at which it is*He) from the asymptotic fragment partition and absorbing
assumed that the total excitation energy of the system i#1em in to what then become the primary IMF’'s. The full
partitioned into three mode§) thermal motion of the point- procedure is described in Appendix B. The freeze-out vol-
like objects,(ii) radial expansion, andii ) internal excitation =~ ume Vy, is calculated, as is done by Bondat al. [24], by
of the fragments. At freeze-out, the relative distances beincluding sufficient volume for each fragment to ensure neg-
tween all fragments are such that mass exchange has ceasbgible nuclear interaction. The LCP’s are uniformly distrib-
The subsequent evolution of the system proceeds with theted within a prolate spheroidal shape with the unique axis
statistical decay of the excited IMF’s with only the Coulomb directed along the beam direction. The IMF’s are randomly
repulsion operating between the fragments. The fragment délistributed according to two three-dimensional Gaussian dis-
cay times are drawn from the exponential distribution tributions. As we shall see, such a selection of the LCP and

IMF distributions is consistent with experimental observ-

- ables(see Fig. 8 as well as dynamical simulations of the
P(t)~ex ) @) early stage of the reactidifior example theCHIMERA calcu-
lations.

wherer is a free parameter characterizing the mean lifetime Figure 4 presents the algorithm used for determining the
of the excited primary IMF'Ysee Sec. V and Fig. 1L7Cal-  fragment velocities at freeze-out. The fragment asymptotic
culations are performed until the fragments become cold anlinetic energy in the c.m. system is chosen from the “true”
the Coulomb accelerations become negligible. Finally, theasymptotic distribution, and the modulus of velocity is cal-
generated events are presented to a software detector filtenlated according tév;| = 2E*¥"TA;. The procedure is it-

that simulates the experimental conditions. erative, starting withE*>'™= E?"’“, One procedurda) has
been developed in order to assign a direction to the fragment
C. Freeze-out stage characteristics velocity, based on the assumption that the fragment energy is

a sum of the radial and the thermal energies. This procedure
is described in Appendix A. Another proceduyt® has been
introduced in order to convert the set of “true” asymptotic
fragment velocitiegv;} into the set of the primary fragment
velocities{V/°}. This backtracking procedure corrects the ef-
fects of Coulomb acceleration and collective rotation and it
makes use of the relations and algorithms described by Ran-
drup [25]. Needless to say, these quantities, and thus these
procedures, are of central importance to this work.

The freeze-out stage is characterized by the following.

(1) The freeze-out fragment partition{Z; ,Aj}; i
=1, ... My, WhereMyy is the total LCP and IMF multi-
plicity and Z(i) andA(i) are the charge and mass of ftie
fragment, respectively.

(2) The freeze-out volumeyy,, its shape, and the frag-
ment distribution within that volume. Each fragment position
is denoted byr;, withi=1, ... M.

(3) The initial fragment velocitiesy;, i=1, ... M.

Due to the limited detector acceptance the *“true”
asymptotic distributions are different from the experimental
distributions. The “true” asymptotic distributions of the In order to obtain the freeze-out configuration, true
fragment charge, kinetic energy, and multiplicity, all of asymptotic distributionfunmodified by the detection sys-
which have been obtained using an iterative tuning procetem) have been generated using the self-consistent iterative
dure, are presented in the next section. procedure presented in Fig. 4 and the following experimental

For each event the desired asymptotic LCP multiplicityobservables{i) the LCP multiplicity distributionsii) the
M cp and the IMF multiplicity Myr are chosen randomly IMF multiplicity distribution, (iii) the charge distribution,
from the two-dimensional asymptoti p versusM e dis-  and (iv) the energy spectrén c.m. system for each frag-
tribution. Such a selection ensures the correlation betweement species. Due to limited acceptance of our detection
the LCP and IMF multiplicities and the total multiplicity system in the most forward and backward directions, the

D. Tuning of the model input
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FIG. 5. (a) The LCP and IMF multiplicity distributions antb)
the fragment charge distribution. The solid points show the experi- FIG. 6. The experimental energy spectra in the c.m. system
mental data, solid-line and dashed-line histograms show filtered an@loty. The dashed lines and solid lines represent the “true”
unfiltered(“true” ) asymptotic model distributions. asymptotic distributions and the distributions when the detector fil-
ter has been included, respectively.
experimental observables used in this analysis are only
slightly contaminated by preequilibrium particles. This con-by solid dots. One can see that the experimental angular
tention is supported by theHIMERA simulations[19]. distributions for the heavier fragments are reproduced by the
The experimental LCP and IMF multiplicity distributions, model calculation only when the elongated shape of the
the fragment charge distribution, and the energy spectra ifreeze-out volume is assumed. The LCP angular distributions
the c.m. system are represented by solid dots in Figs. 5 andifi particular are sensitive to thg, parameter, and the best
for selected fragment species. The desired true asymptotmgreement between calculation and the experimental data is
distributions are shown in these figures by the dashed-linéor p,~0.4.
histograms. When the detector filter is applied to these true It should be noted that our selection criterion is different
distributions, the experimental observables are well reprofrom that employed in Ref.26]. The most conspicuous dif-
duced by the model calculation as indicated by the solid-linderence is that our criterion does not directly bias against
histograms in Figs. 5 and 6. nonspherical event shapes while the selection criteria in Ref.
The second set of adjusted parameters includes both tlj@6] does. Our choice of filters is in fact motivated by this
shape of the freeze-out volume and the ratio of the averagdifference in that reaction simulations of central collisions do
values of the radial proton energy to the total proton kineticproduce elongated event shapes.
energy, p, (see Appendix A for details The spheroidal
shape of the freeze-out volume has been parametrized by the IV. RESULTS
ratio c/a, werec anda are the major and minor semiaxes of
the spheroid, respectively. We found that the angular distri-
butions in the c.m. system are very sensitive to bothghe The reconstruction procedure described above is applied
and c/a parameters. Figure 7 presents calculated primaryo those events that pass our selection for violent collisions
angular distributions for selected species. These histogranfsee Sec. Il B Due to rather modest statistics, the analysis of
represent calculations assuming either a spherical shape tfe primary IMF excitation energy has been done for four
the freeze-out volumec{a=1) andp,=0.4 (dotted, or a  element groups, as indicated in Table I, rather than for indi-
nonspherical freeze-out shapka=4 with no radial energy vidual elements.
p,=0 (dashedl and with a substantial radial energy, Similar analyses to those represented in Fig. 3 have been
=0.4 (solid). The results shown in Fig. 7 were generateddone for each bin of the detected IMF and for each type of
without the detector filter while those shown in Fig. 8 werethe LCP. The results of the background subtraction from the
generated using this filter. The latter can be directly com-detected total LCP emissideee Fig. &)] have been used to
pared to the experimental distributions that are representesbtain the experimental correlation functions presented in

A. Secondary evaporated LCP multiplicities
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do/dQ [arb. units]

FIG. 7. The angular distributions in the c.m.
system for the model calculatiofthe detection
filter has not been includedDotted histogram,
c/a=1, p,=0.4; dashed histogranc/a=4, p,

r =0; and solid histogram¢/a=4, p,=0.4 (see
text for explanation

.........................

50 100 150 50 100 150
© [deg] © [deg]

Fig. 9 as solid lines. These correlation functions display thdor B-stable nuclei. By performing the additional calcula-
relative energy distributions between the LCP and the daugttions we found that a variation on the cold fragment masses

ter IMF defined as by =1 mass unit has a negligible effect on our final result.
y The correlated LCP multiplicitiesM ¢p,(K,j) have been
E _/-L(UL +uj) varied to reproducésimultaneouslythe experimental corre-
rel™ 2 ' lation functions for five types of LCP’sj(mode$ and four

IMF bins (k bins); see Table I. While a fitting procedure was
whereu is the reduced mass of the IMF-LCP system and not done, the variational procedure mentioned above indi-
andv were defined in Sec. Il A. The IMF masses are thosecates that the multiplicities are well determined. This crude

) |
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1 :— 1
a0 . 3H N FIG. 8. The angular distributions in the c.m.
075 |- - 075 |- . .
g b system for the model calculation. The influence
o5 | o AT 05 [ of the detector acceptance has been taken into
g .-': . : account. The parameters for the dotted, dashed,
025 - e, | OB and solid histograms are the same as those pre-
AN L o sented in Fig 7. The experimental data are shown
2 | L as solid points.
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optimization procedure leads to the multiplicities given in  The sensitivity of the calculated correlation functions to
Table I. We estimate the uncertainties in these multipliciteghe LCP multiplicities is shown in Fig. 11. Here we display
to be less thant 25% (see below. The calculated correlation the correlation functions calculated for the best set of multi-
functions are displayed in Fig. 9 as dashed lines. The agreglicities (solid line) and those calculated for multiplicities

ment between the experimental correlation functions andaried by =25%. Our results show that these correlation-
those generated using the multiplicities presented in Table |

is very good for both protons and particles and quite sat- é‘ 8:‘
isfactory for the other LCP isotopes for which the statistics = 6F
are much more limited. Table | shows that the LCP multi- !
plicities increase with increasing charge of the detected IMF. ar
Such an observation suggests that the total excitation energy 2i_ e
increases with the charge of the parent nuclei. The multi- i
plicities for protons are higher than those toparticles. The o OF . .
very low 3He multiplicities agree with experimental data =

[27] and statistical model calculatioh22]. =
Figure 10 shows the multiplicities of LCP’s evaporated
from the fragments M¢,,) and the total LCP production

-t
N
T

[y
T

(M, as well as the ratio of these values. One can see that osk -
about 20% of the LCP’s come from the secondary statistical “F
decay of the primary fragments and that this contribution s OF : :
strongly depends on the type of evaporated species. 290.3 —_|_|_
g [
TABLE I. Extracted evaporated multiplicitied ., for the four 200.2:—
bins inZye . [
0.1 I
Species H 2H SH 3He “He i | |
j mode " H *H *He  “He
Ze k bin 1 2 3 4 5 LCP decay mode
3-5 1 001 00 001 00 0.06 FIG. 10. The total average multiplicities of the LQBpper
6-8 2 0.13 0.06 0.05 0.0 0.13  pane). The multiplicities of the LCP evaporated by the primary
9-12 3 0.39 0.12 0.07 0.0 0.11 fragments(middle panel and the ratios of the multiplicities of the
=13 4 0.91 0.36 0.26 0.09 0.31 LCP evaporated by the primary fragments to the total average mul-

tiplicity of the LCP (lower panel.
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FIG. 11. The correlation functions calculated for the multiplici- A

tieS, Mexp(41j) given in Table |(Sol|d |ine$. Dashed and dotted FIG. 12. Level density parametar(upper panéland the ratio
lines are the calculated correlation functions for 125% and 75% ofy/a (lower panel as the function of the nucleus maas
Mexp(4,]), respectively.

_ o One can see that, at a given temperature, parametrizgtions
functions do strongly depend on the multiplicity of évapo-and (i1) predict higher excitation energies per mass unit for
rated LCP’s, and therefore these multiplicities can be useflghter fragments than for heavier fragments. We treat the
for the quantitative extraction of the excitation energies ofgecaying system at the freeze-out stage as an ensemble at a
the primary fragments. The experimental correlation funcgjven temperature where the fragment excitation energies are
tions alWayS fit within the+25% Cor“dor, Sett|ng the upper related to the System temperature by B)

limit on the multiplicity uncertainties. As neutrinos have not been detected in the experiment,
nor are the masses of the detected IMF's known, an optimi-
B. Fragment excitation energies and temperatures zation procedure like that used for the charge distribution

cannot be employed. Therefore we have investigated two
assumptions for theN/Z ratio of the primary fragments.
J hese two assumptions are that & ratio of the primary

In order to convert the LCP multiplicities into the frag-
ment excitation energies, the statistical cagdaini [22] has
been used. The LCP decay from the primary IMF’s is treate ) .
with the Hauser-Feshbach formalig@8]. The most impor- fragm_ents is equal t(_) thgt fg@-stable nuclei and that of the
tant parameter of this statistical approach is the level densitg®Mbined target-projectile systerii{Z=1.3).

parameter. In our calculations, three parametrizations have 1€ GEMINI calculations supply the average LCP multi-
plicities [M1(k,j)] for each LCP type j( mode in each of

been used: . .
the four IMF remnant(k) bins at a given temperaturé ).
(1) a=(A/14.61)(1+4/AY3) [29], The calculated values of thd+(k,j) can be directly com-
(1) a=(A/13.7)(1+1.3/AY3) [30], pared to the values given in Table I. In order to obtain a
(1) a=(A/13) [31,32, quantitative comparison between the calculated multiplicities

. o and those derived from the experimental data, the following
whereA is the mass number. These parametrizations and geasure has been used:

low-excitation-energy formulag=A/8) are shown in Fig.
12 (uppeyd. Using the relation between the excitation energy
and the temperaturg3],

° [ M1(K, )~ Meagof k)| 2
x2=21 (K J) ~ Mexp(ky]) cweight(l), (3
=

Mexp(K,])
E*=aT?, 2)
where weight|) are proportional to the total yields of the
one can conclude, for constant temperature, that the excitaelected LCP normalized to the proton yi¢ldeight j=1)
tion energy per mass unit is proportional to the ratié. In =1]. The upper panels in Fig. 13 show tlé parameter as
Fig. 12 (lower) the ratiosa/A versusA have been plotted. a function of the fragment temperatures calculated for the
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valley of stability N/Z=1.3
e 2 % i 2¢ B
8E ! 18
s 161
af ! 14F
2F ] 12F
i 15
s 08 f
sk =
4 f 04 FIG. 13. 2 (upper panelsand the fragment
2 f o2 excitation energy per nuclediower panelsas a
< of o function of the temperature. The values of the
& asf 35 F fragment excitation energies and temperatures at
% F s E the minimum of they? are indicated by the hori-
o F F zontal and vertical lines, respectively.
R 2s5F 25 .
: 2| b
: i 1F - |
5 F E osf E
0 EI MR R I i | | 0 EI M B R M i L |
3 4 5 6 3 4 5 6
Temperature [MeV] Temperature [MeV]

fourth bin (k=4) and taking into account th&H, ?H, 3H,  values of they? (see Fig. 1Barise from the former assump-
and *He particle emissionéhe 3He has been excluded due tion, indicating that the pr_imary frggr_nents likely _reflect the
to the very low multiplicity of this fragment The solid, entrance_channeN/Z ratio. A S|_m|lar c_onclusmn was
dotted, and dashed lines have been obtained for the levégached in Ref[23]. This conclusion derives some addi-
density parametrizations I, I, and 1, respectively. The plotstional support from the results presented in Fig. 14. Here, the
presented in the left column were obtained using fragmentffagment excitation energies per nucleon have been obtained
with B-stableN/Z ratios while the plots in the right column from separatey” minimizations for each evaporated LCP
were obtained using fragments with thN/Z ratio of the tyPe. In this case also, the assumption that the fragments’
combined target-projectile system. N/Z ratio is the same as in the combined target-prolectlle_
The lower panels in Fig. 13 present the average fragmerifyStem leads to more consistent values of the derived exci-
excitation energies per mass unit versus the primary fragtation energy per nucleon. S
ment temperature calculated for the three level density pa- Subtracting the evaporated LCP multiplicities from the
rametrizations. The values of the fragment excitation enertotal LCP multiplicities(see Fig. 12 the primary LCP popu-
gies and temperatures at the minimum of ffedistribution, Iathn at the freeze-out phase is obtained. Using this infor-
marked by dots in the lower panels of Fig. 13, are listed inmation the system temperatui®,,;=8.85 MeV, was calcu-
Table II. The errors included in Table Il have been calculatedated from the Albergo formulg6]. On the other hand, using
assuming that the LCP multiplicities have been extractedhe total LCP multiplicities in the Albergo formula one gets
from the experimental data with uncertainties-025% (see  Tapp= 8.3 MeV. Clearly the correction for the IMF sequen-
Fig. 11). tial decay increases of the apparent temperature, in agree-
The assumption that the fragmeWitZ ratio is the same as ment with Refs[12,9]. Another observation is that the sys-
in the combined target-projectile system leads to higher fragtem temperaturd ,,,is much higher than those presented in
ment excitation energies than does the assumption that thable Il. A similar observation was made in Rét4] and

fragmentN/Z ratio is the same as fg8-stable nuclei. Lower ~€xplained by differences in the emission environments of
3He as compared to the emission environment ofchear-

TABLE IlI. Extracted values for botfE*/A andT for the three
different prescriptions for the level density parameter and the two

o 6
S valley of stabilit =
assumptions for th&l/Z ratio. S sp IR P
W
Valley of stability N/Z=1.3 i3
a  E*/A(MeV) T(MeV) E*/A(MeV) T (MeV) .
0 T %0 *n : FHe W : £ : *H FHe
(1) 1.8°0% 3.50% 2.57°038 4.2°93
(1) 1.959%2 4.4°37° 25704 5.0 9% FIG. 14. Fragment excitation energies obtained independently
(1) 2.1°9% 5.2°94 2.43°9%7 5.6 08 for *H, 2H, *H, and *He particles. Solid, dashed, and dotted lines

refer to the level density parametrizations I, 1I, and Ill, respectively.
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46 13<Z
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FIG. 15. Total decay width of th&5Ca nucleus as a function of E,,[MeV]
the excitation energy. Indicated values 90, 38, and 2Z frefer to
the mean lifetime of thé%Ca nucleus at excitation energy 115 MeV
for the level density parametrizations I, Il, and Ill, respectively.

FIG. 16. Correlation functions calculated fer=20 and 200
fm/c for 1?°H and « particles.

other fragments, via the long-range Coulomb force, which

ticles due to a hierarchy or ordering of mean emission timesytentially can decorrelate the relative velocity between the
However, as ouPHe multiplicities might be slightly inflated primary IMF and its LCP’s. The influence of such an effect

S O .  STHTY _ LC _ _
by contamination due to an incomplete rejection’fe, the  would yield IMF excitation energies that are systematically

Tapp Values are subject to a systematic overestimation.  |ow, Figure 16 presents a comparison of the correlation func-
tions calculated for 7=20 fm/c (solid lines and 7
C. Decay time scale =200 fm/c (dashed lines The 7=20 fm/c corresponds to

) ) very fast deexcitation of the primary IMF's and thus the

The temperatures of the primary IMF’s, which have beeneypanding nuclear system is still close to the freeze-out
presented in the previous section, depend on the level dens'&)fage. Even with such a short characteristic decay time,
parametri;ation use@able Il). The calculated mean Iifet_ime which is that for the largest level density constéifit), the
of the excited IMF also depends upon the level density pagorrelations are only slightly different from the correlation
rametrization as seen in Fig. 15. The Hauser-Feshbach fofynctions calculated using the much slower decay. This com-
malism has been use@2,2§ to calculate the total decay parison indicates that the potential decorrelation process
width of a ™Ca nucleus as a function of the excitation en-mentioned above is negligible and therefore the derived in-
ergy. The solid, dashed, and dotted lines in Fig. 15 refer {qormation on the IMF excitation energies and temperature
the level density parametrizations I, Il, and Ill, respectively,can pe related to the freeze-out condition.
and the squares represent the low-energy formalkaA/8)
(see Sec. IVB The “%Ca nucleus has been chosen as an
example of an IMF with the sami/Z ratio (1.3) as the
combined target-projectile system. One can see that the cal- The conclusions of this work are the following) For
culated decay time of the excited nucleus is strongly depercentral collisions oE/A=45 MeV #Kr with %Nb, the ex-
dent on the level density parametrization. In Fig. 15, thecitation energy of primary fragments at freeze-out has been
dashed vertical line indicates 115 MeV of excitation energydetermined to be~2.5 MeV/nucleon.(b) The assumption
which corresponds to the experimentally deduced primaryhat the fragmenN/Z ratio is the same as that for the com-
IMF excitation of 2.5 MeV/nucleon. The mean lifetime of bined target-projectile system leads to higher fragment exci-
the éCa nucleus at this excitation energy is 90, 38, and 2%ation energies than does the assumption that the fragment
fm/c for the level density parametrizations I, I, and Ill, re- N/Z ratio is the same as fg8-stable nuclei. The experimen-
spectively. tal data are better reproduced with a reaction simulation with

If the decay of the excited IMF is very fast, the secondarythe former assumption, indicating that the primary IMF’s
decay can occur in the close proximity to the other frag-likely reflect the entrance channel'Z ratio. (c) About 80%
ments. When this happens the emitted LCP interacts witlof the detected LCP’s do not originate from the secondary

V. CONCLUSIONS
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+ - tion the third term on the right-hand side of E42) is equal
/ to zero. Multiplying both sides of EqA2) by m,/2, where
m, is the mass of the fragment typge we obtain

(E(AN)r=Er(A) +(Ex(A1)):. (A3)

(E(A,r)); and{E+(A,r)), refer to the average values of the
total and the thermal energies, respectively, BadA,r) re-
fers to the collective energy of the particle at positian
Subscriptt indicates the averaging over the thermal particle

FIG. 17. Fragment velocity decomposition. Dashed arrows repdistribution at positionr. Introducing an average over the
resent the thermal fragment velocity distribution. Thick arrowsparticle position distribution in the freeze-out volume, we
show an example of the total observed velocity construction. obtain

statistical decay of the primary fragments. However, this (E(A)) 1, =(Er(A)); +(Ex(A)):. (A4)
analysis does not allow us to differentiate those particles that ] ] ) )

have been produced in the preequilibrium phase of the read-he subscript has been Omlt_ted In_the Igst term in EA4)

tion from those that coexist with the primary IMF’s at freeze- Pecause the thermal energy is position independent for a sys-
out. (d) The temperatures extracted in this work depend orf€™M in global thermal equilibrium. Denoting the ratio of the
the level density parametrization used in the statistical calcu@verage value of the collective energy to the average value of
lation and thus independent information on the level density€ total kinetic energy by and using Eq(A4), one can
parameter is required for an unambiguous fragment temper&Ptain

ture determination(e) The comparisons of the model reac-

tion simulations to the experimental data suggest that the (Ex(AN=[1=p(A KE(A))1, - (A5)

freeze-out volume is extended along the beam dIreCtloq'he global thermalization assumption requires that the ther-

(nonspherical mal energy{E+),, is equal for all fragments and, e.g
This analysis also enables us to extract information on the =T/ T

partition of energy between the thermalized and collective _1_
radial modes. This, and related issues, will be dealt with in a (En)=(1=Pp)EP)r (A6)

separate paper. wherep,=p (A=proton ). Using Eqs(A5) and (A6), one

can get
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AND RELATED VELOCITIES
This equation shows that the scaling factor in EAL) is
The total velocity,v(A), of the detected fragment of a determined by the asymptotically observed fragment ener-
type A (A=p, d, t, *He, *He, °Li, "Li,...) is aresult of  gies and by the mean-square radius of the fragment distribu-
both a collective motiong and a thermal motiow; (see Fig.  tion within the freeze-out volume.
17). Now we introduce the assumption that the collective Now, we are prepared to follow procedui@ in Fig. 4.
velocity vg is proportional to the fragment's position vector At first, we calculate the freeze-out fragment partition, the
r, fragment positions in the freeze-out volume, and the modu-
lus of each fragment asymptotic velocitsee Sec. Il C and
VR= Br, (A1) Appendix B. Using Eqs(A8) and(Al) we calculatevg ; for

. . . , i the ith fragment in the partition, where=1, ... M.
whereg is a scaling factor. Consider the particles posmoned.l.hen for t%ei h fragmentpa set oN thermal compong)rtns
atr=|r|. An average value of the square of the total veloc- | :amre generated, wheile- 1 N (see Fig. 17, The '

. L . . VT
A)=vg(A)+ V(A h Tio
1ty, V(A) =Ve(A) +vr(A), at the positio, is given by components of the’; ; in thex,y, andz directions are inde-

(V3)=(Br)2+(v3) + 21 (v cod @), (A2)  pendently chosen from the Gaussian distribution centered at
zero witha=/T;/m;, where
wherea denotes the angle betweep andv+ (see Fig. 17. L ) -
Due to our assumption that the has an isotropic distribu- Ti=smB(A)ri+3E;. (A9)
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(1) The primary IMF’s deexcite by the five-particle modes
listed in Table I.

(2) The average multiplicity of th¢th deexcitation mode
and associated with the IMF remnants of tkin bin are
M(K,j) (the bin number definition is given in Tablg |

Having M(k,j) one can guess the number of correlated
LCP’s for each IMF remnant according to the following pre-
scription:

Mevdi,])
intM(k,j))+1 wheny<M(k,j)—int(M(k,j))
“lintM(k,j)) when y>M(k,j)—intM(k,)),
(B1)

wherey is a random number between 0 and is the num-
ber of the IMF in the fragment partition, and the function
int(x) is defined as the target integer less thamMNow, we
can obtain the number of secondary evaporated LCP’s,

E; andm; are the total energy and mass of itie fragment,
respectively. The total velocity of thigh fragment is con-
structed from the radial and thermal components:

Vi=Vgi+Vri, 1=1,...N. (A10)

Equation(A10) defines a set di different velocities,v! , for
theith fragment, and the average value of the totalfrag-
ment kinetic energy overis equal to

(ENA))=3mi[ B(A 12+ 2mi((Vr )2 .

The last term in the above equation is eqgi@ for largeN.
Using Eq.(A9) we get

(A11)

Ei=(E). (A12)
This procedure generat®$ events with the same fragment
partition, initial fragment positions and initial radial veloci-
ties. Such events differ in the thermal velocity components.
It is simple to prove that the average kinetic energy of all Mme
detected fragments of the type ((E(A))s)e, IS equal to the Nevdi)= 2 Meaydi,i), (B2)
average energy of all generated fragments of the same type, i=1
({{(E"(A))))1)e. where the index indicates the averaging
over all fragments of typeé\ in the event and the inde&
indicates the averaging over all events. Performing the sa
averaging over all generated events, we obtain from(&®)

where M e is the number of IMF’s in the partition. The
freeze-out fragment partition is constructed by removing
mﬁeva(j) LCP’s of the jth mode and by replacing the
asymptotic IMF’s charges and mas$&gi), A(i)] with the
freeze-out charges and mas$¢g™©(i), A(i)], using the

(A13) following equations:

<<%Ti(A)>f>e:<ET(A)>t )

where(E+(A)), is the average thermal energy derived in Eq. 5
Z°0)=2()+ 2, Modi))Zicell). (B9

APPENDIX B: PRIMARY FRAGMENT PARTITION 5
In order to generate the primary fragment partition from Afo(i):A(i)Jerl Mevd i J)ALcr(]), (B4)

the asymptotic fragment partition, the decay history of the
primary fragments has been traced back. Here, we introducshereZ, -p(j) andA cp(j) are the charge and mass of the
the following assumptions: jth mode of the LCP’gsee Table)l
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