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Isospin effects in nuclear multifragmentation
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We develop an improved statistical multifragmentation model that provides the capability to calculate
calorimetric and isotopic observables with precision. With this new model we examine the influence of nuclear
isospin on the fragment elemental and isotopic distributions. We show that the proposed improvements on the
model are essential for studying isospin effects in nuclear multifragmentation. In particular, these calculations
show that accurate comparisons to experimental data require that the nuclear masses, free energies, and
secondary decay must be handled with higher precision than many current models accord.
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I. INTRODUCTION gorithm on partitioning a finite system with two components
as described in Ref28]. We call this earlier model SMM85.
Experiments have demonstrated that appropriately exciteth the improved statistical multifragmentation model called
nuclear systems will undergo a multifragment disintegrationSMM, we depart from the latter approach that the Helm-
leading to a final state composed of a mixture of fragmentsoltz free energies are calculated by carefully including the
of charge 3=Z<30 and light particles wittZ<2 [1]. Frag- measured states of the fragments, with empirical binding en-
ments are produced with large multiplicities in central heavyergies and spin§31—33. We obtain expressions for these
ion collisions at incident energies d,.,n/A<100 MeV free energies that approach the free energies of R&1s28
[2—-4], in larger impact parameter heavy ion collisions atat excitation energies typical of excited multifragmenting
Epeam/A=200 MeV [5,6], and in central light ion induced systems. The main differences between the properties of the
reactions atEp.,,=5 GeV [7]. Analyses of two fragment hot systems we calculate and those calculated in SMM85 can
correlations indicate breakup time scales for these systenise attributed to the more accurate expression for the binding
that are consistent with bulk disintegrati8+12], satisfying  energies that we employ; the structure of the low-lying states
an important premise of equiliborium model$3-15 that  of the fragments plays little role in properties of the hot
relate multifragmentation to the nuclear liquid-gas phaseystem. However, these structure effects become critical
transition[16-18. when the fragments cool later by secondary decay.
Successful comparisons of such models have been made Comparisons between results from ISMM and SMM85
to the measured fragment multiplicities and to charge andeveal large differences between the predicted observables,
energy distribution$4,6,7,19. Such success, even for reac- calling many of the previous conclusions into question. In
tions where a significant collective energy of expansion isparticular, we have found that SMM85 calculations tended to
observed 4], implies that these reactions populate a signifi-overpredict the yields of heavy fragments, and consequently,
cant fraction of the available phase space. Experimental olte underestimate those of the lighter ones. More importantly,
servables such as excited state and isotopic thermometesg find that isotopic yields and observables like the isotopic
[20,21], and the isospin dependen@?] of multifragmenta-  temperatures require careful attention to the structure of the
tion, suggest a degree of thermalization less complete fosxcited fragments. If such structural effects are included,
higher incident energies or smaller systems or j@8+26.  many experimental trends of these observables can be repro-
Such tests, however, have been rendered less conclusive byced, and when they are not, the experimental and theoret-
the inability of many current equilibrium models to accu- ical trends are very different from each other.
rately describe the later stages of the breakup where nuclear In the following, we recapitulate briefly the formalism of
structure details determine the spectrum of excited states ar®MM85 and describe in detail how we incorporate the im-
their decay branching ratios. proved structure information in the calculation of the prop-
Over the years, different versions of the statistical multi-erties of the hot system at freeze-out. This is followed by a
fragmentation models have been develop2d-29,14,30  description of the secondary decay of the hot fragments.
In this paper we based our model upon many of the theoretfhen, we turn to the comparisons of ISMM to predictions of
ical foundations described in RgR7] and included the al- SMM85 calculations that take less care with these nuclear
structure effects. We then compare the present improved
model to the available experimental data. Finally, we sum-
*Present address: Department of Physics, University of Notranarize our work and provide an outlook towards future com-
Dame, Notre Dame, IN 46556. parisons of data to equilibrium models.
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Il. THE STATISTICAL MULTIFRAGMENTATION MODEL These entropies are calculated within the SMM by introduc-
ing a temperaturel,, for the decay mode. The ensemble

During the later stages of an energetic nuclear collision . .
. X average of the expression for energy conservation can then
the excited system may expand to subnuclear density. Th . . )
e used to determine the appropriate valu@ gfas follows:

expansion may reflect the relaxation of a compressed system
formed in central collisions between comparable mass nuclei

[34,39 or the thermal expansion of a highly excited system  cs. | px_ Z_S Vo 1/3+ S NaSEn o (To)
formed in a peripheral heavy ion collisig6,36—39 or in a Ag-Zo - CAéB Vino (g AETALTME
collision between a light projectile and a heavy nuclg2. (3)

For appropriate conditions, the excited system disassembles

over a time scale of 50150 fm[8-12] into a mixture of O the left hand side of the equation, the total energy is
nucleons, light particles witth<4, and heavier fragments. decomposed into the total ground state and total excitation

Equilibrium modeld 13—15 such as the statistical multifrag- energies of the source. The ground state enE@j’z rep-
mentation models assume that phase space is sufficient% o

well occupied so that the system can be approximated by ar sents the ground state energy of the source calculated as a

equilibrated breakup condition characterized by the therm 'gg:ﬁ;g Zig(ial glfJgiltjnsn.qc;rheenélcr)itst(sarwe?enotfhriartltger;tclc?nigﬁ-
excitation energye*, the densityp, the massA,, and the gy 9 b

atomic numbe®Z,. Then a second “freeze-out’ approxima- ing the total charg&, and mas#\,, which is evaluated at a

tion is invoked, which assumes that the system disassembléajserf] gi}tyg ;@(V(gr\éq%)e%[;ﬁﬁg OS IOSC(t;Ze i:gukj)raifen sdes?;;yat
sufficiently rapidly that further interactions between the vari- tura(l)tion anraoat the breaku densitieps resyective)I/ The re-
ous particles in the equilibrated breakup can be neglecteﬁa. . . P ies, resp Y. Th
and that subsequent secondary decay of the excited fra haining terms on 'ghe right hand side are energy contribu-
ments can be calculated as if these fragments are isolated. ons, 1.e., the I§|net|c, groun.d ;ta}te, extra Coulomb, and ex-
The values of the three conserved quantifiés Ay, and citation energies of the individual fragments that are

Z, strongly reflect the dynamics of the excitation process and. pecified below. For the Coulomb energy, this decomposition

. e X . _Is enabled by invoking a modified Wigner-Seitz approxima-
as this dynamics lies outside SMM, they become constramtﬁon [40], whose accuracy for the multifragmentation process

that are introduced as input parameters to the model. Th as been explored in Refi27,28. The result of applyin
SMM then performs the two essential tasks required of equiiE 3) is to O?Jtain values fOW, Which conserve engi)y f(g)r
librium statistical multifragmentation model¢l) the sam- d: m 9y

pling of the equilibrium multiparticle phase space, @ the ensemble averaged mean for each decay mode and con-

the secondary decay of excited fragments. The first step iﬁequently fluctuate from one decay mode to another reflect-

sampling the multiparticle phase space within the SMM is toN9 the corresponding variations in the Coulomb, kinetic, and

select a fragmentation moder” characterized by a set of ground state energies of the collection of fragments that char-
: 9 : ; y a set acterize each decay mode.
particles {Np 7}, which are present in the equilibrium

. The weight w,, for each decay mode is calculated by
stage. For each fragmentation mode, mass and charge CO(5‘\7aluatin the corresponding number of states for the mode
servation provides that 9 P 9

Ao= >, NazA and Zg= >, NpsZ, (1)
a2 a2 where the total entrop$,, of the mode is obtained by sum-

: S ming the contributions from each particle,
whereN, 7 is the multiplicity of a fragment, whose mass and

atomic numbers are, respectively,and Z. The total multi-
plicity M, of the fragmentation mode is related X, ; by Sn=2> Saz: (5)

M= E Na 7z (20 where bothE, ; and S, ; are obtained from the Helmholtz
az free energies 5 7 via the usual thermodynamical relations

The selection of the fragmentation modes and the sets of IF

particles{N4 7}, for each mode is performed by an algo- S=— — (6)

rithm, described in Ref(28], that ensures that all probable aT

choices{N, 7}, are sampled, but the frequencies of sam-

pling for the various modes do not reflect their relative con-and

tributions to the multifragmentation phase space. This re-

quires the introduction of weights,,, discussed below. F=E-TS (7)
The phase space of states consistent with a decay mode

{Na z}m reflects the number of states and consequently thevhich apply to both the contributions from individual frag-

entropy consistent with that mode. The major contributionaments and to their overall sums Bf,, S,,, andF,,.

to the total entropy are the entropies corresponding to the The contributionsF, (T,) associated with each frag-

internal motion, i.e., internal excitation of the fragments.ment in the partition may be decomposed into four terms,
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13 masses for the observed fragments are needed. In addition,
+ Fﬁyz(T)ﬂL Faz(T), the isospin dependence of the masses and consequent yields
of heavier nuclei away from the valley of stability can influ-

(8  ence the predicted yields of measured light nuclei closer to
the valley of stability because all yields must be consistent
€with the constraints imposed by mass and charge conserva-
tion. To provide more accurate predictions of isotopic distri-

_EGS. Z% [ Vo
FA,Z(T)_EA,Z_CCA1/3 Voo

whereE > is the ground state energy of the fragment. The
kinetic term corresponds to

11372 butions, it is relevant to replace the somewhat inaccurate
EX (My==TIn Vo FTIN(Nx 1) /Na o . liquid drop mass(LDM) parametrization28,27 used by
Az(T) 9a.zVr0 27h? } (Naz!)INaz many current SMM codef37,41,42.
9 To address this problem, we use the recommended bind-

ing energy values from Audi and Wapsiia2] when avail-
In this expressionVio=Vno—Vy is the free volumemy  aple. The sampling of the most probable partitions discards
represents the nucleon mass, @nd is the spin degeneracy extremely exotic fragments, which would contribute with a
factor. Empirical ground state spin degeneracy factors ar@anishing statistical weight. Nonetheless, applications of the
used forA<5 because these nuclei have no low lying ex-SMM to realistic multifragmentation scenarios require the
cited states. For simplicity, we talgy,=1 for heavier nu-  code to predict the binding energies for many nuclei that
clei because the influence of nonzero spinsFd,(T) is  have not been measured. Therefore, we use a more accurate
small and can be compensated by small changes in the leveéscription of unknown masses given in Ref3],
density expression for the fragment. The Coulomb term

—CcZAY3(Vy Vo) in Eq. (8) represents the correc- z? z?
tiong in the(V\?igng?—)Seitz ap?)roximafi)on for the individual BIAQM CyA—CA?*~Cc 1/3+5A N A’
particles. The excitation of the intrinsic degrees of freedom is (11)
taken into account b ,(T), and is zero for light particles

with no excited states. where

To calculate the properties of the multifragment emission
from the excited source, one should sum the contributions of
all the partitions consistent with energy, mass, and charge
conservation. Such a procedure, however, would be ex-
tremely time consuming owing to the huge number of posandi=V,S stand for volume and surface, respectively. The
sible modes. Therefore, the present approach samples tigefficients, ; corresponds to the usual pairing term,
more probable modes via a Monte Carlo calculation. This is
discussed in detail in Ref28]; we note in passing that the + pairing: N andZ even
Monte Carlo procedure introduces a bias since not all the daz=1 0, A odd (13
mass and charge partitions enter with the same weight. S N andZ odd
Thereforew,, must be modified to correct for this bi&28]. pairing » '

Taking these modifications into account, the averagerhe parameters corresponding to the best fit of the empirical
value of a physical observabl@ is calculated by taking & masses in Ref. [32] are ay=15.6658 MeV, ag
weighted average, =18.9952 MeV, k=1.77441, C.=0.720531 MeV,

Opairing= 10.8567 MeV, andCy=1.74859 MeV. To illus-
z @0nOm trate the improvement in the model, the upper pdaglof
m Fig. 1 shows the difference between the calculated binding
O)=—— (10 energies from the parametrization of the LDM of REZ8]
Wm used in most current SMM codes and the empirical values.
The lower panel(b) shows the corresponding comparison

This average applies both to observables calculated from tHetween the calculated binding energies using (E). with
primary distributions and from the secondary distributions "€ improved paramete(é.DM). One should note that the

Because the weights are not unity, the calculation of the stdt@! binding er:erg|es hare plotted, rather than the b'nd'nr?
tistical uncertainties associated with the Monte Carlo proce€N€rdy per nucleon. This improved agreement suggests that
dure requires care. They can be easily obtained, however, )€ predictions for unmeasured masses will also be improved
repeating the Monte Carlo procedure with a different initial- 44].

ization of the random number generator and calculating the D€SPite the improvement in the overall mass predictions,
variance of the fluctuations in the predicted observables. there can be discontinuity between the extrapolatzshed
line) and empirical valuegpoints as illustrated in Fig. 2. To

improve the matching between the binding energies of the
known masses and the ones predicted by our mass formula,
Since the predicted primary yields of excited fragmentswe compute average shifts of the ILDM formula from the
are exponentially related to their binding enerdi#d], itis  empirical values and use these shifts to correct the values in
natural to assume that accurate values for the ground stakeg. (11). For an isotone that has a lower charge than its

Ci=4q (12)

A

A—2z)2

o

m

A. Ground state energies
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40 . d_
Av=3 2, (BRT2'~BR'Z), (15)

Bﬁi“’dzii is the corresponding value from the compilation of

Ref.[32]. Two shift values are therefore computed for each

)
S
—

< value of N. The final binding energy values used in the
§ 40 ‘ ‘ ‘ ‘ ‘ ISMM calculations are illustrated for four cases by the solid
= (b) lines in Fig. 2 where it shows that the discontinuity between
g 201 the empirical(stap and extrapolateddashed ling values is

< removed.

B. Fragment internal free energies

In this work, we have modified SMM85 so as to allow
‘ ‘ ‘ ‘ ‘ accurate predictions of isotopic properties, but have limited
0 50 100 150 200 250 the extent of these modifications in an effort to retain many
A of the predictions of the original theory. In particular, we
have retained the high-temperature properties of the frag-

FIG. 1. Differences between thetal binding energies predicted ment free energies;x ,, which are parametrized here and in
by mass formulas and those recommended in R&#]. Upper  the SMMS85 as '

panel: Plot(a) displays the differences when one uses the LDM

mass formula used in SMM85 calculatiof8]. Lower panel: Plot %_ 2\ 5/4 T2
(b) displays the differences when one uses the ILDM mass formula ZZ(T) = 3OA2’3 > 5 —-1|-A—, (16)
presented in this work. ' Te+T €0

isotonic partners in the compilation of R¢82] we use the where 8y=18.0 MeV, ¢,=16.0 MeV, andT.=18.0 MeV.

three lightest isotones with the same valueNoh the com-  This expression holds only for temperatures smaller than

pilation to compute the shift. Similarly for an isotone that hasyitical temperaturel .. At low temperaturesT<Tc, this

a higher charge than its isotonic pgrtne_rs in the Fompilatioréxpression depends quadratically @nas expected for a

of Ref. [32], we use the three heaviest isotones in the cOMgem; |iquid. At the critical temperature where the surface

pilation to compute the shift. This shift is then subtractediensjon vanishes, the surface energy contribution to the total

from the prediction of the ILDM formula: free energyF  »(T) falls to zero when the surface energy
contribution in Eq.(16) is combined with the corresponding

B/ex,xgap: B}\L,?M —An, (14 ground state energy term in E@). As we do not calculate
decays atT>10 MeV, we do not concern ourselves here
where with the form for F3 ,(T) at T=Tc. For 3 MeV=T
=10 MeV, where multifragmentation is important, however,
5 10 15 10 15 20 this form for Fj ,(T) in Eq. (16) is not unique, and other
120 T e R 250 expressions with different thermal properties should be ex-
100 ' plored. In the following we introduce empirical modifica-
. 80 N=15 ] 200 tions to this free energy expression by taking into account the
? 60 nuclear structural information of known excited states.
\E; 0 4 150 First we turn our attention to the fact that most fragments
= at T>2 MeV are particle unstable and will sequentially de-
i 1 1400 cay after freeze-out. This decay is sensitive to nuclear struc-
2 800 ture properties of the excited fragments such as their nuclear
2 750 4 1350 levels, binding energies, spins, parities, and decay branching
@ 200 N =100 ratios. The first three of these quantities also influence the
1 1300 free energies; this can be calculated via the fragment internal
650 partition functions. Self-consistency in the freeze-out ap-
30 40 50 60 80 100 proximation dictates that the states from which these frag-

ments decay after freeze-out should be consistent with the

Helmholtz free energies used in calculating the primary
FIG. 2. Total binding energies for various nuclei. The full lines Yields of the hot fragments at freeze-out.

correspond to the corrected LDM formula, whereas the symbols [N order to discuss this self-consistency requirement, we

represent the experimental data of H8P). The dashed lines cor- Must consider the density of stateg,.{E) and its math-

respond to the predictions given by Ed1) using the optimized ematical relationship with the Helmholtz free excitation en-

parameters. For details see the text. ergy F* (T):

Charge Number
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e 1= [ e el (17) °
0 -100
where the integral is over the excitation energyof the -200
nucleus. Here we have, for simplicity, neglected the compli- % -300
cations of a degenerate ground state, which contributes neg- =
ligibly to the free energy at high excitation energy. In the = -400
original papers on the SMM, the level densities correspond- o 0
ing to the SMM were not stipulated. We now consider what & 1000
is required of the density of states to achieve the high- 8
temperature behavior fdf, ,(T) given by Eq.(16). Then L -2000
we will address the general issue of making the level densi- -3000
ties consistent with empirical information and how that im-
pacts the free energies. Finally, we will discuss specific de- -4000

tails of the incorporation of the empirical information into
the level density expressions. 0 5 10 15
T (MeV)
1. High-temperature behavior

Fi . . hat f £l | densiti b FIG. 3. Internal free energies fdk=20 (upper pangland A
irst we investigate what forms of level densities may be_ (lower panel. The SMM85 expressiofiEq. (16)] is repre-

consi_stent with the free energies in EH?G)' We note that t_he sented by the full line whereas the dashed lines stand for the results
functional dependence &, ,(T) used in Eq(16) makes its  gptained with the Taylor expansi¢&q. (18)]. The free energy cal-

analytical inversion difficult at high temperatures. Instead, itculated through the level density given by E80) is depicted by
is easier to find a smooth real functional form o ,te{ E) the symbols.

that reproduces the numerical values fof ,(T) at high
temperatures than it would be to perform an inverse Laplacéhe free energies obtained via Eq$7) and (20) are dis-
transformation ofF} ,(T) in the complex plane. We note played in Fig. 3 as symbols for two different mass regions.
that if one inverts a Taylor expansion B% ,(T) up to sec- This simple parametrization is fairly accurate at temperatures
ond order inT by the saddle point approximation, one ob- T=<10 MeV in the range of interest.
tains the Fermi gas expression . . . _
2. Empirical level densities at low excitation energies forzl5
aé’,\“AM Several factors motivate the efforts to develop an accurate
PrG stated E) = ﬂeXRZVaSMME), (18 treatment for the level densities at low excitation energy for
4k Z<15. The first factor is that most multifragmentation data
are available for light fragments in this mass range. The sec-
ond is that empirical nuclear structure information is also
available for these nuclei. A comparable treatment of the
level density for the heavier fragments would be interesting,
5 A% but the needed structure information is frequently incomplete
+=Bo—>. (19 . A ) .
277 12 or entirely missing. Fortunately, if we focus on the yields for
¢ A=<38, the contributions from the secondary decay of the
However, this expression is unsatisfactory at high temperab€avy nuclei withZ>15 are of the order of 10%. Thus the
tur‘es7 as is i”ustrated in F|g 3 When the free energies Oberl’Ol’S introduced by the neglect of this structure information
tained from Eq.(18) (dashed lines are compared with for the heavy nuclei do not strongly influence the results of
SMM85 free energies in Eq16) (solid lines. Instead, we the.final yields and one can proceed towards reasonable pre-
take Eq.(18) as a starting point and obtain a useful analyticdictions at the present time.

whereagy v is the absolute value of the coefficient of the
second order term of the free energy expansiom,in

A

aAsmm™ .

dependent term to obtain free energy values in numericafiensity of levelspie,¢ |5 rather than the density of states be-
agreement with Eq(16): cause this definition is more useful experimentally when the

spins of specific levels are not accurately known. Mathemati-
E)= Ele™ bSMM(aSMME)yZ, 20 cally, t_hg densﬂy of states is related to the densities of levels
Psumstated E)=Pro stated E) 20 for individual spin value®,e,e1s(E,J) by

wherebgyw IS given by

pstated E)= 2 (23+1)prepeis(E,J). (23

bSMM:0.07A7T, (21) J
While the spacings between energy levels in a given nucleus

=184 1+ A 22) generally decrease smoothly with excitation energy, as a
' 4500 practical matter one often decomposes the empirical level
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02=0.0888/a(E—Ey)A%3, (28)

and the level density paramete=A/8. E*, J, A, andZ are
the excitation energy, spin, mass, and charge numbers of the

o ; fragment.Eq is determined by matching the total high-lying
> 3 level density to the total low-lying level density as follows:
2 |
w P ; 10%° Ee Ec
< 21015 E dE d‘]pc,levels(Ea‘]): 0 dE d‘]pD,Ievels(EJ)-
3 0
3 (29
3 1010
- Swves 3 5 i ) ) )
----- Fermi Liquid 2 10 whereE, is the energy at which the switch from discrete to
— I continuum level density expressions is made.
0 20 40 0 100 200 300 The comparison in Eq(29) is between the total level
E (MeV) densities summed over spin. This is done primarily to reduce

the sensitivity in the matching to uncertainties in the spin

FIG. 4. Level densities as a function of excitation energy for assignments for some of the discrete states. By adjusting the
20Ne and31P. Two energy ranges are plotted to show the behaViori)arameterEo’ the total level density for continuum states
of level densities at both loweft panels and high-energyright  \yas connected smoothly to the total level density for low-
panel$ ends. The density of experimentally known levels is shown|ying states aE<E, andZ<12. The connection poiri, to
as bars in the low energy region. The dashed lines are the eXtrapﬂigh-lying states, foZ <12, was chosen to be the maximum
lations of the empirical values according to Eg5). The dotted excitation energy up to which information concerning the
lines are th(.a level densifyq. (20)] pa.rametrized fr.o m the SMMB8S. number and locations of discrete states appears to be com-
(Tghs_?gzg lines are the level density adopted in this wEks. plete so that the empirical level densjyq. (24)] was solely

' applied for low-lying states.

For the case 02=12, low-lying states are not well iden-
tified experimentally and a continuum approximation to the
discrete level density46] was used by modifying the em-
pirical interpolation formula of Ref[45] to include a spin
dependence,

density pemplevels(E,J) into two expressions that apply in
two different approximate excitation energy domaitis:one

[labeled app jepe15(E,J)] containing discrete well separated
states at low excitation energies af®l another{labeled as

pc.evels( E,J)] containing a continuum of overlapping states
at higher excitation energies. Far 15, empirical level in- 1
formation[31,33 is applied as much as possible to the low- _ = _
lying discrete level density, wherever the experimental level Poteveis(E.)) T, X (E~E))/T,]

scheme seems complete, 5
(2J+1)exd — (J+1/2)%/208]
X

pD,IeveIS(E!J):Ei S(Ei—E), (24 EI (2Ji+1)exp:—(Ji+1/2)2/2crgi],

where the summation runs over the excitation energies (30

corresponding to states of spinExamples of empirical lev- ] 5
els for Ne and3!P are shown as bars in Fig. 4. For higherfor E<E;, where the spin cutoff parameteroy
excitation energies, a good approximation to the continuun® 0.0888/a(E;—Eg)A?°. For Z=12, the values ofE,
level density has been obtained by Ref5] by combining  =Ec(A,Z) were taken from Ref45] as well as parameters
Fermi liquid theory, a simple spin dependence, and experiT1=T1(A,Z) and E;=E;(A,Z), and in this case, the ap-
mental knowledge. The relevant expressions, shown agroximate level densityEq. (30)] was used in place of an
dashed lines in Fig. 4, afd6] empirical level density for the low-lying states.

pcievels E;)=pc(E)f(J,0) for E>E;, (25 3. Matching low and high excitation energy behaviors
Now, we turn to the requirement of self-consistency be-

where tween the expression fd¥, ,(T) and the level density rel-
evant to secondary decay. In general, secondary decay be-
pe(E)= exp2va(E—Ep)] (26) ~comes more sensitive to nuclear structure quantities such as
¢ 12\/531/4(5_50)5/40' the excitation energies, spins, etc., as the systems decay to-
wards the ground state. At low excitation energies, one is
_ 2/5 2 more accurate using empirical level densities in place of the
f(J,0)= (20 +1)exq —(J+1/2)°/207] , 27 expression in Eq(16), which does not even depend @nAs

207 the excitation energy is increased, however, the continuum
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level density becomes very large, little sensitivity to nuclear 0
structure details remains, and a simpler expression like Eq.
(16) may suffice.

In the following, we takepsyu stated E) t0 be the state
density at high energies and match it to the continuum part of -50
the empirical state densities at low excitation energies. This
procedure uses the empirical information for excitation ener-
giesE*<E., a linear interpolation foE.<E* <E_ .+ AE,
andpsuwmstated E) at higher values of the excitation energy.
The net result is a set of level density and state density ex-
pressions that span the range of excitation energies relevant
to multifragmentation phenomena. F&* <E., one uses -150 -
the expression for the discrete, low-lying state density,

-100 -

Free Energy (MeV)

pISMM(EaJ):PD(E*nJ)- (31 -200 ! ! ! !
o _ 0 2 4 6 8 10
For E.<E* <E_ +AE, the new level density is an interpo- T (MeV)
lation involving the continuum expression relevant at low
excitation energies betwegnt siatesaNd psmmstates: FIG. 5. Comparison betweeR*(T) calculated through Egs.
(17) and (31)—(34), symbols, and the approximation given by Eg.

. . E* —E, (35), full line. To illustrate the influence of quantum effects at low
pismm(E*,J)=pc(E*,J)| 1— AE temperatures, the dashed line represents the free energy used in
SMMB8E5 calculations Eq(16). For details see text.

*

C
+psum(E* ) —3 g (320 numerical integration. To facilitate the insertion of these free

energies into the SMM algorithm, we parametrizg ,(T)

whereAE=2.5A MeV provides a smooth transition fropx by

to psmm- The SMM level densityshown as dotted lines in 1
Fig. 4) can be incorporated with a similar spin dependence as * =F% -
Fig. 4 P pin dep Faz(D=Fsu(T){ 1 1+exp(T—Taq)/AT])
in Eq. (25), j
(35
psmm(E*,3)=psum(E*)f(3,0). (33 whereF%,,,(T) stands for the SMM internal free energy of

o Eq. (16) which is adopted in various SMM models. The pa-
ForE*>E.+AE, the new density simply becomes the samerametersT,4; and AT are adjusted to reproduce the numeri-

as the SMM level densitpsyv, cal calculation ofF*(T) provided by Eqgs(17) and (31)—
(34) for T<10 MeV. In these fits, a value foAT
pismm(E*, ) =psmm(E*,J). (34  =1.0MeV is used for most nuclejthe exceptions are

mainly very light nucleji, while T,q; is varied freely. The

In Fig. 4, the empirically modified level density described accuracy of the fit is illustrated in Fig. 5, which compares the
in Egs.(31)—(34) is plotted as solid lines fof?Ne and®P.  exact values oF* (T) (symbol$ to the approximation given

The level density¢ in Eq. (25) can be used as a proper by Eq.(35) (solid line), for a ?°Ne nucleus. The dashed line
extension to the low-lying level densipy in Egs.(24) and  in this figure represents the free energy used in SMM85 cal-
(30) and a bridge for matching to the SMM level density atculations in which the experimental discrete levels are ne-
continuum. Such a matching procedure provides a state deglected. The matching procedure allows the discrete excited
sity that is empirically based at low excitation energies butstates to dominate the low-temperature behavior, while the
becomes progressively more uncertain as the excitation eirigh-temperature behavior remains similar to that of the
ergy is increased abovE*~E.. This uncertainty in the SMMB85, consistent with the goals stated above.
thermal properties of nuclei at such high excitation energies Because the empirical level densities vary from nucleus to
is not a question of finding an appropriate interpolation, buthucleus, the parametefs; and AT must be fitted for each
is, in fact, a fundamental issue that must be resolved bywucleus used to obtaiR} ,(T). Fits of the same quality as
comparisons to experimental data. For example, other exhat for 2°Ne are achieved for all the light nuclei with
pressions can be proposed for the level densitE’at-E,  <15. These fitted values OF,q; are shown as symbols in
and comparisons of experimental data to SMM predictiongrig. 6. We do not perform such fits f@>15, because the
of sensitive multifragment observables can be used to corlevel density information there is less complete. We, never-
strain the level densities at high excitation energies. theless, extrapolate the main trend of the parameters to heavy

Free energie§ ,(T), which reflect contributions from nuclei, for which detailed experimental information on dis-
the discrete excited states are obtained by inserting this pa&rete excited states is not available, in order to avoid spuri-
rametrization forpga1e{ E) into Eq. (17), and performing a ous discontinuities in the equilibrium primary yields. As
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probability, and isospins were assumed to be the same as the
isospin of the ground state. This simple assumption turns out
10 to be sufficient since most of spectroscopic information is
r S, known for these low-lying states.
% For excitation energies where little or no structure infor-
X mation exists, the level density was assumed to be given by
**2{,@* the level density algorithm discussed in the preceding section
iy and groups of levels were binned together in discrete excita-
K tion energy intervals of 1 MeV foE* <15 MeV, 2 MeV for
* 15<E* <30 MeV, and 3 MeV forE* >30 MeV in order to
1r reduce the computer memory requirements. The results of
i x the calculations do not appear to be sensitive to these binning
h widths. A cutoff energy ofEZ,/A=5 MeV was intro-
duced corresponding to a mean lifetime of the continuum
states at the cutoff energy about 125 fm/c. For simplicity,
parities of these states were chosen to be positive and nega-
2 tive with equal probability and isospins were taken to be

1 10 10 equal to the isospin of the ground state of the same nucleus.
A

Tadj

) ) . B. Sequential decay algorithm
FIG. 6. Best fit values off ,4; for different nuclei(symbols.

The dashed line Corresponds to Ea@ used forZ>15. Before Sequentia| decay Starts, hot fragments from pl’i-

mary breakup need to be populated over the sampled levels
mentioned above, there seems to be a very weak dependeriBethe prepared table according to the temperature. For the
on AT and, therefore, we assumkT=1.0 MeV for z  ith level of a given nucleusA,Z) with its energyE and
>15. In spite of the uncertainty in extrapolatifigy;, the ~ SPinJ;, the initial population is

dashed line in Fig. 6 shows that
(23;+1)exp(—Ef/T)p(Ef ,J))

Tagj=22.00%%MeV (Z2>15) (36) Yi=Yo(A,Z) ,
> (23+L)exp—EFIT)p(EF ,J))

describes the trend@ashed lingfor the lower masses and we

adopted it for the higher masses as well. (37)
whereY is the primary yield of nucleusA,Z) and T is the
Ill. SECONDARY DECAY temperature associated with the intrinsic excitation of the

. . ) fragmenting system at breakup.
With few exceptions, the stable yields after secondary de- Finally all the fragments will decay sequentially through

cay are the quantities that are usually measured experimefyz o5 excited states of lighter nuclei down to the ground
tally. An accurate secondary decay procedure is indispengsates of the daughter decay products. Eight decay branches
able to calculate the contributions from secondary decay angs , o, p, 2p, d, t, ®He, ande were considered for the

deduce the information of the primary hot system from ex-o.icle unstable decays of nuclei wihe 15. The decays of
perimental data. The sequential decay procedure consists Bgrticle stable excited states viarays were also taken into

two parts. _One is to decay particle; wiﬂ_ws 15 through a account for the sequential decay process and for the calcula-
large empirica(MSU-DECAY) table including all the states o, of the final ground state yields. If known, tabulated

of nuclei with known information such as binding energy, .5 ching ratios were used to describe the decay of particle

Spin, 1S0spin, parity, and decay bfa”Ch”?g ratios. _The Othelrmstable states. Where such information was not available,
part is to use the&eEMINI code[47] for particles outside the

the branching ratios were calculated from the Hauser-

empirical table(usuallyZ>15). Feshbach formul&4g]
A. Decay table E: Ge 39)
The implementation of Eqg31)—(34) involves the con- I E Gy
struction of a “table” of quantities such as the excitation d

energies, spins, isospins, and parities of levels of nuclei with
Z=<15. For excitation energieE<E. and Z<15, each of where

the entries in the table corresponds to one of the tabulated Gd=<|d|e|d3|e3||p|p3>2

empirical levels. When the information on the level is com-

plete, it is used. For known levels with incomplete spectro- 1+ wprrdrre(—l)'

scopic information, values for the spin, isospin, and parity XJZIJE—J ‘ |:§’-J\ > T(E) (39
were chosen randomly as follows: spins of 0(42-9/2 ¢ e P

were assumed with equal probability for ev&riodd-A) nu-  for a given decay channel (or a given state of the daughter
clei, parities were assumed to be odd or even with equdragment. J,, Jq, andJ, are the spins of the parent, daugh-

[Jg+del  [3p+J]
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FIG. 7. Caloric curves are shown for calculations of the system 0 2 4 6 8 10 12

of A=168 andZ=75 at fixed breakup density and multiplicity-
dependent density. The dotted lines are calculated from the

SMM85. The dashed lines result when empirical binding energies FIG. 8. Pressure curves due to kinetic motion and Coulomb

are taken into account. The solid lines are obtained from the ianteraction[see Eq(40)] are plotted for the system @f=168 and

Pro"efj model, ISMM, WiFh empirical modifications of both binding Z=175 at fixed breakup density and multiplicity-dependent density.
energies and free energies. The dotted lines are calculated from the SMM85 while the ISMM
presents the solid lines.

ter, and emitted nuclei] andl are the spin and orbital angu-
lar momentum of the decay chann@&l(E) is the transmis-
sion coefficient for thelth partial wave. The factof1
+mpmyme(— 1)'1/2 enforces parity conservation and de-
pends on the paritiesr=+1 of the parent, daughter, and

E /A (MeV)

sponding predictions of the ISMM with all the modifications
discussed in this paper, and the dashed lines indicate the
results provided by an SMM85 calculation that uses the new
binding energies of Eq$11)—(15) and the old parametriza-
emitted nuclei. The Clebsch-Gordon coefficient involvingtIon of Ref.[27] for the Helmholtz free.energ|es. These Iatter.

. ; calculations allow one to assess the impact of the changes in
l,, 4, andl,, the isospins of the parent, daughter, and - . A
P e . . ) the binding energies and free energies independently.
emitted nuclei, likewise allows one to take isospin conserva- . . .
L The two panels provide the caloric curves corresponding
tion into account. . X .

to two different constraints on the density. In the lower panel,

For _det_:ays f“’”_‘ _emplrlcal o_llscrete states &R0, the a multiplicity-dependent breakup densit27] is assumed,
transmission coefficients were interpolated from a set of cal- : . . ) )
. . - X .~ corresponding to a fixed interfragment spacing at breakup;

culated optical model transmission coefficients; otherwise

arametrization described in R&46] was applied %his leads to a pronounced plateau in the caloric curve for all
P pplied. three calculations. By taking into account the kinetic motion
and the Coulomb interaction, we have estimated the pressure

IV. MODEL PREDICTIONS AND COMPARISONS using the relationship
A. Caloric curve IF (M—1)T C, Z5 V&
. - . o = ~————+ = 3 o3
Before presenting predictions for isotope distributions and N mo V¢ 3 Aé VAL

other observables for which the present theoretical develop-

ments were undertaken, we examine predictions of the Z\%(A,
present improved model for the caloric curve and the pri- X 1_A§; NA,Z<Z_) (K
mary fragment multiplicities, both of which displayed fea- ' 0

tures in SMM85 and other SMM calculatiof4,19,37 that  whereP is the pressureM is the total multiplicity,V; is the

are characteristic of low-density phase transition. For exfree breakup volume, and s the total volume. Limiting the
ample, SMM85 calculations predict an enhanced heat capagressure estimates to excitation energies for which the mul-
ity for multifragmenting systems reflecting the latent heat fortiplicity exceeds 10 and the pressure can be more reasonably
transforming nuclear fragmentBermi liquid) into nucleonic  defined, we show the pressure corresponding to these
gas. Figure 7 shows the caloric curve, i.e., the dependence afultiplicity-dependent breakup densities in the lower panel
the mean fragmentation temperat{fig,) on excitation en-  of Fig. 8. The corresponding primary fragment multiplicities
ergy, for a system witlh,=168 andZ,=75. In both panels, are shown in the lower panel of Fig. 9. Consistent with the
the dotted lines indicate the relationships predicted by theonclusions of Refl49], we find the requirement of approxi-
original SMM85[27,28, the solid lines indicate the corre- mately constant interfragment spacing corresponds to

13
(40)
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a0 | _— 6.5 6.5
6 plp, = 1/6 E¥A=6MeV | 5
20 - B
% 55 # 155
=
> 07 = 5r 7 15
o
2 o0 45 | o 145
g 30 © Multiplicity-dependent density 4 | A T
0 5 10 1
10 1
20 E*/A (MeV) pIp,
10 - FIG. 10. Dependences of temperature on excitation energy and
breakup density are shown for the systemAcf 168 andZ=75.
0 ‘ ‘ Calculations as function of excitation energy at fixed density of 1/6
0 2 4 6 8 10 12 normal density are shown as solid circles in the left panel. Calcu-

E*/A (MeV) lations as function of density at fixed excitation energy are shown as
open squares in the right panel.
FIG. 9. Average breakup multiplicities are shown for the system

of A=168 andZ=75 at fixed breakup density and multiplicity- pendenceleft pane) of the temperature at a fixed density of

dependent density. The dotted lines are calculated from the SMM8p/p,= 1/6 (solid circles. Both the excitation energy and the

while the ISMM presents the solid lines. density dependences of the caloric curve are clearly impor-
tant. It is therefore relevant to find and measure observables

breakup pressures that exhibit only a small fractional inthat constrain significantly the freeze-out density.

crease with temperature. In the upper panels, we show the

corresponding caloric curve§ig. 7), pressuresFig. 8), and B. Charge and mass distributions

multiplicities (Fig. 9) calculated at fixed breakup density ) S

plpe=1/6. These show a steeper dependence of the caloric Calculations of the mass distributiofieft pane) and

curves on excitation energy and the small maximum discharge distribution(right pane) for excited primary frag-

played in the lower panel of Fig. 7 at excitation energies ofM€nts are shown in Fig. 11 for a system wip=186 and

about 3 MeV disappears. The corresponding pressures &p= /9 atE*/A=6 MeV. This system has the same charge

constant density, shown in the upper panel of Fig. 8, increas® mass ratio as the symmetrié‘sn+ *2“Sn system, but is

monotonically with excitation energy. However, they arechosen to be 3/4 of the total mass in order to approximately

lower than those calculated assuming a multiplicity depenaddress the mass loss to preequilibrium emission. The dotted

dent breakup density, because the density for the constali€s denote the predictions using SMM85 and the solid lines
volume calculations is lower. denote the predictions using ISMM. The primary distribu-

These figures reveal that the trends of the thermal dytions from ISMM fluctuate about the smooth distributions of

namical properties of these three models to be similar. In
general, the temperatures in the plateau regioB*dA=3 b primary
—8 MeV in the lower panel of Fig. 7 are larger for the
ISMM calculations using the improved free excitation ener-
gies. This is consistent with the fact that the level densities
and, consequently, the entropies of the fragments are lower
in the improved model, which generally raises the tempera-
ture corresponding to a given excitation energy. Specifically
in the plateau region, reducing the entropies of the fragments
raises the latent heat for the transformation from excited
fragments to nucleon gas and raises the temperature at which
the transition occurs. The influence of the improved binding
energies on the caloric curve is less obvious, but this change
seems to be largely responsible for the differences between
the SMM85 and ISMM aE*/A>6 MeV.

Discussions of the nuclear caloric curve usually focus on
the excitation energy dependence of the temperature and ig- A z
nore the density dependence. To illustrate that the phase dia-
gram is two dimensional and a density dependence does ex- F|G. 11. Mass and charge distributions for the systemAof
ist, we contrast in Fig. 10 the density dependefiéght =186 andz=75. The dashed lines are the calculations from the
pane) of the temperature at a fixed excitation energy ofSMM85. The solid lines are calculated using the improved model
E*/A=6 MeV (open squaregsto the excitation energy de- ISMM.

Yield
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FIG. 12. Final mass and charge distributions after applying ki 13, Final mass and charge distributions from ISNgdlid
MSU-DECAY, the empirical secondary decay procedure dlscusseﬁnes) and SMM85(dashed linesare shown. For reference, some

in Sec. lll. The dashed lines are calculated from the primary result%easured data from Ref@2,50 are plotted as solid circles
of the SMM85 while the solid lines are from ISMM. ' '

Z,=75 atE*/A=6 MeV. The solid lines show predictions
SMMB85 forZ<20 andA< 60 and then fall below SMM85 at for the present improved model and the dashed lines show
higher mass and charge. The fluctuations are related to thgredictions of the SMM85 code of Reff27,28. The two
influence of shell and pairing effects on the ground statealculations produce primary isotopic distributions that are
masses, which have no significant impact on the final yieldgonsiderably broader and more neutron rich than correspond-
after secondary decay as discussed below. The trend of réhg final distributions after secondary decay shown in Fig.
duced yields at higher masses and charges is related to thg_ For reference, the measured isotopic distributions of Ref.
tendency shown in Fig. 1 for the binding energies in the[5g] are shown as solid points in Fig. 15. While the param-
SMMB85 to consistently exceed the empirical valuesZat gters of the code were not optimized to reproduce the data, it
>20 andA>60. Because conservation of mass and chargg; interesting to note that the widths of the distributions from
dictates that an increase in the yields of heavier fragmentsy\ calculations and data are similar although the data
Irim;]?érbc?ngsn;ﬁin;ﬁ;i? q zgeaa%i%eaafzb;g JESJ'?E;CEL; em to be more neutron rich than the calculations. Studies
tf?e primary ’yields of the lighter fragments by SM[I)\/I85 ﬂz_;tve shown _t_hat the final isotopic distributions calculated

To investigate the influence of the fluctuations in the pri-W'th an empirical secondary decay procedure such as that
employed by the ISMM are much broader and more neutron

mary distributions due to shell and pairing effects on the’ . S .
ground state masses, we have decayed the primary fragmer’iltgh than the corresponding distributions predicted by the

from the SMM85 via the same empirical secondary decay
procedure discussed in Sec. Ill. The final mass and charge
distributions of the SMM85 are shown as the dashed lines in
Figs. 12 and 13. The solid lines denote the predictions using
ISMM. Minimal discrepancies are seen in low mass and
charge regime indicating that the secondary decay mecha-
nism washes out the fluctuations in the primary distributions
due to the influence of shell and pairing effects on the ground
state masses. Meanwhile, significant differences on heavy
fragments remain. In order to see the differences between the
two calculations, the lowA and Z regions are expanded in
Fig. 13. Here, experimental fragment yields from the central
1245+ 12430 collisions are plotted as solid poif&0]. The
agreement is very good even though no special attempt has
been made to optimize the parameters of the calculations to
achieve the best representation of the data.

2 0 2 4 6 0 5 10

{10
110

110

Yield

10
10
110

N-Z

C. Isotopic distributions FIG. 14. Primary isotopic distributions for Be, C, O, and Ne

In Fig. 14, the primary isotopic distributions for four ele- nuclei. The dashed lines correspond to the calculations of the
ments emitted are shown for a system whpl=186 and SMM85 while the solid lines represent the results of ISMM.
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FIG. 15. Isotopic distributions are shown for isotopes from Li to 5 10 15 A51 10 15
O. Experimental data are shown as the solid circles. The dashed
lines denote calculations from the SMM code used in R&fand FIG. 16. Isotopic temperatures extracted from three types of

the solid lines are the final distributions obtained using the presenhermometerssee Table ). Experimental data are shown as the

ISMM model, which contains an empirical secondary decay procesymbols. The lines are the calculations by the ISMM. For reference,

dure. the primary temperature of 5 MeV calculated from the ISMM is
shown as the horizontal dotted lines. For details see text.

more schematic statistical modg[E5]. In order to compare

with the available experimental data, the isospin observables
derived from these isotopic distributions such as isoscaling . L2 . o
parameter$22,42,41 and isotopic temperatures require an his expression is derived within the context of the grand

accurate secondary decay approach with detailed nucle§@nonical ensemble, it has been applied to a wide variety of
structure information taken into account. reactions and regarded as an effective or “apparent” tem-

Isotope thermometers have been utilized as the primarperature that may differ somewhat from the true freeze-out
probes for extracting the caloric curve of the nuclear liquid-temperaturel. The relationship betweefis, and T can be
gas phase transition. Since these observables are construct@iculated within an appropriate statistical model for the
from the isotopic distributions, they share the sensitivity tofragmentation process if one exists. In general, one chooses a
structure effects in the secondary decay discussed above. $et of four isotopes with larg&B to minimize sensitivity to
the isotopic thermometer technique, the temperature is exdetails of the corrections from secondary decay.
tracted from a set of four isotopes produced in multifragment To examine the influence of secondary decay, measured
breakups as followg51]: and calculated temperatures are extracted from double ratios
of Z=2-8 fragments and plotted in Fig. 16. The layB
- AB (41) requirement generally limits the apparent temperature ob-
150" In(aR) servables to three types of thermometd@: T;.(>*He),
Z,=2,A,=3; (b) T o(**'%), Z,=6,A,=11; and (¢
where Tiso(*>190), Z,=8,A,=15, where thermometéa) involves
the light particle pair®*He while thermometer¢b) and (c)
Y(AL,Z)IY(AL+1,Z) concern only the intermediate mass fragmeii4F's) of Z
= ' (42) =3-8. Table | lists the corresponding thermometers plotted
Y(A,,Z)IY(A,+12)) p g p
in Fig. 16. The top left panel in Fig. 16 shows the ISMM
_ _ _ predictions for these three types of thermometers as a func-
AB=B(A;,Z;)—B(A;+1,Z2,)—B(A,,Z,)+B(A,+ 1,2(2)3,) tion of A,.
Since the denominator in E¢42) is fixed by classifying
the temperatures into three types, the fluctuations are related
to A;. In all cases, the two thermometers involvifige and
a2 80 are much higher than the others due to many low lying
(44) states in these nucl¢Rl1]. The extracted temperatures from
all the other thermometers are significantly lower than the
primary temperature of 5 MeV which is shown as the dotted
Here Y(A,Z) is the yield of a given fragment with mags line in the four panels. There seems to b& dependence in
and charge; B(A,Z) is the binding energy of this fragment; Tis,. Tiso(*>1%0) is about 0.5 MeV lower thails,(1117C)

ndJ; A is the ground state spin of the nucleus. Although

and

As(A1+1)
Ai1(A+1)

ae (232221 1)(2J710141 T 1)
(232117 D)(2320p2411 1)
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TABLE I. List of isotopic thermometers plotted in Fig. 16.

IMF meters AB a Tiso(Data Tiso(ISMM) Tiso(SMM) [4]
67/ 141c 11.472 5.898 3.740 3.315 3.625
78 j141e 16.690 5.361 3.244 3.212 4.419
89j/ 141 14.658 3.351 3.146 3.065 1.014
9108e/At1C 11.910 1.028 5.643 5.102 12.561
111/1L1¢ 15.352 3.000 3.651 3.154 3.928
12133/11.17C 13.844 5.278 3.720 3.031 1.636
1215c/111c 13.776 7.917 3.418 3.078 3.608
Bl 10.545 1.962 3.288 2.949 2.590
15.16y/1117¢ 16.233 9.669 2.767 2.564 2.716
16110/111%¢ 14.578 23.069 2.648 2.443 2.555
15 Lie 10.678 0.637 6.921 6.009 4.514
67.i/ 510 8.413 3.050 2.273 2.352 2.209
78 j/ 1510 13.631 2.773 2.636 2.565 3.084
89.j/ 1510 11.599 1.733 2.476 2.368 0.768
9108e/15:150 8.851 0.532 4.143 3.610 5.562
11.133/15.160 12.293 1.551 2.906 2.466 2.701
12.135/15.169 10.785 2.729 2.109 2.303 1.184
1215c/15160 10.717 4.094 2.643 2.334 2.402
8141510 7.486 1.014 2.316 2.270 1.588
15.14y/15:1% 13.174 5.000 2.236 2.043 1.990
16.170/15:1% 11.519 11.930 2.083 1.893 1.814
171851516 7.619 0.330 4.863 4.027 2.523
87Li/3He 13.328 2.183 5.693 3.632 4.708
78Lil3*He 18.546 1.984 4.197 3.431 5.386
8.9Li/3*He 16.514 1.240 4.200 3.309 1.169
91%Be/A4He 13.766 0.380 9.938 5.413 22.410
111B/34e 17.208 1.110 4.948 3.390 4.814
12133/34e 15.700 1.953 3.599 3.287 1.931
121¢/3He 15.632 2.930 4.731 3.337 4.487
Blc/AHe 12.401 0.726 5.000 3.276 3.319
15.16y/34e 18.089 3.578 3.519 2.766 3.206
18.1710/24e 16.434 8.536 3.439 2.661 3.059
17.189/34e 12.534 0.236 15.334 6.311 6.170

which is only slightly lower(0.2 MeV) thanT;,(>*He). In  data within the theoretical uncertainties, which indicates that
addition, there is also a trend of isotopic temperature valuethe IMF’s distributions can be well reproduced in an appro-
decreasing as a function &f;. The lower temperatures re- priate equilibrium model.
flect increasing contributions of multistep secondary decay However, the experimentalT;s(>“He) temperatures
contributions. As these multistep contributions originate(solid squares in top right panehre systematically higher
from the decay from an ensemble of unstable nuclei that arthan the corresponding ISMM valuédot dashed ling As
less excited than the original ensembile, it has the effect ahese thermometers derive their sensitivity to the temperature
making the system appear cooler. from the large binding energy difference betwede and

For comparison, we use the corresponding isotope tem*He, the difficulty in reproducing these quantities may arise
peratures extracted from the data obtained in the central coif there are significant nonequilibrium production mecha-
lisions of 2%Sn+12%Sn reactions atE/A=50 MeV [50]  nisms for light particles such a¥He [24,57. To illustrate
shown as solid squaréwp right panel, circles(bottom left  this effect, we assumed that 2/3 of the measuiidd yield is
pane), and stars(bottom right panel for Tis,(>**He),  of a nonthermal origin. This increases tfiele yield by a
Tiso(111C), andTiso(*>1%0), respectively in Fig. 16. The factor of 3 and the new calculations are shown as the solid
calculated ISMM isotopic temperaturéines) follow the line in the top right panel. The resulting apparent tempera-
trends of the corresponding experimental values. Despite theires are nearly the same as the experimental data. This
fact that the parameters in the ISMM calculations have nosimple assumption explains the discrepancies between
been optimized, the calculated temperatureF @f(}1C)  Tiso(>*He) andT;so(*11%C) observed experimentally. How-
and Tiso(*>1%) (bottom panelsare nearly the same as the ever, the present calculations also suggest that sequential de-
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cays have a much larger effect ofs,(}'1%C) and tions for these quantities that are insufficiently accurate to
Tiso(*>1%0) than previously assuméd@a4]. describe the new isotopically resolved data now becoming
To illustrate the importance of using an accurate sequer@vailable[22,50. In this paper, we include this information
tial decay code to decay the primary hot fragments beforgelf-consistently, building the ISMM upon the foundations of
data can be accurately compared, Table | contains the expefRefs.[27,28. The main differences between the properties of
mental measured isotope temperatures in the fourth columihe hot systems we calculate and those calculated in Ref.
Predicted temperatures from the ISMM using tJ-DECAY [27,28 can be attributed to the more accurate expression for
code are plotted in the fifth column. As shown in Fig. 16 andthe binding energies that we employ; the structure of the
Table I, there is a close correspondence in the fluctuations d@w-lying states of the fragments plays little role in proper-
the temperature between the ISMM and observed temperdi€s of the hot system. These structure effects become critical
tures. However, if one uses the SMM code of éf, which ~ when the fragments cool later by secondary decay.
contains a Fermi-breakup decay mechanism for excited frag- Our calculations call many of the previous conclusions of
ments and utilizes schematic structure information to calcugquilibrium multifragmentation models into question. In par-
late the secondary decays, the fluctuations in the temperdicular, we have found that the SMM85 and other similar
ture, listed in the last column in Table |, are much larger tharfalculations tend to overpredict the yields of heavy frag-
those observed in the data. In this respect, one should esp@ents, and, consequently, to underestimate those of the
cially note those involving®Li, %'®Be, 218, and %%  lighter ones. More importantly, we find that isotopic yields
where the calculated,, differ from the data by more than a and observables like the isotopic temperatures require careful
factor of 2. The discrepancies in the predicted ratios are sigattention to the structure of the excited fragments. Thus,
nificantly larger still, by a factor ofAB/T;,, according to Prior calculations of these isotopic observables using models
Eq. (42). that do not include such structure information accurately
may be unreliable and lead to questionable conclusions.

V. SUMMARY
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