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Nuclear isotope thermometry
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We discuss different aspects which might influence temperatures deduced from experimental isotopic yields
in the multifragmentation process. It is shown that fluctuations due to the finite size of the system and
distortions due to the decay of hot primary fragments conspire to blur the temperature determination in
multifragmentation reactions. These facts suggest that caloric curves obtained through isotope thermometers,
which were taken as evidence for a first-order phase transition in nuclear matter, should be investigated very
carefully.

PACS numbeps): 24.60—k, 25.70.Pq, 21.65:f

[. INTRODUCTION obtained from the binding energies of the isotopes appearing
in Eq. (1), andT;, stands for the temperature deduced from

Due to the short-range attraction between nucleonghis isotopic thermometer. In the case of the He-Li thermom-
nuclear matter is a Fermi liquidl] at low temperature, and eter employed in Ref[7], A;=6, Z,=3, A,=3, andZ,
is expected to undergo a phase transition to a nucleonic gas2. For the C-Li thermometer, more recently considered by
within a mixed-phase region bounded by a critical temperaXi et al. [14], A;=6, Z;=3, A,=11, andZ,=6. For the
ture of order 15 MeV[2,3]. Experimental investigations of Carbon thermometer studied in this work; =12, Z,=6,
this phase transition have focused on a variety of experimermA,=11, andZ,=6.
tal observables ranging from the mass, charge, or multiplic- However, there are a few aspects which should be care-
ity distributions for the emitted fragmenid,5], to observ-  fully analyzed when one wants to compare information on
ables sensitive to the temperature of the sydt@m. the breakup configuration of an excited system formed in a

Temperature measurements, in particular, have been petieavy-ion collision to multifragmentation models like the
formed to search for evidence of the enhanced heat capaci§ MM approach. Some of these points are addressed below.
predicted by statistical model calculations reflecting the lain Sec. Il we briefly discuss the assumptions underlying this
tent heat for transforming the Fermi liquid to the nucleonicmethod. Variations in the temperature of the breakup stage,
vapor[6—8]. For example, the statistical multifragmentation where the hot primary fragments decouple from the system,
model(SMM) [9] predicts a plateau of roughly constant tem- are intrinsic to finite systems and are explored within the
perature of T~5 MeV for excitation energies oE*/A  SMM approach in Sec. lll. An analytical description of tem-
~3-7 MeV. At these excitation energies the model predictgerature variations is developed in the grand canonical limit
a mixed phase consisting of fragmefiiguid) and nucleons in Sec. IV; this description is consistent with the results from
and light particles(gag corresponding to a mixed-phase the SMM. In addition, there are finite-size effects, discussed
equilibrium. This is followed at higher excitation energies byin Sec. V, that make the concept of an overall chemical po-
a linear rise in the temperature with excitation energy, asential somewhat inaccurate. The influence of secondary de-
expected for a gas of small nuclei having negligible internalcay is discussed in Sec. VI. Conclusions are drawn in Sec.
heat capacity9]. Similar effects are predicted by the micro- VII.
canonical Metropolis Monte Carlo modglO].

This trend was qualitatively reproduced in some experi-
ments[7], but not in otherd11-14. An essential part of
these measurements is the determination of the temperature The basic physical hypotheses of the isotope thermometry
of the fragmenting system. Temperatures were extracteghethod are as follows.
from the isotopic abundances of helium and lithium frag- (1) An equilibrated source is formed after the most violent
ments, using the isotope thermometry method proposed bstages of the reaction and it decays simultaneously and sta-
Albergo et al. [15]. The idea of the method is to determine tistically.
the double ratios of the yields of four suitably chosen iso- (2) For the experimental event selection employed in the
topes, A1,Z;), (A1+12,), (Az,Z;), and A,+1,75), and  analyses, all the events correspond to fragments formed at

the same temperature.
Y(A1,Z))IY(AL+12y) C exp AB/T ) 0 (3) Distortions on the isotopic temperature due to second-
Y(A,Z,)IY(A+12Z,) 3 1so’ ary decay of hot primary fragments may be neglected.
Although the statistical multifragmentation modg9],
where Y's are the yields of the different isotope§,is a used in the discussion below, is based on the first assump-
constant related to spin values and kinematic factaf3, tion; the last two hypotheses are not supported by the model,
=B(A;,Z))—-B(A;+12Z,)—B(A,,Z,)+B(A,+12Z,) is as we shall discuss in detail.

II. UNDERLYING ASSUMPTIONS
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The SMM uses the Monte Carlo method and averages Labeling the partitio{ Nz} with the indexf, the statisti-
observables with the statistical weight over decay partitionscal weight associated with the partition,
A multifragment decay partition idefinedin the SMM ap-
proach[9] as a specific set of emitted fragments and light _
particles. For simplicity, each partition in the SMM approach Wf—eXFLAZ;} NazSaz(T)
is weighted according to the entropy of the partition. This
entropy is approximated by analytical expressions rather thamay be found by expressing the entropy of the fragments,
by an event by event sampling of the phase space as in Rebaz, Using approximations derived from the liquid drop
[10]. These approximations rely upon that fact that the domi-model at finite temperaturg9]. Consequently the physical
nant contribution to this entropy comes from the internalobservables can be expressed by a weighted average over
phase space of fragments which plays the role of a heat battecay partitions as
within the SMM approach, just as an excited residue plays

: 4

the role of a heat bath within compound nuclear decay theory 2 W04,
[16]. T
For a given decay partition and by making a Wigner-Seitz (Onz)= ' ®)
approximation to the Coulomb energy, energy conservation 2 W
within the SMM approach leads to the expressiéh f
3 72e2 where O,z can be any interesting observables such as the
EJS+Egf=— 07 4 2 NazEaz, (2)  Yyield of a fragment or the temperatusén the present work,
5 Ry (A7 the summation included @artitions)

) o i This allows one to predict the various results from the
whereEj is the total excitation energy, are§™ is ground- g\ that are addressed in Sec. Ill with regard to the tem-
state energy of a nuclei having a mass and atomic numbgferature variations. Because the SMM approach invokes a
equal to that of the total systemy andZ,, respectively. The  temperature to sample the microcanonical phase space, we
first term on the right-hand side stands for the Coulomb engengte the predicted observablesapproximatelymicroca-
ergy of a homogeneous chargge occupying the volume of nonjcal. Despite this caveat, we note that this procedure can,
the system of radiuy, and N, indicates the number of iy principal, give accurate microcanonical predictions for ex-
fragments of mass numbéx and atomic numbet in the  perimental observables provided the thermal expressions for
partition of the system. the free energies are accurate descriptions of the integration

In the equation abOV£AZ is the Kinetic plUS internal over the microcanonical phase space.
energy for each of these fragments. It is related to the tem- Before passing on to the various results of our investiga-
perature by assuming all fragments are at a common tenijon, it is important to clarify that we do not invoke the grand

perature as follows: canonical approximations to the SMM approach introduced
3 in Ref.[17] to allow Monte Carlo event simulatiorf48,19.
Eaz==THEA(T)+ Egz_ Bas, 3 Instgad, we have adhered closely t.o original SMM approach
2 outlined in Ref.[9], with the exception that all calculations

in this paper were performed at a constant freezeout density

where the internal excitation energy of the fragmentSeqyal to one-third that of the saturation density of nuclear
EAz(T), may be approximated by an extension of the semiipatter.

empirical mass formula to finite temperatufed, and the

extra Couclomb energy of the frag.mtlant in th_e fragmgntation Il PRIMARY TEMPERATURES

volume,EL,, may be calculated within the Wigner-Seitz ap-

proximation.B,, stands for the ground-state binding energy The SMM procedure expressed in Eq2)—(5) leads to a

for the fragment. Equation@) and (3) result from an aver- distribution of the temperatures of the fragmenting system

age of the microcanonical expression for energy conservdor a given excitation energy in the same sense that the tem-

tion over the phase space corresponding to the specific dec@grature of the daughter nucleus in compound nuclear decay

partition. theory varies as a function of the Coulomb barrier and sepa-
By applying the energy conservation relationship in Eqsration energy of each decay channel. The points in Fig. 1

(2) and (3), one obtains a temperatuflethat describes the denote the temperature distributions for the fragmentation of

internal excitation and translational energies of fragmentgin excited"*’Sn nucleus at three different excitation energies

within a given partition. Even though the overall system isobtained with the SMM. These distributions are well fitted

assumed to be in equilibrium at a fixed excitation energydy Gaussian functions, shown by the curves in the figure,

Eg , different decay partitions have different Coulomb, bind-Wwith varianceso3 that are fairly independent of the energy,

ing, and translational energies, and, consequently, different;~0.4 MeV, in the range 3 Me¥E{/A<10 MeV. At

excitation energies of the emitted fragments. Consistencgach excitation energy, we average over all of the partitions

with Egs.(2) and(3) therefore requires that the temperatureand define this average value as the “approximate microca-

T of the fragments varies from one decay partition to an-nonical” temperature ¢ .

other, reflecting the differences between the Coulomb, bind- Since each of the isotopes employed in the thermometer

ing and translational energies of the various partitions. has a specific mass, charge, and binding energy, the applica-
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assumption that the primary yields are well represented by
the grand canonical approximation at a single breakup tem-
perature; the double ratio was invoked to cancel out the con-

tribution to the yields coming from the neutron and proton
chemical potentials. In the SMM, however, the temperature
varies from partition to partition and the chemical potentials,
which appear within the grand canonical formalism as La-
grange multipliers that conserve charge and mass, are not
explicitly invoked. Thus, we can not presume the validity of
the Albergo’s formulgdEq. (1)] in the SMM, and must test
its validity instead.

We begin with a test of the validity of Eq1) when one
employs the primary yields. For a given decay partition
{Naz}, we take into account the internal free enefgy,(T),

. o which is parametrized as
FIG. 1. The points denote distributions of temperatures calcu-

lated with the SMM approach for the decay of*¥#Sn nucleus at |:i£tzz —B(A,Z2)+ FXZ(T)+ ng, (6)
three different excitation energies. The lines denote Gaussian fits to
the calculated distributions. F*(T)= FE;(T)+ Fi”}(T) ~TIn(ggd), (7)

tion of conservation laws sets a constraint on the valuegnere gl$ is the ground-state spin degeneracy, &}

available to the remainder of the system. Because of thig s« c P
R JI= ; , andF ;, correspond to the excitation energy-dependent
finite-size effect, the temperature distribution obtained wherbAZ AZ P gy-cep

o . S : ulk, surface, and Coulomb contributions to the internal free
a specific isotope is present is slightly different from the Oneenergy[ZO] after the binding energy part has been removed.

obtaine_d when all partitions_ are considered. In particular, Ahe reader is referred to Rd] for explicit expressions for
small difference(<0.1 MeV) is observed between the aver- y,o terms entering in the equation above. Then the primary

age temperatures for the various isotopes; this is illustrated iQieId for the ground state can be related to the total yield by
Fig. 2 for carbon isotopes from the fragmentation of*45n

nucleus atEj/A=6 MeV. Even though the average tem-
peratures are different reflecting the different binding ener-
gies of the three isotopes, all these distributions are Gaus$er this partition. Following the procedure described in Sec.
ians with nearly the same variances. We can extract anothél, we will use this expression and E@5) to obtain the
temperaturd e by averaging over partitions which contain average ground-state yield distributioN%3). This, in turn,

an intermediate mass fragmefiMF) with 3<Z<10. It's can be used in Eql) to extract isotopic temperatures as
interesting to note thaf,,,c can exceedr at low ener- follows:
gies by as much as 0.2 MeV, in part because it takes more
energy to emit an IMF than to emit an equivalent mass in the

NRZ=Naz gRZexd Fxz(T)/T] 8

(NRT70)(NRT 1.21) _ AB
form of « particles, leaving less energy for thermal excita- NOS_\/(NDS. =Cex Tsmm| - ©
tion. ( A2,22>< A2+1,zz> iso

The basic idea contained in Ed) was derived under the |, previous SMM calculations, experimental binding ener-

gies and spin degeneracy factargs were used for light

012 --a ' nuclei with A<5. Liquid drop binding energies and spin
01 L — % degeneracy factors of unity were used faE5. In this
work, we will retain these conventions on spin degeneracy
0.08 I factors so as to be consistent with prior calculations, but we
< will use empirical binding energies for all nuclei.
2 oos | In Fig. 3, the isotopic temperaturdg,, " for the carbon
c thermometer Z,=7,=6, A;=11, andA,=12) are plotted
= 0.04 - as the stars for the multifragmentation of'¥Sn source at
excitation energiek;/A=3-10 MeV. For comparisons, the
0.02 | correspondindly;,c and T,y g for the same system are also
shown in Fig. 3 as dashed and solid lines, respectively.

0 g | 1 | 1 =
35 4 45 5 55 6 65 7

T (MeV)

While supporting the concept of isotopic thermometry, the

good agreement betwedhy and T;.;" is somewhat sur-

prising, given the strong dependence of the Boltzmann factor

FIG. 2. The points denote temperature distributions calculate®n temperature for largaB and the width of the tempera-
with the SMM approach for the different isotopes considered in theure distribution shown in Fig. 1. As shown in Sec. 1V, this

carbon thermometer for an excitation energyEff/A=6 MeV.
The lines denote Gaussian fits to the calculated distributions.

occurs in part due to a large cancellation involving the Boltz-
mann factor and the temperature dependencies of the effec-
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8 wheref(T) is the temperature distributioW, represents the
2L free volume of the systemi;=+\27#%/mT, m is the
nucleon mass, angpr (ung) Stands for the chemical po-
6 tential associated with free protofrseutrons at temperature
5| T. The internal partition function of the fragments given
3 by
= 4r
= j AE]
3t G(M=2 olexg ——|, (11
o T::' J
2 .
o T with 6,=0.8MeV whereAE; is the excitation energy of the stgtaith respect
1r x T to the ground state, ar\glJ stands for the spin degeneracy
0 , , , , factor of this excited state.
2 4 6 8 10 Assuming thatf(T) is a Gaussian centered @f) and

with width o+<(T) (see Fig. 1, one may expand I/ and

EyA (MeV)
T%2 and the chemical potentials. By considering only frag-

FIG. 3. Comparisons of various primary temperatutggc,
Tive, and TSM™ from the SMM calculation, and$2! from the

ments observed in the ground state, ige(]’)zgio, we ob-
tain that

analytical calculation in the grand canonical limit. For details, see

cal

the text. One point is missing fdr;;, with o+=0.8 MeV, because g-OVA»‘Q‘/Z(T)‘Q’/Z
the calculated value fop for the correction term in Eq(12) be- (Y9S)= %
comes negative d&;/A=3 MeV, i.e., the expansion breaks down Ay
in this case.
B wmpr((TH)Zi+ une((T))N
tive chemical potentials. Figure 3 also reveals that fairly pre- (T) + (T)

cise information abouT,,,r and somewhat less precise in-
formation aboutT,,c are provided by the primary yields. 1 q
This suggests that given a precise relationship between pri- o \/ﬁ-ex 4_p '

mary to final yields, it would be possible to determine the
breakup temperature from the measured yields. where\, =\274%/m. In the above expression, the correc-
tions to the grand canonical relationship are provided by the
correction factor y2p exfg q?/4p] which depends on the as-
sumed width of the temperature distribution and the binding
Fig. 3 suggests that the corrections to the grand canonic nergy Olf thath _fr:lalgme;t,hag V(\j’e”. as _the nﬁutronhaﬂd proton
prediction for the isotope temperatures are small, and ongheémica gote_mas and their envatlves; rfqugd g € param-
may utilize this approach to understand why the temperaturg[erSp andg. These two parameters are defined by

2
(12)

IV. EFFECTS OF TEMPERATURE VARIATIONS

The surprising consistency betwediy e and TER™ in

variations have so little influence on the results. Taking this B.
tack, we assume that the isotopic distributions are well ap- p= Z jappt+ Njane+ = — 7=|, (13
proximated for each partition by the grand canonical limit, <T> 4 (1)

use this limit to gain insight into the finite size effects, and at
the same time investigate the accuracy of this approximation.
We take this approach to consider, first, the influence of the
temperature variations and later the consequences of the fi-
nite size on the effective chemical potentials.

3 B
"~ <T>(ZEPF+NBNF+2 ek

where

Considering the influence of the temperature variations in wee((TY) 1
this approximation, we average the grand canonical approxi- ape=upe((T))— Ty —up((THYNT), (14
mation over the temperature distribution in Fig. 1. If the
approximation works, the expressions that result from this Lpe((T))
PF

average should be appropriate for the consideration of the
effects of temperature distributions arising from other ef-
fects, and within other equilibrium models of multifragmen-

Bre=ppe((T)) — Ty

tation as well. Taking this approach, the yield of a particular _ (™) 1,
isotopei in the framework of Albergo’s methofdl5], when ane= pne((T)) (T) ZMNF(<T>)<T>’
averaged over all possible partitions, becomes

une((T))

T

Bre= pne((T)) = M
(Y= Vf dT f(T
The isotopic temperature can be extracted from the above
Xexg (Z; wpe(T)+N; une(T)+B)/IT], (10 corrected yields. Replacing(A,Z) in Eq. (1) by the right-
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hand side of Eq(12), one cancels out the spin- and mass- Cl E———
dependent tern€, and then obtains 175 1 -~ proton yiﬁld
G(A1,Z))IG(A;+1Z 15 -
ex AB/T = ALZ)ISAHLZ) -
G(A,,Z,)IG(A+1.Z5) 125 L
3
where g 1
/
Bi  upr({THZ+ pne((T)N 075 =
G(A,Z)—ex;{er m 05 | ’/‘
" 1 r{qZ (16) 0.25 /'."
— exp—|. ! ! 1= I I I
Jep 4P % 1 2 3 4 5 6 7 8

. . . . T (MeV)
In the above double ratio the terms involving the chemical

potentials evaluated at the average temperature cancel; how- FIG. 4. The solid squares and circles denote the free proton and
ever, terms in the correction factor involving the derivativesneutron yields, respectively, calculated via the SMM approach. The
of the chemical potentials remain. solid and dashed lines denote fits to the calculated yields following

Quantitative estimates of the correction factor require onég. (18).
to obtain estimates for the effective chemical potentials and
their derivatives with respect to temperature. The proton angloy hetween the contributions from the chemical potentials
neutron chemical potentials at temperatlirenay be calcu- ;g binding-energy factors in the expressiongfandg. As
lated fro_m the free proton and neutron multiplicities via thea result, the correction factor is of order unity. Values in the
expressions range of 1//2p exy{g%/4p]~1-2 are obtained, for example,
A3V pr(T) in the decay of'*?Sn nuclei at temperatures in the range of
Ger The isotopic temperatureE- calculated from Eq(15)
)\13' i )} for carbon thermometer are shown in Fig. 3 in comparisons

ppe(T)=TlIn

with temperatured ¢, Tywe, and Ti " derived from the
SMM in the previous session. The very good agreement be-

where gpr (gue) represents the spin degeneracy factor 0ftweenTiC;‘O', Tie™ andTyr indicates that the corrections to
the proton(neutron. For the calculations presented in this the isotopic temperatures associated with these temperature
work, it has proven advantageous and reasonably accurate Y@riations are small, although the yields can change by as
approximate the yield¥ pr(T) and Yye(T) over a modest Mmuch as a factor of 2. This comparative insensitivity arises
range in temperature by power-law expressions in the tembecause the isotopic thermometers depend logarithmically on

une(T)=TlIn

neV

perature. In this approximation, the yields.
This insensitivity depends on the nature and magnitude of
Ypr(T)=CpeTPF, (18 the temperature variation. The corrections to the isotopic
temperatures will be somewhat larger in other contexts or
YNE(T)=CnpTNF other models where the temperature variations are larger.

The limited precision with which systems may be selected
. experimentally may also have a similar influence, because
ing? MeV_, MG and_YNF are ,\’Ze" descrlbed byyer the excitation energy and temperature varies experimentally
=4.5 andynp=1.0 (Cpp=1.33<10™" andcyg=0.267) ac- ¢ "0 jiicion 1o collision due to variations in the impact
cording to the SMM; comparisons of this parametrization to . ne imp
parameter or in the energy removed by preequilibrium par-

yields calculated with the SMM model are shown in Fig. 4." . . . I
These values depend on the density, which has been chosﬂ?lle emission. The influence of this temperature variation,

to be one-third that of the saturation density of nuclear matWhich may exceed the variation in temperature caused by the
ter. Larger values of the free nucleon yields are obtained aVeraging over decay partitions, can also be estimated via
lower density. techniques outlined in the present section. To illustrate how

Using this approximation, the explicit forms of the cor- One can estimate the possible corrections due to an impreci-
rection factors in Eqs.(12—(14) become 2pr=pBpr sion in the excitation energy definition, the circles in Fig. 3
=(ypr—2)=3 and Zryr=Brnr=(yne— 2)=—2. We note  show calculations using E¢L5) for the carbon thermometer,
that the correction factor to the temperatii®, in Eq. (15  assuming a width ofr;~0.8 MeV for the temperature dis-
depends on the power-law exponemts: (yne), and not on  tribution, which is twice as large as that predicted in Figs. 1
the absolute values of the protémeutron yields. and 2. This width is not based upon a dynamical calculation;

Even though Eqg(10) has an exponent that appears to beit is only to illustrate that larger isotopic temperatures can
strongly temperature dependent, there is a strong cancellaesult if the excitation energy is poorly defined.

For the decay of''’Sn nuclei at temperatures ranging over
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0 * Binary a1 T-0Mev These effective chemical potentials are essentially the
2 e e ExnsameV same for the carbon and lithium isotope chains. This insen-
X y o7 MEYA-OMeV § GEaamev sitivity to element number is consistent with the concept of a
-4 * % 4 LEg/A=6MY chemical potential, and offers support for the use of the
L3 * T CEuhaey d ical expression to describe isotopic distributions.
6 N x o LiE2/AoMeV grand canonical expression to p
= % O CEY/AoMev There is a dependence on the neutron number of the isotope,
s sri ¥ # ¢ however, that lies outside of the grand canonical approxima-
£ 10l tion. This variation in the neutron chemical potential basi-
@«@ cally comes as a result of mass, charge, and energy conser-
-2 '8“0 vation for a finite-size system. We can understand the
B A influence of these conservation laws most easily at low ex-
% citation energies, where the two largest fragments in the final
16, o 5 4 6 8 state are the IMFcarbon or lithium in this cageand a heavy
NZ residue which contains most of the remaining charge and

mass. We estimate the influence of conservation laws at low
FIG. 5. The squares, circles, and triangles denote neutroexcitation energy qualitatively by considering binary decay
chemical potentials derived from E(L9) using SMM predictions  configurations. Assuming that a parent nucleds,Z,) de-
for carbon and lithium isotopic yields at various initial excitation cays into a light fragmentA,Z) and a heavy residueA§

energies for the decay of the nucleti$Sn. The stars and the dot- —A,Z,—Z), we can approximate the yield of fragment
dashed line denote approximate values calculated fron{ZByfor (A,Z) in its ground state by

T=0 and 4.58 MeV, respectively. The error bars denote the statis-
tical errors in the calculation, which in many cases are too small to

g.s g.s * _ 7\
be observed in the figure. YAz P (AZ)p™ (o= A Zo=Z)preL

~gRsexd S*(Ag—A,Zg—2)]
V. CHEMICAL POTENTIALS

A-(A—A) %21

The grand canonical limit has a great advantage of pro- X A
0

viding a simple analytical expression for the isotopic yields
from which other useful expressions can be derived. How-
ever, the concept of uniform chemical potentials is not awvherep9s=g33, p*, andS* are the density of states for the
prediction of microcanonical or canonical models, and mustight nucleus in its ground-state level, and the density of
be investigated to determine its applicability to finite sys-states and entropy of the heavy residue in its excited state,

tems. We do this by trying to compare the grand canonicaespectively. The other factor, prg ~[A(Ay—A)/
expression for the isotopic yields to the predictions of ap-p 132\ is the thermal average of the state density of
proximately microcanonical SMM calculations. We start by yq|ative motion.

assuming that these isotopic distributions can be calculated Replacing the yields in Eq19) with Eq. (20), and assum-
within the grand canonical approximation, and then test this‘mg A<A,, one finds that the effective chemical potential

gssumption as follows.'Using a pair of adjacer_1t isotqpe;, W8epends on the difference in residue entropBs(A,—A
invert the grand canonical expression for the isotopic yields

of two adjacent isotopes, to obtain an equation forgffec- 1.7)~ 5" (Ao—A,Zg—Z). Using an expansion for small
. : ) changes in the nuclear entropy from Rdf6], this difference
tive neutron chemical potential,

can be expressed in terms of the difference of binding ener-

(20

3
Ay

gies,
g%§ A 3/2
ff _ =
ue (A, Z)=TlIn os. | AT1 S (Ag—A—-12)—-S*(Ay—A,Zy—2)
9At1z
Y9S = _(BAofA,Zofz_ BAofAf 1,2072)/1-
Xexd(Baz—Ba+12)/T] v | (19 —(Bpay—Bps 1)/ T+*IT, (21)

) plus a term depending on the free excitation energy per
where &7, Baz, andYR7 are the ground-state spin degen- ncleon:f* = E*/A,— TS/A,. This difference in binding en-
eracy, the binding energy, and the ground-state primary yieldrgies is further related to the neutron separation energy
for a fragment with A,Z), respectively. If ther%> taken to Sh(Ag—A,Zo—2):
be the ground state yields predicted by the SMN(A,Z)
becomes an effective “SMM” chemical potential. By per-
forming SMM calculations, we find the temperature and iso-
topic dependencies of the effective neutron chemical poten®ne consequently obtains the following expression for the
tials given in Fig. 5 for carbon and lithium isotopes from the effective chemical potential,
decay of a''?Sn nucleus at excitation energieskff/A=3,
6, and 9 MeV.

Sn(Ao—A,Zo—=Z2)=Bp-azy-2—Ba,-a-12,-2- (22)

Mn=—Sn(Ag—A,Zo—2Z)+*, (23)

064607-6



NUCLEAR ISOTOPE THERMOMETRY PHYSICAL REVIEW &2 064607

where the reduced free excitation energy has been approxi- 1 —— SWM Primary Distribution
. .. - — — Empirical Secondary Decay
mated by its low-energy limit A Lo Simplified Weisskopf Decay|
10 ¢ g E*/A = 4MeV
2 3z o
T 2 -2
f*=——, £,=8 MeV. (24 > 10
€0
10°
For the decay'?’Sn—'2C+ X, the chemical potential af 1

=0, i.e.,—s(Ag—A,Zy— 2Z), is plotted as the stars in Fig.
5; the binding energies for these calculations were calculated
using the liquid-drop parametrization in R¢R1]. The re-
duced free energy* gives a reasonable estimate for the
trend with excitation energy. The dot-dashed line in Fig. 5
gives the chemical potential predicted from Eg3) for
E5/A=3 MeV (T=4.58 Me\). The predicted trend is close
to that predicted by the SMM moddkolid circles and
squares but has a somewhat stronger dependenceNon FIG. 6. Primary(solid line) and final carbon isotopic distribu-
—Z. tions calculated for the decay of the nucletiéSn using(dashed

In general, the slope of the effective neutron chemicaline) and neglecting(dotted ling the empirical nuclear structure
potential becomes slightly flatter as the excitation energy omnformation in the secondary decay process. The error bars denote
temperature increases. If we consider that the system undehe statistical errors in the calculation, which in many cases are too
goes a multiple fragment decay at higher temperatures, it ismall to be observed in the figure.
clear that approximating the entropy of the remaining system
by that of a residue of comparable mass becomes rather ilure of Ref.[17] is used for one final distributiodotted
accurate. The constraints imposed on the total system by tH&e). The other final distributiofdashed lingis obtained by
isospin asymmetry of one observed fragment should, in thagalculating the secondary decay s« 10 hot fragments, as
case, be less significant. While there is a mass dependenceifoRefs.[24,25, according to empirical nuclear structure in-
the effective chemical potential that is inconsistent with theformation regarding the excitation energies, spins, isospins,
grand canonical approach, it is useful to note that the masand decay branching ratios where available. For hot frag-
dependence of the chemical potentifdlr these systems of ments withZ=<10, where such information is not available,
more than 100 nucleohss small if one is mainly concerned the decay is calculated according to the Hauser-Feshbach
with nuclei near the valley of stability. If one cancels the formalism [26]. The contributions to this latter calculation,
chemical potential effects by constructing double ratios likefrom the secondary decay of hot fragments wdth 10, are
that of the Algergo formula, the consequence of such finitecalculated, for simplicity, via the secondary evaporative de-

Yield

size effects becomes negligible indeed. cay procedure of Ref[17]. Decays of fragments witlZ
>10 make a 15% contribution to the yields HC isotopes
VI. INFLUENCE OF SECONDARY DECAY that may be altered when the decay of hot fragments with

Z>10 is calculated more accurately.

As discussed in Sec. Il, fragments are formed in excited Obviously, in Fig. 6, the final distribution after the em-
states as well as in their ground states, corresponding to th@rical secondary decay is much wider than the final distri-
breakup temperature. Fragments in short-lived excited statdsition obtained via the evaporative decay approach of Ref.
decay before they are detected and, therefore, the observgtl7]. This points out the importance of using the empirical
yields differ from that of the primary fragments. The effectsinformation in such calculations. This also leads to the ex-
of secondary decay on the isotopic yields and isotopic temtraction of larger isotopic temperatures via Ed) for the
peratures have already been reported by some auteees empirical approach. Temperatures for the carbon isotope
for example, Refs[22—24). Although the approaches em- thermometer and He-Li thermometer calculated for the two
ployed in the description of the decay of hot primary frag-secondary decay approaches are shown, for example, in Fig.
ments are different, all those works qualitatively agree on thg for the multifragmentation of &2Sn nucleus aE}/A
point that the isotopic temperature is lower than the thermo=4-10 MeV. For reference, the curvég,c andT,y¢ from
dynamical one. Fig. 3 are also shown as the dashed and solid lines in the

At the quantitative level, details of the population andfigure. Clearly, incorporating empirical information in the
decay of the excited fragments are important. One issue cortecay makes a significant difference. Both calculations pro-
cerns the importance of utilizing empirical binding energiesvide lower isotopic temperatures than have been obtained in
energy levels, and decay branching ratios for the excitedecent experiments?,8,13,14.
fragments. Figure 6 shows the primary and secondary carbon |t should be noted, however, that the simplified Weisskopf
isotopic distributions for the decay of &2Sn nucleus at evaporative decay, shown in Figs. 6 and 7, is only used in the
initial excitation energies oE;/A=4 and 6 MeV. The pri- SMM code of Ref[17] to calculate the decay of fragments
mary distribution (solid line) is calculated by considering with A>16. The decay of lighter fragments is calculated via
empirical binding energies within the SMM for hot frag- a “Fermi breakup” multiparticle decay formalism. This lat-
ments. The simplified Weisskopf evaporative decay proceter decay mechanism makes the dominant contribution to the
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8 ™5 Smpied Weisskap! Decay(Carbon) Concerning the temperature variation, we find that this
L Eiar:ar,iui;ie?::eissgopfgecay(Heu) causes the isotopic yields obtained with the approximately
pirical Secondary Decay(Carbon) . . . . . . .
® Empirical Secondary Decay(HeLi) microcanonical SMM simulations for the primary distribu-
6 — sg:glw tion to differ from those of the grand canonical ensemble by
5| B M= factors of order unity. One difference stems from the aver-
s aging over the temperatures corresponding to the different
= 47 s » [ ] » breakup partitions. These vary because the total binding,
Eoal ° ° ° i Coulomb, and translational kinetic energies vary from parti-
o o o) e} tion to partition, and, by subtraction, the thermal energy must
2 - O O O O vary as well. A simple and relatively accurate prescription
. L that accounts for these temperature variations was given that
may also prove useful for estimating the influence of thermal
0 ! . ' L averaging over the variations in the actual excitation energy
2 4 6 8 10 deposition within a data set that is constrained by an experi-
EyA (MeV) mental cut on the estimated energy deposition.

FIG. 7. Isotopic temperatures for carbon and He-Li thermom-. We also exiract effective chemical potentials by compar-

eters calculated with the SMM model for the decay of the nucleug"9 approximate microcanonical and grand canonical expres-

1125 ysing(solid symbols and neglectingopen symbolsthe em- sions for the isotopic yields. These effective chemical poten-

pirical nuclear structure information in the secondary decay pro-t'als are approximately the same for isotopes of different

cess. The lines are the same as those shown in Fig. 3. The error b&f$Ments that lie along the valley gfstability, but vary as a
denote the statistical errors in the calculation, which in many casefnction of (N-Z). For example, for the neutron chemical
are too small to be observed in the figure. potential we observe a dependence upNRZ) that can be

understood at low excitation energies to arise from the de-

isotope temperatures calculated via the latter SMM code ipendence of the neutron separation energy on the location of
Ref.[27]. Investigations of the experimental and theoreticalthe accompanying residue relative to the lingGostability.
basis for the Fermi breakup approach are needed, but are out Typically, these variations in temperature and effective
of the scope of the present work. chemical potential cause variations in the isotopic yields of

Regardless of the decay formalism, memory of theorder unity. The logarithmic relation between the isotopic
breakup stage is lost via the secondary decay mechanisigmperature and the yields means that the latter may be
The degree of memory loss depends on the details of therongly predicted by a factor of 2, and one may still find a
secondary decay correction and on the role of short-livedeasonable agreement between the approximate microcanoni-
higher-lying particle unbound states. A smaller degree ofal and the isotopic temperatures provided the binding-
memory loss ensues in models such as those of Refenergy differenceAB is significantly larger than the tem-
[10,28,29, where few, if any, particle unbound states areperature. When the effects of secondary decay is taken into
considered. The approach of R§L7] represents the other account, however, the yields can change by more than an
extreme, wherein all states are considered regardless of liferder of magnitude, and the temperature values can decrease
time. This issue clearly needs further study to see whetherppreciably. While the magnitude of this change is not yet
the role of particle unstable nuclei can be constrained, fornambiguously established, it was shown that the incorpora-
example, by direct measurements using techniques discusstidn of empirical information about the decay is essential for

in Refs.[25,3( or by other experimental observables. quantitative comparisons to experimental data. Measure-
ments that quantify the role of higher-lying particle unstable
VIl. CONCLUDING REMARKS states are essential for determining the magnitude of these

) . secondary decay corrections.
We discussed some of main aspects that could cause mi-

crocanonical predictions for isotopic distributions and isoto-
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