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Caloric curve and conditional moments: Effects of secondary fragment decay
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We establish, within the framework of the statistical multifragmentation model, the connection between the
caloric curve and the analysis of conditional moments. In particular, we show that the conditional moments of
fragment charge distributions peak at the region where the curve temperature versus excitation energy shows
a plateau assumed to be a signature of a phase transition. Furthermore, we show that the slopes of the moments
at the peak are not influenced by secondary decay after the first breakup of the nucleus.
[S0556-281®8)04901-7

PACS numbes): 25.70.Pq, 24.10.Pa, 25.70.Mn, 257§

I. INTRODUCTION [12]). Other authors have studied the effects of pre-
equilibrium on charged particle multiplicity distributions
Nuclear multifragmentation and its possible connection td19-22. In this paper indeed, we would like to discuss the
the occurrence of a liquid-gas phase transition has been tffects on these distributions induced by secondary decay.
subject of intensive investigations, both theoretical and exWVe show in particular that within this model, charged par-
perimentaly for more than a decdde_7] Theoretica| Studies tiCle multlplICIty iS. not |ineal’|y related to the _tempel’a’[ure.
indicate that infinite nuclear matter has an equation of statdoreover, by looking at the signals as a function of charged
very similar to that of a van der Waals gi&-11]. More- particle multiplicity, it is fpuqd that while secqndary d(—;-cay
over, recent experimental results show strong evidence fdf0€S not change the qualitative shape of the different signals,
the occurrence of a phase transition in fragmenting nucledf induces some changes in the slopes of the different mo-
systems. These results can be arbitrarily classified in twé"€Nts near the peak. , o
main groupsi(i) In first place those related to the character- " S€c. Il, we briefly review the SMM model used in this
ization of the phase transition using the analysis of momentBaPer. Section Il deals with the study of the correlation be-
of asymptotic cluster size distributiof$2,13; (i) The sec- tv_veen the caloric curve and the conditional moments analy-
ond regards the measurement of the caloric curve of nucleglS &t freeze-out time, before secondary decay takes place.
fragmenting systems, reminiscent of the behavior of a liquid V& Study in Sec. IV the effects of secondary decay on the
gas systeni14]. dlffe_:rent signals. Th_e angly5|s versus charged partl_cle multi-
In the present paper, using the statistical multifragmentapl'c'ty is also done in this section. Finally, conclusions are
tion model (SMM) [15-17, we study the connection be- drawn in Sec. V.
tween the particular shape of the caloric curve which shows
the variation of the temperature in function of the excitation Il. THE SMM MODEL
energy, and the analysis of conditional moments introduced
by Campi[18] to characterize the critical behavior of a sys- The statistical multifragmentation model is based on the
tem. We show in particu|ar that the appearance of péaks aSSUmption of statistical equilibrium at a low denSity freeze-
maxima in the p|0ts of the moments occurs in the Sameout Stage of the nuclear SyStem formed during the collision.
excitation energy or temperature interval where one observedt this stage, primary fragments are formed according to
a plateau in the caloric curve supposed to be a signature oftReir equilibrium partitions. Equilibrium partitions are calcu-
phase transition. We then analyze the effects of secondafted according to the microcanonical ensemble of all
decay on the particular shape of the peaks appearing in tHeeakup channels composed of nucleons and excited frag-
conditional moments after the first breakup of the systemments of different masses. The model conserves total excita-
We show that secondary decay does not affect the behavidon energy, momentum, mass, and charge numbers. The sta-
of the moments around the peaks_ tistical Welght of decay Channeﬁ is given by Wi
In our study, we pay special attention to the analysis of*€xHS(Es \Vs,As,Z9)], whereS; is the entropy of the system
the different signals versus charged particle multipli¢gy-  in channelj and EZ , Vs, As, and Zg are the excitation
perimentally used as the measure from the critical pointenergy, volume, mass, and charge numbers of the fragment-
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FIG. 1. Caloric curve: temperature versus excitation energy for
a Au nucleus, for different values of nuclear density at freeze-out. 40 |
ing source. Different breakup configurations are initialized
according to their statistical weights. The fragments are then 20 |
propagated in their mutual Coulomb field and allowed to
undergo secondary decay. Light fragments with mass num-
ber A;<4 are considered as stable particles with only trans- 0 e DA il : :
lational degrees of freedom; fragments witk>4 are 0 2 4 6 8 10
treated as heated nuclear liquid drops. The secondary decay T(MeV)

of large fragments A;>16) is calculated from an
evaporation-fission model, and that of smaller fragment
from a Fermi breakup modg16]. The present version of the xcitation energyupper panelof the emitting source. The curves

model only mgorporates thermal d.e.grees of frgedom aNGith solid circles represent the average values of charged particle
does not take into account any additional collective degreeﬁ]umpncity_

of freedom such as radial expansion or angular momentum
(for more details, see Reffl5-17). _ reaction, we checked that the shape of the previous plot is
197"1 the following we study the fragmentation of a gold not modified by secondary decay. From the plot, one ob-
79 Au nucleus at different excitation energies. In Fig. 1, weseryes that while in averagd, increases almost linearly
have plotted the temperatufeobtained from the model ver- ith excitation energy, it shows large fluctuations around the
sus excitation energ§* for different freeze-out densities mean value. If one makes a narrow cutlp, say 3%<N,
ps . This plot is commonly called the caloric curi®#4—16. <40, this will correspond mainly to events with* =9
All curves show the same shape which starts by increasing-10 MeV, but events wittE* from 7 to 12 MeV fall also
with excitation energy, then one observes a “back-bendingwithin the cut. The situation is the same versus temperature
at almost the same excitation enerfgy=3—3.5 MeV for  where however, one observes very large fluctuations.cdt
all curves after which the temperature increases very slowlyemperatureT~6 MeV (temperature of the plateau in the
as a function of excitation energy till an excitation energy ofcaloric curve.
about 8 MeV. Then temperature increases rapidly with exci- Moreover, whileN, shows in average a linear dependence
tation energy. This flattening of the caloric curve, observed,ersuse* (solid points, it does not show this dependence
also experimentally in the fragmentation of the quasiprojecyersus temperatur€. N, should then be considered propor-
tile formed in the collision Au on Au at 600 MeV/nucleon, is tional to E* rather tharT. This indicates that one has to be
thought to be reminiscent of the behavior of a liquid-gascareful when extracting critical exponents for a thermal
system[14,16. In the following, the discussion will deal on phase transition using charged particle multiplicity as an in-
the model predictions at a fixed freeze-out density of thejicator of the distance to the critical point. Furthermore,
emitting source op;= po/3; no different behavior was found charged particle multiplicityN, cannot be properly used as
at smaller freeze-out densities. an indicator of the characteristics of the analyzed source
(which selects a given temperatdrer excitation energ¥*
or impact parametdp). In fact, N, is proportional toE* or
T or b (if any) only in the average and most of the signals
Figure 2 shows the contour plot of charged particle mul-proposed to give evidence for the critical behavior are
tiplicity N, versus excitation energ* (upper panel of the mainly based on the assumption that the fluctuations are the
figure) and versus temperatufe (lower panel taking into  largest at the critical pointthis in fact could be observed in
account secondary decay. We note that even if experimenhe plot of N. versusT of Fig. 2 atT~6 MeV). Making
tally it is possible to measumg. only in the final stage of the narrow cuts orN,. to select small windows in temperature or

s FIG. 2. Total number of charged particles at the end of the
de-excitation chain as a function of temperatdosver panel and

lll. STUDY OF SIGNALS AT FREEZE-OUT TIME
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excitation energy means cutting down the fluctuations which < T T T
are the principal argument when studying phase transitions. 6 .
In the following part of this section the calculations are ‘s
carried out without secondary decay. In all the figures also, I “
while the curves with solid dots indicate the signals at freeze- @
. . . 4 |
out, the curves with open circle markemghen plotted in- b oo
dicate the same signals after secondary decay. ] ¢ o o ‘e,
The method of conditional moments has been introduced B
by Campi to characterize the critical behavior of a system o o,
undergoing a multifragmentatidd8]. The moments of frag- AR Y R R
ment charge distributions are defined as 2 4 6 8 10

M,

M(k”=2 Z*n(2)12,, @

wheren)(2) is the multiplicity of clusters of chargZ in
the event, Z,,;= 79, and the sum is over all fragments in the 4| ) ‘e i
eventexcept the heaviest onehich corresponds to the bulk o
in an infinite system. Assuming a general scaling property of - i ¢ ]
cluster size distributions near the critical pdig8], one gets
for the moments near the critical point ®o0 ° o,

L | L
_ —(1+k—17)lo 0 5 10 15
M| T=Tel ' @ E'(MeV/nucleon)
Since the exponent satisfies 2<7<3, the second and
higher moments diverge at the critical point, while the lower
momentsM, (mean number of fragmentand M; (mean
size do not. In particular, the second momew (variance
of charge distributions which in macroscopic thermal sys-
tems is proportional to the isothermal compressibility, di-

verges at the critical poif23—25. Of course, in finite sys- cording to Eq/(2), both moment$d , andM, do not diverge

tems, the moment®1, remain finite, even fok>1. o i )
- : o . at the critical point and have a regular behavior. However,
Our aim in this section is to show the close connection . L
S their ratio is no longer regular and behaves as
between the appearance of peaks or maxima in the plots o

conditional moments of cluster size distributions and the flat-

FIG. 3. Second moment of charge distributions as a function of
temperature and excitation energy withdsolid pointg and with
(open circleg secondary decay.

havior at the critical point. This quantity is the ratio of the
first conditional momenM ; to the zeroth moment,. Ac-

tening we have observed in the caloric cufi#. 1). Figure §2‘5 T T T
3 shows the second momewit, versus temperature (upper °
pary and versus excitation ener@/ (lower parj. One ob- 5 L o |
serves in the upper part of the figure a sharp peak with a 02
sudden rise oMM, (with almost an infinite slopeat T~6 I 060
MeV, the temperature at which the caloric curve shows a 1.5 F 0 '\"% =
plateau. The same is foifl , versus excitation enerdy* , but | ¢ A X .
the peak is broader and spreads over the excitation energy o .S S e
range which corresponds to the plateau. Tre ¢ 7
We observe the same behavior in the plot of the relative Y S - w—
variancey, shown in Fig. 4. This quantity, defined pE3] T(MeV)
P‘:Z'S T T T T
M2My I G0
Vo= 2 ’ (3) © %o
Ml 2 - © —
© o
has been also proposed by Campi to better characterize the I ¢¢¢c~° °o
critical region. In particular, it is expected that this quantity 15F o r"*...oo i
shows a maximum around the critical point meaning that the | ¢ *ees .
fluctuations of fragment size distributions are the largest near 0 e S
the critical point. The relative variand€&ig. 4), as with the 1 feees®® .
second moment, shows the same sharp peak ardun@ o é : 1'0 —s
MeV, which becomes broader versus excitation energy. Here .
. o E'(MeV/nucleon)

also we note that the peak shows up in the same excitation
energy interval of the plateau in the caloric curve. FIG. 4. Relative variance of charge distributions versus tem-

We consider another variable which we think is a goodperature and excitation energy withgsolid point3 and with(open
signal worthwhile to analyze to characterize the irregular beeircles secondary decay.
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FIG. 5._ First- and zeroth-order moments of charge distribution:;[ur-el-;:-e gahrflf)\i/écatter plot drawn in Fig. 7 exhibits the pecu-
as a function of temperature before secondary decay. liar shape expected for the occurrence of a phase transition.
Each point of the plot represents one event. This figure
shows that the whole accessildg M, space is filled up.

We stress, however, that the central region of this flo¢

zone where the upper branch crosses the lower branch, sup-
As >0 [18,23, the ratio diverges at the critical point. In posed to correspond to critical everts8,26) is mainly

Fig. 5, we have plottetl, (upper partandM; (lower part  made by events having temperatirebetween 5.8 and 6.2
versus temperaturg. Both quantities show no maximum MeV. The normalized variance of the size of the maximum
and have a regular behavior. Their ratio, however, plotted il’fragment ony iS also drawn in Fig. 8. Because fragment
the upper part of Fig. 6 versu§ shows a peak at tempera- charge distributions are expected to show the maximum fluc-
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FIG. 6. Ratio of first moment to zeroth moment of charge dis-
tributions versus temperature and excitation energy witlisolid

10 15
E'(MeV/nucleon)

pointg and with (open circley secondary decay.

FIG. 8. Normalized variance of the charge of the largest frag-

E'(MeV/nucleon)

ment versus temperature and excitation energy with@atid
points and with (open circley secondary decay.
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peak (curves with open circlgs while near the peak, the
slope of the increasing branch does not change significantly.
Note that in all the plots, due to secondary decay, a smaller
peak appears at small values of temperature and excitation
energy. This bump is due to the presence of fission frag-
ments, produced in secondary decay. In all cases, the behav-
ior of the signals near the singularity seems not to change
significantly both versug or E*.

The situation is different when the different signals are
plotted versus charged particle multiplicity. Figure 9 shows
the different signals plotted versué, at freeze-out(solid
pointg and after secondary decdgpen circles First, one
sees that the position of the peak is no longer the same be-
fore and after secondary decay. This is obvious becalyse
increases after the primary excited fragments de-excite by
emitting smaller fragments. One notes also the presénce
the curves with secondary degayf the second bump at low
N.'s characteristic of fission events. One observes also an
important change on the slope of the increasing branch.
While the qualitative behavior of the pléthe presence of a
peak remains, the extraction of critical exponents from the
plot of the second moment, for example, by fitting the slopes
of the peak cannot be considered completely correct, because
their values would be different if calculated before and after
secondary decay.

These results indicate th@) secondary decay which rep-

N, resents a regular behavior of the system does not change the
behavior of the different signals at the peak when plotted
FIG. 9. Various signals as a function of the total number ofversus temperature or excitation energy. This would happen
charged emitted particles withousolid pointg and with (open  only if the peak is associated with a nonanalytic behavior
circles secondary decay. (expected at the singularity point of a second order phase
transition which would not be affected by a regular orfig)
tuations around the critical point, this variable should show ahe slopes of the increasing branches in the different signal
maximum in the critical regiofil8,23. The normalized vari- change significantly before and after secondary decay when
ance, which is related to the fluctuation of the order paramplotted versus multiplicity. This is due to the fact that sec-
eter, is defined as ondary decay changes not only the absolute values of the
5 signals § axis) but also changes the absolute value of
07 o , 5 5 charged particle multiplicity, and hence even if paintap-
TN (7 Y 07 = Zina — (Zmax " (5 plies, the slopes of the peaks before and after secondary de-
cay will be different due to the change in the multiplicity of

As expectedgyy shows a huge maximum versus tempera-Ch""rged particles.
ture or excitation energy, at the same values where the con-
ditional moments peaked.

Before ending this section, we would like to note that all
previous signals when plotted versus charged particle multi- In this paper, we have shown that all studied signals in-
plicity, show broad peaks which spread over the whole muldicate a clear connection between the conditional moments
tiplicity range corresponding to the plateau in the caloricanalysis and the caloric curve. All moments peak in the same
curve (4<N.<13, see Fig. P temperature-excitation energy region where the flattening of
the caloric curve is observed, indicating a strong correlation
between the two methods proposed so far to characterize the
occurrence of a possible phase transition in nuclear colli-

In the preceding section, we have seen that the analysis gfons. Moreover, while the analysis of conditional moments
conditional moments after the first breakup of the systenhas been introduced to characterize the behavior of nuclear
indicates the occurrence of a critical behavior in thesystems in the vicinity of a critical point indicating the oc-
temperature-excitation energy interval where the caloricurrence of a second-order phase transifib®, 18, the ob-
curve shows a plateau. As from the experimental point ofervation of the flattening in the caloric curve was supposed
view, the only accessible guantities are the asymptotic fragto be reminiscent of a first-order phase transitjd4,16.
ment charge distributions, we will revisit in this section the From our analysis, we believe that the actual shape of the
previous signals and study the effects of secondary decay.caloric curve corresponds indeed to a second-order phase

From Figs. 3, 4, 6, and 8, we see that secondary decalyansition characterized by a critical temperature, the tem-
changes the slope of the various quantities only far from theerature at which the flattening is observed. In fact, it ap-

V. DISCUSSION AND CONCLUSIONS

IV. EFFECTS OF SECONDARY DECAY
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pears that the observed sharp peaks of the moments are diore or excitation energy. In particular, the extraction of criti-
served at the temperature of the plateau in the caloric curveal exponents versus charged particle multiplicity from
These peaks when observed versus excitation energy, spreaslymptotic charge distributions would not be completely cor-
over the entire excitation energy interval of the platéald  rect because charged particle multiplicity appears not to be
though the ratidVi; /M, shows a less broader bump peakingjinearly dependent on temperatufen averagé and the

at an excitation energy of about 4—4.5 MeWhis observa-  sjopes of the different conditional moments change signifi-
tion is supported by the fact that secondary decay does nefantly before and after secondary decay.

affect significantly the slopes of the increasing branch in the

different signals, which would happen only if the peak is

associated with a singularity expected at the critical point of ACKNOWLEDGMENTS

a phase transition.
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