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A binomial reducibility and thermal scaling analysis is performed on well-chacracterized thermal-like
sources formed in 8 Ge¥/w +1°Au reactions. The fragment probability distributions are shown to be
binomial when plotted as a function of the measured excitation engrfgynd the binomial elementary
probability p is shown to follow the expected Boltzmann factor:pgy¥exp(—B/\E*/A). Binomial reducibility
and thermal scaling are explored also using global variables otheEthaand the effect of source size on the
binomial parametep andm is shown. Finally, the extracted probabilityis found to be correlated with the
experimentally deduced fragment emission time up to abdutvV@V of excitation energy, hinting at a
possible transition in decay mechanism above that excitation energy.
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Multifragmentation is a phenomenon by which a nuclear The immediate implication of this result is the stochastic-
system decays to a final configuration that contains multipléty, or independence, of the emission process in multifrag-
intermediate mass fragmentidF) of charge Z,,=<20.  mentation, i.e., the emission probability of the second IMF is
The underlying process that leads to multifragmentation isot influenced by the first, other than by the number of tries.
the subject of intense research from both theorefitald]  This has far reachinig consequences not only because of the
and experimental points of viejs—10]. Of primary concern “natural” statistical interpretation taken by the auth¢t2],
is whether multifragmentation is the result of a liquid-gasbut from the potential dynamical processes that may lead to

phase transition or of dynamical procesgg4d1]. stochasticity.

Recently, it was found in many different data Jeit8—14 The rationale by the authof42] for a statistical interpre-
that when sorted as a function of the transverse engygf  tation was based on the experimental observation that a lin-
all detected charged particles, where ear relationship results when Irplis plotted as a function

1/\/E. The assumption is made th&t is proportional to the
Etzz E, sir? 6., (1) excitation energfe*, and therefore the temperatuFe: \/€t
|

The linearity of such plots suggests tipdtas the Boltzmann
form poexp(—B/T) where B is the emission barrier. The
the IMF emission probability distributions were well de- plots are called Arrhenius plots and convey the notion of
scribed in term of a binomial distribution, thermal scaling.
The simplicity of this approach was later extended to
@) charge distribution$15,16 and angular distribution§17],
where the same reducible and thermal characters were found.
Finally, by restricting the IMF definition to a singlévalue,
Heren is the IMF multiplicity, mis the number of chances to it was shown that the probability distributions follow a Pois-
emit an IMF, andp is the binary elementary probability. In son distribution instead of a binomial distributifh8]. This
this description, the emission of IMFs is a simple convo- s consistent with the interpretation of as a constraint that
lution of p. The parametem acts as a constraint on the s relaxed by the new definition of an IMF. This behavior of
system, i.e. it insures charge conservation. The valugs of the system under the “removal” of a constraint is similar to
andm can be extracted experimentally from the average multhe change in statistical mechanics from the canonical en-
tiplicity (n) and its variance as semble(binomial statisticsto the grand canonical ensemble
) (Poisson statistigs Recently, Poisson reducibility and ther-
(ny=mp and o;=(n)(1-p). (3 mal scaling have been shown to exhibit common behavior in
the EOS data set, percolation, and the Fisher droplet model
[19].
*Present address: Los Alamos National Laboratory, Los Alamos, The binomial reducibility concept, and thermal-scaling in-
NM 87545. terpretation resulting from it, has been criticized on several
"Present address: 7745 Lake Street, Morton Grove, IL 60053. grounds: autocorrelation effect20,21], self-correlations
*present address: Barnes Hospital, Washington University, St22], source size effect23], and the width of the relation-
Louis, MO 63130. ship betweerE; and the real excitation ener24] ( [25,26]
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FIG. 2. Upper panel: Inverse of the single fragment emission

FIG. 1. The experimentdsymbolg and calcglatetﬂlines? nfold  robability p as a function of 1E; and 1AE™. Middle panel: 1
IMF probability distributions as a function @&*/A. The lines as- as a function of 1/E* for bin widths in E* of 25, 50, and 100

sume a binomial probability distribution according to E2). andp MeV. Bottom panel: Arthenius plot of f/using 1WE*7A. The
and m were extracted from Eq3). solid line is a fit using Eq(4).

reply to some of these criticisnsHowever, the heart of the (3)- The representation is good downMNgy-=5 with some

; ; discrepencies foN,,-=6. The average observed IMF mul-
argument goes mainly to the assumed relation betwgen -~ IMF R
andE*, and the source size. tiplicity at 9A MeV is about thregcorrected multiplicity is

— 0 i
On the other hand, three different models of nuclear deca)e}b?#tﬂ?g togs pfar?tle?rﬁrﬁg. 2, the binomial paramegewas

[21,27,28 have shown than IMF probability distributions  eyiracted from the variance and the mean of the IMF multi-
can be reproduced by binomial distributions when sorting isyjicity distribution[Eg. (3)] as in[12], and shown as a func-
done as a function of excitation energy, and fhabes scale  tjon of E, and E!". A divergence in the I/ plot is shown
according to a Boltzmann factor. However, support from anyhen g, for all charged particles is used. This behavior is
experimental data set as a functionEdf and source size has attributed to the excessively large width of the correlation
been lacking. betweenE, and the “real” (interna) excitation energy, as

In this Rapid Communication, we establish an experimenexplained by Tokest al.[24]. On the other hand, in this data
tal reference frame for further discussion on the subject oet the divergence does not occur at [By but around 800
reducibility and thermal scaling by “testing” the procedure MeV. As soon as the first stage particles are removed, the
on well-characterized equilibriumlike systerfisiowna pri-  divergence disappears, leaving an almost linear plotp#%/
ori) formed in 8 GeVE 7~ +19Au reactiong 29]. For such  1/\/EI" (except for the first point This result seems at vari-
systems, the excitation energy has been evaluated on amce with Refs[21,24] in which divergence is seen even
event-by-event basis, as described in R80]. Moreover, whenE, from an evaporation model is used to generate an
for the first time the experimental relationship betwgeand  Arrhenius plot. As pointed out by Morettet al. [25], since
the IMF emission timer is examined. such models are unable to describe multifragmentation in the

Charged particles with kinetic energy between 1.0 andirst place, it is unclear that the intrinsic widths betwdghn
92A MeV were detected with the 1SiS74 detector array  andE, as taken from these models are relevant. Our data set
[31] during experiment E900a at the Brookhaven Nationalappears consistent with this point. The above result is stable
Laboratory AGS accelerator. Tagged beams of 8 @ew’ with regard to our definition of thermal particles, i.e., even
were incident on a 2.0 mg/é®/Au target. Fragments with including some preequilibrium particles by relaxing our
chargeZ=<16 were identified with a set of 162 gas-ion thermal particle definition[29], linear Arrhenius plots
chamber/Si/Csl triple telescopes. Geometric acceptance wase still produced, as long as highly energetic particles
74% of 4ar. Grey particles up te-300—-400 MeV(assumed (=30A MeV) are removed.
to be protons were also detected. Futher experimental de- In the middle panel of Fig. 2, Arrhenius plots are gener-
tails can be found ih29,32. ated as a function of the total excitation energy. Bin

The quality of the binomial description of the IMF prob- widths in E* of 25, 50, and 100 MeV are assumed in order
ability distributions is shown in Fig. 1 as function Bf /A to test the sensitivity of our event selection. All three bin-
for the parameterp andm, which were extracted using Eq. width assumptions display a common linear behavior in
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TABLE I. Values of the binomial parameten, the primary 10 T : . 3
source sizeS;,., the observed chargg,,s, and theQ, e for ok E
variousE*/A bins. poaoa d
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which 1p changes by roughly a factor of 20 over the mea- E. (MeV) Zare

sured range. Finally, in the lower panel of Fig. 2, the depen-
dence onE*/A is examined. The line represents a fit to the
data using the Boltzmann form expB/\E*/A), whereB is
of the order 16 MeV, and a level density parameter
=A/11 MeV ! is used. The first-chance emission barrier for
Z=3 at high excitation energy is about 22 MeV for this
reaction. It is important to stress that because of the thermal
nature of the system in this study, the plots of Fig. 2 conveying with E; (for our data setE; is known to be anti-
the notion of thermal scaling. correlated taZg, ). Thus for fixed excitation energies, it can
The evolution of the parameten for various bins of be argued tham fulfils its intended role in the binomial
E*/A is given in Table I. Also shown in Table | are the distribution very well;m accounts for the increasing avail-
values of the primary source chargéd,., the sum of the able charge that can produce IMFs, according to a probabil-
observed chargé,,s, and the averag®, ye Of all channels ity p. Therefore, contrary to the report by Bauer and Pratt
at a given excitation energy. Over the excitation energy23], the changes in the sum of the observed charge are
range shown in the tablen varies by a factor of 2.3, from mostly accounted for by the binomial parameterand are
m=3.36 atE*/A=2 MeV to ~7.79 atE*/A=9 MeV,  not the primary factor influencing a change in the binomial
while Z,. decreases by a factor of 1.3. Clearly the parametebrobability p. The parametep does behave as an elementary
mis not a constraint related to source size of the mu_ltifrag'probability in the sense thai remains constant when the
menting system as suggested by Moradtcal. [14]. While excitation energy is constant. On the other hand, our results

: i X
%ﬁbs alslo mcr_e%lsesthwttﬁ /A, it c?a?gels(thc;]e as faltiStt‘? seem to validate part of their approach, i.e., the increase in
€ only variable thal appears 1o track rather wells the elementary probabilitg is in fact related to a change in

mass-energy balance Qiaiue- This would seem to point to the slope of the charge distributiovith E*/A, as previously

an interpretation ofn as representing an energy constraint, : . . .
allowing only certain(IMF) partitions. Therefore, the num- S"oWn by power-law fits for this data §60], again consis-
tent with the thermal-like behavior qf.

ber of throwsm is limited by the cost of producing these i . ) . .
partitions and not necessarily the number of charges avail- !t IS however important to point out that in the analysis
able to emit IMF. made here, th&*/A bin width was kept small. For an event

bins has also been explored to create event samples that cin Of Zsrc would be large,p could take a wide range of
be sorted as a function of other variables. The goal of thealues just because of that width. It would therefore be very
exercise is to verify the properties of the binomial parameterslifficult to disentangle the effect of varying source size and
if the intensive variable, herE*/A, is kept constant. Two that of the temperature.
variables were chosen, the transverse energy of all the Following Moretto and co-workersl2,14], it was further
charged particles;, andZ,.. The bottom panels of Fig. 3 assumed that ifp represents a “true” elementary binary
show the parametqrfor E*/A=3.0, 5.0, and 7.5 MeV with  probability in the sense of time sequential emission, then
a bin width of 0.5 MeV. Here remains essentially constant can be expressed in terms of a partial decay width of that
over the full range for both variables with values comparablegparticular binary channel by
with those in Fig. 2. In fact, the limit in value thaptcan take
is nicely predicted by the width of thE*/A bins, i.e.,p at
2.75A MeV is different than at 3.25 MeV.

However, the parameten varies strongly as a function of p=-——=¢ BT ()
E; andZg,. (top panely increasing withZ,. while decreas- hwg

FIG. 3. Upper left panel: The extracted binomial parameter
(top panelg andp (bottom panelsas a function of the transverse
energy E; (left panel$ and Z,. (right panel$ for three bins of
E*/A: 3.0 MeV represented by the open circle, 5.0 MeV by the
open square, and 7.5 MeV by the open triangle.
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— — the emission time scale extracted from IMF-IMF correlation,

it is assumed that each IMF species have the same emission
time. Therefore the relation betweenand p might not be
straightforward.

10

1
® Data
T=Toexp(B/T), E'=aT*
T7,=0.11 fm/c, B=41.2 MeV

PN Bl

{10 3 a=A/11 E Still using the above definition for IMFs, the binomial

c . analysis was redone for the same excitation energy bins as in
N the time scale analysis. The reciprocal of the extracted pa-
=10 F |+ . rameterp is shown in the bottom panel of Fig. 4 as a func-

= ] tion of the emission timer. As predicted by Morettet al.
i [12,14), 1/p is well represented by a simple linear relation to
I the emission time down to about 20 fep/corresponding to
0.3 0.35 0.4 045 0,_51/2 0.55 _01,/62 0.65 0.7 E*/A~6A MeV. At higher excitation energy, the extracted
(E/Ase) (MeV™%) time saturates while f/ still decreases. For completeness,
T T T — ' values of 1p at higher excitation energy are shown as open
50F: e0O Data .. L . .
[ _ squares. Because of the limited statistics, it was not possible
—1/p=1/po+ 7/To S - :
to extract emission time at these excitation energies. How-
To=11.7fm/c, 1/po=5.09 ever, sincer is nearly constant with a value of 20 fm/
aboveE*/A=6 MeV, a value forr of 20 fm/c was assigned
] to each value of 1. The evolution of 1 at that point seems
] independent of time, which would argue for a spacelike in-
] terpretation ofp, rather than sequential, at high excitation
] energy[14]. Therefore the break in this linear behavior of
] 1/p vs 7 suggests the possibility of a change in the emission
el me_che_mlsm fron_1 a sequential proce(ssjrfac_e (_jomma_ted
f / ) emission to a simultaneous procegbulk emission. This
T ( m/c conclusion was reached recently for this data [83] by
looking at the global behavior of the time, thermally driven
expansion energy and IMF emission probability.

s0f

FIG. 4. Top panel: IMF emission timeas a function oE*/A,
from Ref.[33]. The line corresponds to a fit using E§). Bottom

panel: Graph of 3 vs 7 for the same bins ifE* /A as in the upper Finally, the parameter,, extracted in the upper panel,
panel. The solid line is a linear fit to the data. The dotted linecorresponds to the infinite temperature limit, and the extrapo-
indicates the “apparent” saturation in emission time. lation of the exponential fit as such has little meaning. In the

bottom panelr, is represented by the slope, and its value of

11.7 fmfc is more in line with what could be expected for a
where wy can be interpreted as the frequency of assault ogharacteristic emission timéluctuation timé and is very
the barrielB andT is the temperature of the system. Defining close to the experimentally measured saturation in the emis-
the intrinsic 79 as 1, the corresponding emission time is sjon time.
given by In conclusion, we have shown the applicability of the bi-
nomial reducibility analysis and thermal scaling on a refer-
ence data set obtained in hadron-induced thermal multifrag-
mentation. For such well-characterized systems, rtfield
IMF probability distributions can be described by the bino-

The IME emission time for this reaction has been ex-mial equation. As long as the first-stage cascade particles are

tracted by Beaulieet al.[33] using excitation-energy-gated removed, linear plots of Infp/vs 1N/E*/A are found. We
two-IMF correlation functions and an IMF range defined ashave shown that the parameteiacts as an energy constraint
4<Z,yr<9. The result of that analysis is summarized in thethat is related to and tracks with the changes in the average
upper panel of Fig. 4. The emission timedecreases expo- Q,..e- Finally, this analysis is consistent with a picture in
nentially with E*/A up to about & MeV and saturates af- which p reflects the elementary probability of the system, the
terward atr~20 fm/c. The solid line is a fit to the data using source size has little influence @nandp has the expected
Eq. (5. The obtained barrieB is found to be around 41 correlation with the emission time in a time sequential inter-
MeV and is larger than the one extracted from thp ¥  pretation up to~6A MeV. The sudden change of thepl/
1/JE*/A plot by a factor of 2 for the sam&,r range, with  versusr plot at very short emission times might suggest a
B’'=21 MeV and the same level-density parameter. Fromtransition in the mechanism from sequential emission to si-
Egs.(4) and(5) one would expect the barrier to be the same.multaneous multifragmentation at high excitation energies.
However, it is known experimentally that the valuesf At the very least, it can be concluded in this picture that the
follow the minimum charge of the IMF range, here=4,  emission times have reached values close to the characteris-
and as such in the above interpretation each IMF chargéc time 7,. Further investigation is needed to assess the
would have different emission tim{e.3,14. In contrast, for  validity of this interpretation. In particular, exploring the

r=10e®T therefore p=r1,/r. (5)
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difference in the extracted barriers by comparison of thesnce Foundation, the National Sciences and Engineering Re-

emission time for variou& ;= pairs would be useful.
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