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Isoscaling in the lattice gas model
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Isoscaling behavior is investigated using the isotopic and isobaric yields from an equilibrated thermal source
which is prepared by the lattice gas modeGM) for lighter systems wittA=36. The isoscaling parameters
and B are observed to drop with temperature for the LGM with the asymmetric nucleon-nucleon potential.
However, the isoscaling parameters do not show a temperature dependence for the LGM with the symmetric
nucleon-nucleon potential. The relative neutron or proton density shows a nearly linear relation WittZthe
(neutron to proton ratipoof the system.
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Isoscaling has been observed in a variety of reactions urthe source mass for a lighter system, but changing the charge
der the conditions of statistical emission and equal temperaaumber and neutron number. Isospin fractionation is also ob-
ture recently by Tsangt al. [1-3]. This kind of scaling served via the relative free neutron and free proton density
means that the ratiB,(N,2) of the yields of a given frag- which is obtained by the isoscaling parameters.
ment(N, Z) exhibits an exponential dependencem@ndZ A thermally equilibrated system undergoing statistical de-
when these fragments are produced in two reactions witlgay can be, within the grand-canonical approach, character-

different isospin asymmetry, but at the same temperaturézed by a yield of fragments with neutron and proton num-
Experimentally isoscaling has been explored in various readsersN andZ [14,15:

tion mechanisms, ranging from evaporat|d, fission[4,5], BN, 2)
and deep inelastic reactions at low energies to projectile frag- _ ; p<% + Z_Mg)
mentation[6,7] and multifragmentation at intermediate en- Y(N.2)=F(N,Z)ex; T ex T T ) @

ergy [1,8,9. While, isoscaling has been extensively exam- o
ined in different theoretical frameworks, ranging from whereF(N,Z) represents the contribution due to secondary

dynamical models, such as the antisymmetrical moleculafiecay from particle stable and unstable states to the ground
dynamics model[10] and Boltzmann-Uehling-Uhlenback Staten andy, are free neutron and proton chemical poten-
(BUU) model[8], to statistical models, such as the expansiorfidS B(N,2) is the ground-state binding energy of the frag-
emission source model and statistical multifragmentatiorment, and_T is the temperature. _
model[2,3,11,12. From all these reaction mechanisms and ~The ratio of the isotope yields from two different systems,
models, it looks that isoscaling is a robust probe to relatdaving similar excitation energies and similar masses, but
with the symmetrical term of the nuclear equation of state. differing only in N/Z, cancels out the effect of secondary
Typically, the investigations of isoscaling focused ondecay and provides information about the excited primary
yields of light fragments witiz=2—8 originating from de- fragments [1]. V_\/|th|n the grand-canonical approximation
excitation of massive hot systems produced using reactiondd- (1], the ratioY,(N,Z)/Y,(N,Z) assumes the form
of mass Symetic poleics a1 gels 2 OGRS e g 7 N 2N, (42 = oo+ 42), (2
sity (MSU) data[1-3] or by reactions of high-energy light with a=Au,/T and B=Au,/T with Au, andAp, being the
particles with a massive target nuclefid,13. In a recent differences in the free neutron and proton chemical potentials
article [6], the isoscaling using the heavy projectile residueof the fragmenting system< is an overall normalization
from the reactions of 25 MeV/nucledfiKr projectiles with  constant.
1245n, 1250 and®Ni, %8Ni targets which was performed at  The tool we will use here is the isospin-dependent lattice
Texas A&M University(TAMU) and the isoscaling phenom- gas modelLGM). The lattice gas model was developed to
enon on a full sample of fragments emitted by hot thermallydescribe the liquid-gas phase transition for an atomic system
equilibrated quasiprojectiles with mags=20-30 are also Dby Lee and Yand16]. The same model has already been
reported[7]. applied to nuclear physics for isospin symmetrical systems in
In this study, we present an isoscaling analysis for lightthe grand-canonical ensemb&7] with a sampling of the
fragments from thermal sources which are produced by theanonical ensembl8—24 and also for isospin asymmetri-
lattice gas model. Instead of a fixed charge number of theal nuclear matter in the mean field approximatia®]. Here
reaction system in MSU data or TAMU data, here we fixedwe will make a brief description for the models.
In the lattice gas modeh (=N+Z) nucleons with an oc-
cupation numbes which is defineds=1 (-1) for a proton
*Electronic address: ygma@sinr.ac.cn (neutron or s=0 for a vacancy are placed on thesites of
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lattice. Nucleons in the nearest-neighboring sites interact e f

with an energyess The Hamiltonian is written as §(a) : Lv ® z
F v 1
A P2 61 :_ ° < 3 e 2
_ P 2 : [ ] A ® A 3
E—z 2m_2 6515]351-. (3) Sl meay e« i v 4
i=1 i<j EN 3 5
F ® e v | ® 4 6
In order to investigate the symmetrical term of the nuclear e’k " 5 ;
potential in this model, we use two sets of parameters: one is E . ! ! . \
an attractive potential constasg between the neutron and o 2 4 N 6 8 10
protons but no interaction between like nucleon—i.e., proton 3
and proton or neutron and neutron—namely, e’ g—(b) 2 PY . 2‘
P Ay ® e 3
€n= €p=0 MeV, ﬁe tm ® AV 1 < o A4
— et m e AV < e v s
NOE A v 6
€n=—5.33 MeV. (4) ook AR 2D I
This potential results in an asymmetrical potential among eF vi ®?®
different kinds of nucleons; hence it is an isospin-dependent 1 2 3 4 5 6 7 8 9
potential. For simplicity we call the calculation with this po- 7

tential as isoLGM thereafter. Another set is the same inter-

action constant between like nucleons or unlike nucleons— FIG. 1. (Color onling Isoscaling behavior oR»1(N) (the upper
ie. pane) andR,,(Z) (the lower panelat T=5.0 MeV.

€pn= €nn= €pp= — 5.33 MeV. (5)  useR,(Z2)=C exp(82) to obtaing for a givenN [Fig. 1(b)],
spectively. Figure 2 shows the extractedr 8 versusZ or
Obviously,« or B keeps the same value in the wideor
ange and their absolute values are almost the same which
is due to the absence of a Coulomb interaction in the lattice
gas model.

. . . . e
In this case, the nucleon potential is symmetrical among aILI
nucleons—i.e., isospin-independent potential. For simplicityN'r
we call the calculation with Eq5) as noisoLGM thereafter.
In this work, mostly we use isoLGM to explore isoscaling

behavior, but we will also use noisoLGM to compare the Figure 3 shows the temperature dependence of the abso-
isoscaling results. . .
lute values of isoscaling parametersand 8. Here the scat-

. ) ' i y . asymmetrical nucleon-nucleon potential and the lines repre-
bling system is assumed to lpg=(A/L)py, Wherep, is the

. T . .sent the results for the LGM with the same nucleon-nucleon
normal nuclear density. The disassembly of the system is t

b lculated b d which | 100 f tBotentiaI for unlike and like nucleon pairs. A decreasing
€ calculate apy, beyond w ICh nucleons are oo 1ar apart ;o4 of the values is clearly seen when the asymmetrical
to interact. Nucleons are put into a lattice by Monte Carlo

Met i i 0 th | h b | ucleon-nucleon potential is used in the LGM, which indi-

€ rolpo 1S sa_rtr:p ltng. Tef tﬁ nucieons avte esn I\Blacte ates that the isospin dependence of the fragment yields be-
we also ascribe 1o each of them a momentum by MOonte,meq weak with increasing temperature. Considering that
Carlo samplings of the Maxwell-Boltzmann distribution.

o . ; ; a=Au,/T and B=Apu,/T, we can deduce the differences in
Once this is done the LGM immediately gives a CIUSterfree neutron and proton chemical potentials of the fragment-

d|str|bu}|or: us_glzglzthe_ rule thitotw_lt_)hnucle?hnsda_lre _pa_rlt OI theing systems which are shown in Figat Within the error
SaME CIUSIEr IF, /2p = €55 55 = U. 1S method IS similarto -, 51 %it 1ooks like that\u, andAu, keep constant in the case

thhe (_Zoniglio-KIein’s prescriptior{26] in condensed matter ¢ o, asymmetrical potenti&Eq. (4)]. However, a slight and
physics.

In this paper we choose small-size nuclei wikk36 as 1.0
emission sources. Four isotonic sources—naméfga, 0.8} o
36Ar, 365, and3%Si—corresponding tdN/Z=0.8, 1.0, 1.25, 06f , = n—u_o ,  ul®P
and 1.57, respectively, are simulated. In all cases, the freeze- 0.4¢ "
out densityp; is chosen to be 0.563, which corresponds to 0.2}
a 4 cubic lattice. Here 10 000 events were simulated for 2 o0}
eachT which ensures good statistics for results. O -0.2r

As an example, in Fig. 1, we present the isotopic scaling S 04f
(the upper pangland the isobaric scalinghe lower pangl -0.6¢ et e, .
from the isospin-dependent lattice gas model*f& to *Ca, -0.8¢
respectively, atT=5.0 MeV. Charged particles witd <8 '1-00 5 4 é é 1'0
and 2<N=<9 have been accumulated to perform the ratios. ZorN
There exists good linear behavior in the semilog plot. In
order to extract the isoscaling parametersand 8, we use FIG. 2. (Color onling Isoscaling parameter and 3 extracted in

R,1(N)=C exp(aN) to obtain« for a givenZ [Fig. 1(a)] and  fixed Z from Fig. 1(a) andN from Fig. 1(b), respectively.
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1.25}F - Around this point, an apparent critical behavior has been
O |B|-isoLGM . . S .
® o -isoLGM observed in the disassembly of hot nuclei w36 in
1.00F |B|-n0isOLGM TAMU-NIMROD experimental data and model calculations
% R pw o -NoisOLGM [27] by a wide variety of observables such as the maximal
@ 0.75 fluctuations, critical exponent analysis, and fragment topo-
5 logical structure—namely, the nuclear Zipf law of NI28]
=3 0.50¢ and the heaviest and second heaviest correlation, etc. Hence,
this turning point of the difference of neutron and proton
0.25} chemical potentials might give additional evidence of the
chemical phase separation when the liquid-gas phase transi-
0.00— ' - : : . tion occurs. Experimentally, this kind of turning point has
3 4 5 6 7 8 L .
T (MeV) been observed recently for a quasiprojectile from peripheral

collisions of 28Sj+112125n at 30 and 50 MeV/nucleon in
FIG. 3. (Color onling The absolute value of the isoscaling pa- other TAMU data and can be understood as a signal of the

rametersy and 8 as a function off from the yield ratios from the ~ONSet Of separation into isospin asymmetric dilute and iso-
sources of®S and3Ca. The scattering points are the calculation SPIN Symmetric dense phases in a recent paper by Veselsky
results for the LGM with asymmetrical nucleon-nucleon potential €t al. [7].
[Eq. (4)] and the lines represent the results for the LGM with the ~ Further, we shall investigate the effect of the asymmetri-
same nucleon-nucleon potential for unlike and like nucleon pairsal nucleon-nucleon potential in the lattice gas model on the
[Eq. (5)]- See text for details. isoscalig behavior. We take the same potential between like
nucleons and unlike nucleons in the lattice gas mdée|.
wide valley can be also identified aroufigc5 MeV as well  (5)] to compare with the LGM with isospin asymmetrical
as a slight kink showing in the SMM model for Sn systemsnucleon-nucleon potentigEqg. (4)]. In this case, we observe
[11]. For our system, this valley may be related to the liquidthat the temperature dependenceaofind 8 vanishes and
gas phase change for a similar system around 5 MeV in ththeir absolute values are smaller than the isoLGM case as
same model calculation as well as the d&@d]. This valley  shown by the lines in Fig. 3. The insensitivity afand 8 to
becomes more obvious if we plot the values @u, temperature means that the isoscaling of fragment yields
—Aup)/2 as a function of temperature as suggested in Refanly stems from the initiaN/Z of the system. This is pos-
[7,11]. Figure 4b) shows that a turning point seems to occursible since the nucleon-nucleon potential is the same for like
around 5 MeV. Of course, the error bars look larger fornucleons and unlike nucleons in this noisoLGM case. When
lower and higher temperatures, because of the poor statisti¢emperature increases, the yield of light clusters also in-
for diverse cluster species due to the evaporation mechanisaieases, but their isospin population does not change be-
in low T and the vaporization mechanism in high&  tween the different cluster species, which results in no de-
pendence for the isotopic or isobaric ratio on temperature. In
4.0 this case, the system looks like a single-component fluid; the
r(a) chemical phase separation cannot occur. However, for the
30T isoLGM, the nucleon-nucleon potential is asymmetrical be-
sl tween like pair and unlike pair; it will give an additional
5 = % % % é isoscaling contribution due to the isospin-dependent equation
=l 3¢
<

of state except from the trivial contribution from the initial
difference of the isospin of the source, which results in a
bigger absolute value af and 3 than the noisoLGM case. In

F ® Ay -isoLGM
20 O Ay |-isoLGM

; ; , this context, the information on the equation of state of the
3.6 (b) asymmetric nucleon-nucleon potential could be extracted by
34| the temperature dependence of isoscaling parameters.
i{ - Finally, we test the relative free neutron density and pro-
= ton density, which can be deduced by the equations
< 3.0t
228} pn=expla), (6)
T 26}
sal N I R Pp= exp '), (7)
2 3 4 5 6 7 8 9 . . , , .
T (MeV) in the lattice gas model. Here' and B’ are the scaling

parameters where we takg(N, Z) from 3°Ar instead of**Ca

FIG. 4. (a) (Color online The absolute value of the difference of & Shown above. Principally, the association of a number
neutron and proton chemical potenti@lu, and|Au,|) as a func- density W'th expAun/T) 0n|y.|5 Yahd for a classical gas of
tion of T. (b) (Au,—Apu,)/2 as a function of temperature. Solid free particles. The connection in this context of the LGM
points are calculated results and line is its second polynomial fitwhere the particles are interacting is not clear. However, as
See text for details. an attempt, we will still use the above equation to deduce the
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16(a) o yield from an equilibrated thermal source with the same
- mass number but differem/Z which was prepared by the
14rg ° lattice gas model with an asymmetrical potential between

1ol H like nucleons and unlike nucleons. Isotopic scaling and iso-

I = e o baric scaling are observed for light clusters and the isoscal-
< 1.0p a o o p ing parameterse and B are extracted from the ratios of
osle® 9 : R,1(N,2) for fixed proton number or neutron number. It is

i o . found thata and 8 are almost the same and they drop with

I P R S temperature. However, the difference of the neutfam,,)

251(b) and proton(Au,,) chemical potentials does not change much

- with temperature and a slight and wide valley faku,

201 -Apu,) is observed around@=5 MeV even though we have
\0_‘11_5'_ larger error bars for lower and higher temperatures, which
o | may indicate the onset of a phase separation into isospin

1.0 asymmetric dilute and isospin symmetric dense phases where

GE i - ---p,/p, (noisoLGM) the liquid-gas phase change occurs. The relative free neutron

L [ =NZ(sourcs) density or proton density is attempted to be deduced from the
08 09 10 11 12 13 1.4 15 1.6 isoscaling parameter and they reveal a nearly linear relation
N/Z to the N/Z of the initial system. However, the values for

neutron-rich sources are much larger than the initial value of

FIG. 5. (Color onling (&) The relative free neutrosolid sym-  N/Z as well as the values for neutron-poor sources are much
bols) or proton(open symbolgdensity as a function dii/Z of the  |ess than the initial value oN/Z. This may be from the
system aff=5 MeV for the isoLGM casgsquaregand noisoLGM jsospin fractionation effect or can be directly attributable to
case(circles. (b) The solid and dashed lines represent the ratioihe interaction.
pnl pp for the isoLGM case and noisoLGM case, respectively. The |, addition, in order to investigate the effect of the asym-
dotted line shows the initigh,/ p, assuming neutrons and protons metrical nucleon-nucleon potentials in the LGM, we also
homogeneously distributed in a volume proportional to the nUCIeor};\dopt the same potential between like nucleons and unlike
number. nucleons in the LGM. In this case, isoscaling still remains
but the temperature dependence of the isoscaling parameters
(a and B) vanishes and their absolute values decrease. The
insensitivity of the isoscaling parameter to temperature
means that the isospin partition between different fragments
is almost the same regardless the excitation extent of system
and the chemical phase separation is absent in this case.
However, for the isoLGM, the asymmetrical nucleon-
nucleon potential between like pair and unlike pair gives an
) § ) ) W additional contribution from the isospin-dependent equation
ISOLGM (noisoLGM) calculations and the dotted line is the ot giate o the isoscaling behavior except from the trivial
initial value of p,/p, which is calculated assuming neutrons qninytion from the initial difference of the isospin of the
and protons homogeneously distributed in a volume Proporsqree, which results in a bigger absolute valueraind 8
tional to the nucleon number. In the isoLGM case, the values, 4, the noisol.GM case. In this context, information on the
of py/ py for neutron-rich nuclei*s and*si) is much larger equation of state of the asymmetric nucleon-nucleon poten-

than the inigiﬁal value, while the values pf/p, for proton- a5 couid be extracted by the temperature dependence of
rich nuclei(°°Ca) are much less than the initial value. In the isoscaling parameters.

noisoLGM case, the values @f/p, also increase with the
initial N/Z value of sources, which basically originates from  The authors appreciate Dr. Subal Das Gupta and Dr. Jicai
the initial difference of the isospin of hot emitters. The stron-Pan for providing the original code of the LGM and Dr.
ger enhancement gf,/p, in the isoLGM case may indicate Betty Tsang and Dr. Martin Veselsky for communications
a neutron enrichment while a proton depletion in the nucleaand discussions. This work was supported partly by the Ma-
gas phase. In this context, it may be consistent with the isgor State Basic Research Development Program under Con-
spin fractionation effect which is a signal expected for thetract No. G200077404, the National Natural Science Foun-
liquid-gas phase transition in asymmetrical systemgslation of China unde(NNSFQ Grant Nos. 10328259 and
[9,29-33. However, this interpretation is not unique, since a10135030, the Chinese Academy Sciences for Distinguished
larger pn/ p, can be also directly attributable to the interac- Young Scholars of NNSFC under Grant No. 19725521, and
tion and thus probably not an increase in neutron density. the Shanghai Phosphor Program Under Contract No. 03 QA
In summary, isoscaling is investigated using the fragmenfi4066.

relative free neutron density and proton density. In Fig) 5
we show thep, (solid symbolg and p,, (open symbolsas a
function of N/Z of the systems at=5 MeV for the isoLGM
case (squarep and the noisoLGM caségcircles. In both
cases, nearly linear relations gf andp, have been observed
with the increasing ofN/Z. Figure %b) shows the ratio
pnl pp- The solid(dashedl line represents the deduced/ p,
from solid and open squaregircles of Fig. a) with
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