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Multifragment Production in Reactions of 112Sn + 112Sn and 124Sn + 124Sn
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Multiplicities of intermediate-mass fragments (IMFs), neutrons, and charged particles were measured
for '2Sn + '2Sn and '**Sn+ '*Sn at E/A = 40 MeV. Significantly different scalings of the
mean IMF multiplicities with neutron and charged-particle multiplicities are observed for the two
reactions. These differences can be qualitatively understood in terms of fragment emission from an
expanding evaporating source for which the initial rates of cooling by neutron and light-charged-particle
emission depend on the neutron and proton numbers of the source according to statistical expectations.
[S0031-9007(96)01350-6]

PACS numbers: 25.70.Pq, 25.70.Gh

Hot nuclear systems formed in intermediate energywve studied collisions of'2Sn + ''2Sn and'>*Sn + 24Sn
nucleus-nucleus collisions are known [1-8] to decay byat E/A = 40 MeV by means of an experimental setup
copious production of intermediate mass fragments (IMFsyvhich provided simultaneouésw coverage for neutrons
characterized b$ = Z;yr = 20. In examining reactions and charged particles. In contrast to the previously cited
of Xe on various targets covering a wide range of massesiniversal scaling, we observe significant differences be-
a near-universal correlation has previously been observeteen the reactions in the correlations(®fyr) with Ne,
between the average number of emitted IMB&mr), and Ny, andN;c. These differences can be qualitatively un-
the charged-particle multiplicity, NC [7]. In reactions, derstood in terms of the expanding evaporating source
using reversed kinematics, with Au beams on a varietynodel [16] which has previously been shown to explain
of targets, a similar universal correlation (independent othe large number of fragments observed in central heavy
target mass) was also observed betw&€n,r) and the ion collisions [5,6] as well as the low observed tempera-
total charge contained in fragments having two or mordures at which the fragments were produced [16,17].
charges, which were observed near the projectile rapidity The experiment was performed at the National Su-
[8—10]. The universality seen in these instances wagerconducting Cyclotron Laboratory at Michigan State
interpreted as due to a decay mechanism, independent Bhiversity. Two symmetric reaction$}?Sn + '2Sn and
the production of the decaying system. 1245n + 12439n, were studied at a beam energyMyfA =

Only a few studies have addressed the influence of thé0 MeV. The areal density of the targets wasng/cn?.
neutron number of the projectile or target. Observable$or each event, the associated neutron multiplicity was
studied so far were isotopic yields of fragments [11-13]Jmeasured with the SuperBall neutron multiplicity meter
and isobaric ratios [14]. In this Letter we investigate the[18] and charged particles were detected in 280 plastic
influence of the neutron number in the target and projecscintillator-CsI(Tl) phoswich detectors of the Miniball-
tile on the correlation ofNyyE) with the multiplicities ~ Miniwall array [19]. The charged-particle arrays provided
of the yields of different types of particles: charged parti-isotopic resolution for H and He nuclei and elemental reso-
cles (V¢), neutrons §y), and light-charged particles with lution for heavier fragments with approximate energy
Z = 2 (Nrc) [15]. The measurement involves reactionsthresholds ofEy,/A = 2.2 MeV (4.5 MeV) for Z = 3
with two projectile-target combinations of fixed proton (Z = 10) particles detected in the Miniwall &8.4° =
number (to keep the influence of the Coulomb force con®;,, = 25° and Ey/A = 1.5 MeV (2.5 MeV) for
stant), but very different neutron numbers. Specifically,Z = 3 (Z = 10) particles detected in the Miniball at
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40 T (points, right panel) for the two reactions studied. Dis-

E/A=40 MeV tinct differences are observed which are incompatible with
] a universal scaling ofN1ye) with N¢, Ny ¢, or Ny. Rela-

0 | o i tive to the respective curves f&¢Sn + ''2Sn, the(N )

o*’ versusN¢ and N, ¢ curves for'2*Sn + 124Sn are shifted

o . to lower values ofV- and Ny, while the(N1vr) versus

N . xe Ny curve is shifted to higher values dfy. At any given

=z 20 .' 7 value of N¢ or Ny¢, (Nyyg) is larger for'>*Sn + 124Sn

A ] than for 12Sn + 112Sn.  The same is true for very high
)

& values of Ny, where the(Nyvr) versusNy curves have
10F & i leveled off, but in the region wher@/;yr) grows mono-
° o Sn4'3n tonically with increasingNy, the fragment multiplicity
o 2gn425n ] at a given value ofVy is larger for!'2Sn + ''2Sn than
L for 12*Sn + 124Sn collisions. Roughly consistent with the
9% 10 20 30 40 larger mass of thé?*Sn + '2*Sn system, the maximum
N values of(Nivr) are about 10% larger fd*Sn + 124Sn
o , than for''>Sn + '12Sn. Rather surprisingly, the maximum
FIG. 1. Average neutron multiplicitiesNy), as a function =\ ajyes extracted as a functionf: are about 50%
of charged-particle multiplicity,Nc, for ''2Sn+ 12Sn and IMF :
1245 + 1248 collisions atf /A = 40 MeV. larger than those extracted as a functionVaf, those ex-
tracted as a function @¥, ¢ lie in between.

. . A detailed understanding of the reaction requires calcu-
25° = O, = 160°, respectively. The event trigger re- |ations capable of predicting the dynamics of the collision
quired the detection of at least two charged particles. a5 a function of impact parameter and time and capable

Figure 1 shows the observed average neutron multipliciof treating fast nonequilibrium emissions, the statistical
ties, (Ny), as a function of charged-particle multiplicity, decay of excited projectile and target residues, and the
Nc. Since heavy nuclei of moderate excitation energygisintegration of the “neck” [20] temporarily formed in
decay primarily by neutron emission, the event triggemetween. Such calculations are beyond the scope of the
largely suppresses very peripheral collisions characterizegkesent Letter. However, the qualitative trends observed
by low neutron multiplicities. For a given value ®fc,  in Fig. 2 are predicted by statistical calculations and are
larger neutron multiplicities are observed f6'Sn+  thys largely driven by phase space. To demonstrate this,
1#Sn than for''>Sn + ''2Sn. This dependence of neutron e use the expanding evaporating source (EES) model
multiplicity on the neutron-to-proton ratio of the emitting of Ref. [16] which has been successful in explaining a
system is consistent with simple expectations. number of features observed in multifragment emission

Figure 2 shows the average number of detec_ted inte'brocesses [5,6,16,17]. Since correlations betwdag)
mediate mass fragment&\Vjvr):Z = 3) as a function of  and N depend only weakly on the total mass of the as-
Nc¢ (points, left panel)N.c (curves, left panel), andy  sumed source [5,7], we restrict our schematic calculations
to the idealized case of a source made up of the total mass
and charge of projectile and target (labeledi&# and

L E/A=40MeV  F o ‘Z:Sn+l‘2‘Sn ] 108X). Thus, our calculations are best suited for collisions

5 F -~ o 'gn4"25n W_here 'ghe overlap of projectile an_d tgrget_is large. (We
i did verify, however, that the qualitative differences ob-
A 7 served for the two systems are also predicted for the other
w ] extreme, namely, the decay of a projectile and a targetlike
=z M'.__ source—which is more realistic for peripheral collisions.)
4 F & 4 For simplicity, we assumed a flat distribution of initial
ooo .." ] temperatures covering an interval of excitation energies
o & . per nucleon ofl.3 = E*/A = 10 MeV. The upper limit
] corresponds to the limiting case of complete fusion; the
1020 30 40 50 lower limit is arbitrary and of little interest. Since we are
N, primarily interested in providing an understanding of the

S . qualitative differences observed for the two systems, we
FIG. 2. Average fragment multiplicitie$Nvr), as a function  refrain from filtering the calculations by the acceptance of
of charged-particle and light-charged-particle multiplicitids: the experimental apparatus [21].

and N;c, left panel) and neutron multiplicitiesMy, right . R .
panel) for12Sn + 112Sn (open points and dashed curves) andelgurelg ShOWSuTUItIp“%E;y correlations c.alcu'lated for
12457+ 1245 (solid points and solid curves) collisions at = -SN + *“Snand=*Sn + **Sn. Both the direction and

E/A = 40 MeV. the relative magnitude of the shift between the various
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AR DA RS DR R pansion and light particle emission with very minor differ-
— e 248y . . . .
6 F 100 i ences in their cooling rates. When the sources reach their
—- o 2y minimum density (a’ = 5-6 MeV), they are predicted
T | to decay by copious IMF production. In the model, the
N 4k M i system resides for a relatively long time 100 fm/c) in
= $ s this low-temperature, low-density configuration (note the
\V s & ] logarithmic time scale), and nearly all fragments are emit-
ok é - ted during this time interval. After this stage the model
sources have lost approximately3lof their original mass,
] and theirN/Z ratios have changed from 1.48 (1.24) to
0 U I BN AR el Wil I BN B B approximately 1.45 (1.30) for the neutron rich (neutron
0 10 20 30 40 O 10 20 30 40 50 60

poor) systems. A modest subsequent rise in temperature
Ne Ny is predicted when the sources contract back to near-normal
FIG. 3. Average fragment multiplicitie¢Nyuz), predicted by puclear density, but subsequent part_lcle emission is less
the EES model as a function of charged-particle and lightimportant. The model predicts very different neutron and
charged-particle multiplicitesNc and N.c, left panel) and light-charged-particle emission rates for the two systems,
neutron multiplicities Yy, right panel) for'2Sn+ '2Sn and ¢ similar IMF production rates
Sn+ '#*Sn. Details of the calculations are discussed in . o .
the text. F.|gu.re 5 shows model predlczlons of the average initial
excitation energy per nucleofk*/A), selected by sharp
. . N . cuts onN¢, Npc, or Ny. Over a significant range of
multiplicity correlations not_ed in Fig. 2 are approxmately multiplicities, (E*/A) is proportional toN¢, Ny¢, and
reproduced. The calculations also reproduce the qualitdy = (The fiat regions at low and high multiplicities are
“‘ée d'ﬁeéerﬁes g/etwl\?e” thed;"ax'm“m valuesBivr)  5ssociated with the sharp edges of the assumed flat initial
observed at 1argéic, Ni.c, andiVy . . temperature distribution.) A cut aN¢ or Ny ¢ selects a
To illustrate similarities and differences predicted byhighervalue ofE*/A) (and thus a higher value &N pyir))

the model for the decay of the two systems, we show i'?or the neutron rich system, but a cut oy selects a
ower value. The relative difference in excitation energy

Fig. 4 the predicted time dependence of source temper
tures (dotted curves, right-hand scale) and emission rates lection is more pronounced for cuts R than for cuts

neutrons, light-charged particles, and IMFs (dashed, soli NN of Nyc. The offset between théVyr) versusic
and dot-dashed curves, respectively, left-hand scale) aﬁhc, or Ny curves in Fig. 2 can thus be understood as

SLiming a single initila}l excitation energy per nucleon ofdue to the fact that specific cuts of, Ny.¢, of Ny select
E"/A =10 MeV. Initially, the two sources cool by ex- different initial conditions for the two systems.

Maximum{Npvg) values extracted frofiViyg) versus

0.6 e ——————— — 19 Ne, Nic, andNN_ correlations are surprisin_gly different;'
fgg To=13MeV | see Fig. 2. Within the EES model, these differences arise
N i3 from two effects. First, the intrinsic resolution of neutron
and charged-particle multiplicity filters is different. For
example, sharp cuts iN¢, N;¢, andNy, chosen to select
AN 12 UGN I I B
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FIG. 4. Particle emission rates and cooling curves predictedrIG. 5. Average source excitation energy per nucleon,
by the EES model for initial source temperatures of 13 MeV.(E*/A), selected by sharp cuts a,- and N, ¢ (circles, points
Top and bottom panels show results fdfSn+ '"2Sn and  and lines, left panel) an&/y (points, right panel) as predicted
1245n + 1245, respectively. by EES calculations fol'>?Sn + ''2Sn and'?*Sn + !24Sn.
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the same average excitation energy per nuclé@fn,A) = lations, the observed effects are due to different cooling
7 MeV, for the 3%4x ((x) system, filter outE*/A  rates from neutron and light-charged-particle emission, dif-
distributions of variancess>(E*/A) =~ 0.9, 1.32, and ferences in resolution of reaction filters based upon neu-
1.82 MeV? (0.9, 1.36, and .64 MeV?), respectively; i.e., tron and charged-particle multiplicity measurements, and
the resolution is predicted to be best for cuts p.  autocorrelations between various emission types at high
Second, in the extreme tails of thé-, N;c, and Ny multiplicities.

distributions, autocorrelations due to energy conservation This work was supported by the National Science
become apparent. If, for example, all reactions had a singleoundation under Grants No. PHY-9214992, No. PHY-
initial excitation energy, the selection of very high neutron9314131, and No. PHY-95-28844. G. J. K. acknowledges
or light-charged-particle multiplicity events would pro- support of the Alexander-von-Humboldt Foundation.

duce a sample of reduced IMF multiplicity, i.&v, and
Nivr (and alsoN ¢ and Nyyg) are anticorrelated. The
opposite is true fove and Nyvg, because IMFs are in-
cluded in the definition oN¢ [15]. These autocorrelations [1] D.H.E. Gross, Rep. Prog. Phys3, 605 (1990).

arise in our model calculations—which predict that they [2] L.G. Moretto, and G.J. Wozniak, Annu. Rev. Nucl. Part.
become significant in the extreme tails of the multiplicity Sci. 43, 379 (1993), and references therein.
distributions. For example, calculations at a fixed initial [3] J.P. Bondorf, A.S. Botvina, A.S. lljinov, I. N. Mishustin,
excitation energy per nucleon &*/A = 9 MeV predict and K. Sneppen, Phys. Ref57, 133 (1995).

a change of\(Nyyr) = +1 (—1) when the selecting gate [4] C.A. Ogilvie et al., Phys. Rev. Lett67, 1214 (1991).

on N¢ (Ny) is increased bYAN¢ (ANy) = 10 from its [5] D.R. Bowmanet al., Phys. Rev. Lett67, 1527 (1991).
average value. [6] R.T. de Souzat al., Phys. Lett. B268 6 (1991).

. .- [7] D.R. Bowmanet al., Phys. Rev. C16, 1834 (1992).
The effects of these autocorrelations can be studied in 8] P. Kreutzet al., Nucl. Phys A556, 672 (1993).

the calculations by comparing the average yields calculate 9] J. Pochodzallet al., Nucl. Phys.A583, 553¢ (1995).

at a fixed temperature with the yields which reflect eventyig] w. Trautmanret al.’(to be published)’.

to-event fluctuations. As an example, we consider calCup11] J. Brzychczyket al., Phys. Rev. Gi7, 1553 (1993).

lations forjoX. For the highest initial excitation energy [12] S.J. Yennelleet al., Phys. Lett. B321, 15 (1994).

used in determining the yieldg;/A = 10 MeV, the aver- [13] R. Wadaet al., Phys. Rev. Lett58, 1829 (1987).

age predicted multiplicities ar®¥ g = 5.2, Nc = 41.5, [14] Yu. Murin et al., Phys. Rev. (51, 2794 (1995).

Nic = 36.2, andNy = 28.9 [22]. The point V¢, Nimr) [15] In our definition, N¢c = Nic + Nmvr + Nnip, Where

lies close to the calculate@Vyyir) versusNe curve in Nic, Nivr, @nd Nnip denote the multiplicities of light-
Fig. 3, but values ofNywr) larger thanViyr are obtained charged .p_artlcles, of |ntermed|at§-mass fragments, and of
for N¢ > N¢ due to the positive correlation betwesyr nonidentified charged particles with = 3, respectively.

. . [16] W.A. Friedman, Phys. Rev. Letf0, 2125 (1988); Phys.
and N¢ explained above. In contrast, the maxima of the Rev. C42, 667 (1990).

<NIMF>VerSUWLC_(NN) curves are Smalle_r thav e, and [17] C. Schwarzet al., Phys. Rev. C48, 676 (1993), and
there are clea_r signs of an antlcorrelatl_on .bet_vyﬁ’mp references therein.

and Nrc (Ny) in Fig. 3 whenN,.¢ (Ny) is significantly  [18] w.U. Schréder, University of Rochester Report No.
larger tharW, ¢ (Ny). DOE/ER/79048-1, 1995 (unpublished).

The relative magnitudes of resolution and autocorrelafl9] R.T. de Souzat al., Nucl. Instrum. Methods Phys. Res.,
tion effects in the tails of the multiplicity distributions Sect. A295 109 (1990); M.B. Tsangt al., Phys. Rev.
depend on the assumed distribution of initial excitation  Lett. 71, 1502 (1993).
energies and on contributions of prompt particles, and caf£0] C.P. Montoyaet al., Phys. Rev. Lett73, 3070 (1994).
thus not be disentangled in a model-independent way. [21] Details of the kinetic energy spectra depend on the

In summary, large differences in the correlations of ay-  '¢action dynamics, i.e., on the number of emitting sources

oI . - and their velocities; thus the effects of experimental
erage IMF multiplicities with neutron, charged-particle,

: - o acceptance cannot be assessed reliably for the schematic
and light-charged-particle multiplicities were observed for EESF;nodeI. y

112 112 124 124 i i : . i

Sn+ “Sn and’*Sn + '*Sn reactions. These dif- [22] we use a different notation for the average values at fixed
ferences can be understood by statistical calculations for ~ g+/4 = 10 MeV to distinguish them from the average
an ensemble of expanding evaporating sources represent- |IMF multiplicities, (Nivr), extracted from cuts on the
ing a broad range of initial temperatures. In the calcu- fluctuating quantitieV¢, Ny¢, or Ny.
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