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We have created quasiprojectiles of varying isospin via peripheral reacticfisief'*?Sn and*?Sn at 30
and 50 MeV/nucleon. The quasiprojectiles have been reconstructed from completely isotopically identified
fragments. The difference iN/Z of the reconstructed quasiprojectiles allows the investigation of the disas-
sembly as a function of the isospin of the fragmenting system. The isobaric yield 3tatfele depends
strongly onN/Z ratio of quasiprojectiles. The dependences of mean fragment multiplicity and KiZaratio
of the fragments oMN/Z ratio of the quasiprojectile are different for light charged particles and intermediate
mass fragments. Observation of a differ&hZ ratio of light charged particles and intermediate mass frag-
ments is consistent with an inhomogeneous distribution of isospin in the fragmenting system.

PACS numbd(s): 25.70.Mn, 25.70.Pq

There has been significant interest in multifragmentatiorbeen seen experimentally in midperipheral collisi¢89],
of excited nuclear matter for many years. While there hasvhile a favored emission of more symmetric heavy clusters
been some success in understanding the process of multifragr the midrapidity region has also been shofi]. Quite
mentation and describing this phenomenon in terms ohfeutron deficient residues have also been seen in intermedi-
a liquid gas phase transitiofl], those efforst have often ate energy reactiof41,12. Recent results from the reaction
treated the nucleus as a single component nuclear liquid. lof 112125n+112125 ndicate that the relative abundance of
fact, the nucleus is a two component nuclear liquid. Earlyfree neutrons increases as the neutron content of the colliding
work by Lamb [2] laid the foundations for treating the system increasegl3]. The present work will demonstrate
nucleus as a two component system although the results wetleat, in a well defined system with isotopic identification of
not connected to multifragmentation. Statistical calculationsall charged fragments, the mean value of M& ratio of
describing multifragment disassembly predicted that much of CPs is more sensitive than me&iiZ ratio of IMFs to the
the neutron excess would be observed as free neuf8ins N/Z of quasiprojectile. The more asymmetric the system is
Thermodynamic calculations by Mer and Serof4] led us  the stronger it will favor breaking up into still more asym-
to the idea that, for the very neutron rich systems, there mayhetric light fragments while thé&l/Z ratio of heavier frag-
exist a distribution of the excited nuclear material into aments remains relatively insensitive.
neutron-rich gas and a more symmetric liquid. It is predicted This experiment was done with a beam?88i impinging
by both lattice gas and mean field calculatid®s6] that  on>1 mg/cnt of 12125n self supporting targets. The beam
fragmentation of a system of asymmetric nuclear materialvas delivered at energies 30 and 50 MeV/nucleon by the
will express the characteristics of a two component systenk500 superconducting cyclotron at the Cyclotron Institute of
This would result in a second-order phase transition. Alsorexas A&M University. The detector setup is composed of
within a dynamical code, constructed to study influence ofan arrangement of 68 silicon-Q3l) telescopes covering po-
charge asymmetry on spinoidal decomposition of nucleafar angles from 1.64° to 33.6° in the laboratory frame. Each
material at subsaturation densities, differences in the fragelement is composed of a 3Q6m surface barrier silicon
mentation are seen as a function of isospin asymni&lty  detector followed by a 3 cm C@&ll) crystal. The detectors
The difference of the meaN/Z ratio of the light charged are arranged in five concentric rings. The geometrical effi-
particles withZ;=<2 (LCP9 and of the intermediate mass ciency is more than 90% for each ring. These detectors allow
fragments withZ;=3 (IMFs) may be a possible experimen- for isotopic identification of light charged particles and inter-
tal signature of a separation into a gassulting mostly in  mediate mass fragments up to a chargeZef5. A more
emitted LCPgand a liquid(IMFs). An enhanced production detailed description of the detectors and electronics can be
of neutron-rich H and He isotopes from the neck region hasound in Ref[14]. Energy calibration of the silicon detectors
was achieved with the use of Z®Th source providing six
calibration points from 5.42 to 8.78 MeV. The CHl) de-
Electronic address: veselsky@comp.tamu.edu; On leave of adectors were calibrated from the measured energy loss in the
sence from Institute of Physics of SASc, Bratislava, Slovakia.  silicon detector of a given particle of a certain mass and
"Present address: Brookhaven National Laboratory, Brookhavergharge and from its total kinetic energy calculated with
NY 11973. SRIM-96 [15]. In addition, the punch-through points of hy-
*Present address: Mallinckrodt Institute of Radiology, St. Louis,drogen isotopes in C@lll) crystals were also used. The over-
MO 63110. all procedure gives an energy resolution of typically 3%.
Spresent address: Microcal Software Inc., One Roundhouse Plazijore details of the experimental setup and calibration can be
Northampton, MA 01060. found in Ref.[16].
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The total charge of quasiprojecti(@P) was restricted to
the valuesZ,,,=12—15. We have required that all detected
fragments are isotopically identified. This highly exclusive 06 08 10 12 06 08 10 12
set of data possesses information on fragmentation of highly N/ZQP N/ZQP

excited projectilelike prefragments over a range in isospin T s
that can be measured on an event-by-event basis. Simula- FIG- 2. Isobaric yield ratic’H/ *He versusN/Zqp for the reac-
tions have been done with a hybrid code treating the twd!ons of *’Si beam with tin targetda) 30 MeV{?”C'eon'mS”'(b)
stages of the reaction—nucleon exchange and quasiprojectift MeV/nucleon, ‘Sn, (c) 50 MeVinucleon,™Sn, (d) 50 MeV/
deexcitation. The first stage of the calculation was simulaterusdi?rt‘r'] Enbfélr:/t;c:\l:’\;epr:acs?nttitr;e experimental data. Lines rep-
with the Monte Carlo code of Tassan-Jdf7]. This code esentthe hy calcutation.

implements the model of deep inelastic trandigm) [18].
For the deexcitation of the highly excited quasiprojectile we
used the statistical multifragmentation mod&MM) [19].
The quasiprojectile event sequences generated bybthe
code have been used as input of the SMM simulations. Th : :
results of the calculation were filtered through the FAUSTaS @ function ofN/Z of the reacting systerf,21. In the

software replica. This hybrid calculation reproduces verypresent data, thN/Z.QP is the reqonstructew/z of all de-
well the quasiprojectile and fragmentation observables iﬁ_eaed charged particles. If one fits the da_ta with an exponen-
these reactiong20]. tial function expg; +a,N/Zgp), the slopea, is nearly identi-

. . 1 . 2
In Fig. 1 we show the effect of including emitted neutrons @ for the reaction with the*Sn target as with thé**Sn

in the calculation ofN/Zop. Since the experimental setup target. The slopes prese”ged in Table | show that this in-
cannot detect free neutrons it is important to see if this mighfr€ase in the yield ratiGH/°He as a function oN/Zgpis
bias the data. Th8I/Z,oe.iS the neutron to proton ratio of Much larger than would be expected from the change in
the quasiprojectiles simulated using hybrid/SMM simu- N/ZQ.P alone. While the integrated values on the twq ta_rgets
lation and filtered using FAUST software replica. Thus '€ different when broken down by theZqpthe behavior is
N/Z,oneut@pplies to quasiprojectiles where only charged par- .

ticles are included. Th&l/Ze,is the backtraced total neu- _ TABLE |. Values of the slope parametay, obtained from the
tron to proton ratio of the primary quasiprojectiles for the it 1091(Y("H)/Y(*He))=a,+a5(N/Z)gp.

same set of events. The line represents equal values for
N/Zeui@NdN/Z oneut The data presented on Fig. 1 represen
the reaction?8Si(50MeV/nucleon} *'%Sn. While there is

In Fig. 2 is shown the dependence of the isobaric yield
ratio 3H/®He onN/Zqp. The yield ratio®H/ 3He increases
asN/Zqp increases. Similar effects have been seen in other
gystems where isotopic or isobaric ratios have been plotted

Projectile energy
tReaction [MeV/nucleon a,(exp) a,(calc)

some deviation from the line due to neutron evaporation, théssj+ 1125 30 3.990.38  3.89-0.16
calculation predicts thatN/Z,., tracks very well with  28gjy124g, 30 4.13%30.11 4.57-0.24
N/Zyoneut The situation is similar also when usinf’Sn  28gjy 1125, 50 3160.18 3.150.16
target or lower projectile energy. Therefore for the remaindersgj,- 1245, 50 283027 3.106-0.11

of this papem/Zqp will be N/Zpgneut

041605-2



RAPID COMMUNICATIONS

INHOMOGENEOUS ISOSPIN DISTRIBUTION IN TH . . . PHYSICAL REVIEW C 62 041605%R)
1 28Si(50 MeV/nucleon)+1128n ] N 3.0 (b) |
101+ E 2.5
ey ] ] 6
¥ 1 S P
g : 5 E 2.0 ﬁ
= = 1 & L
= 1004 4 LS4 1.5 |
g ’ £ ) -""'llﬂﬁ
= = {1 ] 101 .
101+ E € o5
] ] 0 .
] ] 06 08 10 1.2 04 06 08 10 1.2 14
10-25 3
I N/ZQP N/ZQP
0.6 0.8 1.0 1.2 FIG. 4. (a) Multiplicity of charged fragmentgsquarel LCPs
N/Z (circles, and IMFs(triangleg versusN/Zqp. Corresponding lines
Qp represent the hybrid calculatioth) Experimental ratio of the mean

FIG. 3. Isobaric yield ratic’H/ ®*He versusN/Zqp for the reac-  values ofN/Z of LCPs and IMFs versus th¢/Zop. Data are given
tion 28Si(50MeVinucleon)+ 1?Sn. Symbols represent the experi- for the reaction?®Si(50MeV/nucleon)+ 112Sn.
mental data for two different cuts on apparent excitation energy per

nucleon (solid squares,e* < efq,; Open squarese*>ekhe,).  VersusN/Zqp, again for the reactiod®Si+ *Sn at 50 MeV/
Lines represent the hybrigiT/SMM calculation (solid line, * nucleon. The squares represent the multiplicity of all charged
< € can dashed lineg* >ex..). particles. The multiplicity of charged particles increases as

o ) ) ) N/Zqp decreases. This is then broken down into the multi-
similar. If one looks at the difference with bombarding en-plicity of light charged particlegcircles and the multiplicity
ergy, the dependence of yield ratitH/®He on N/Zqp is  of intermediate mass fragmentsiangles. Here we can see
lessened at the higher energy. This is consistent with théhat the multiplicity of LCPs increases with decreasing
lattice-gas calculatiof5] that predicted that théH/ *He ra- N/Zqgp. Meanwhile the multiplicity of IMFs increases as
tio would be enhanced at lower temperatures for the systel/Zqp increases. The situation is similar for all cases. The
with excess neutrons. At relatively high temperatures aboveesults are identical for different targets at the same projectile
12 MeV, the ratio would asymptotically approach ti&Zo,, ~ energy. The dependence of the multiplicity of IMFs on
value. The hybridIT/SMM calculations reproduce the ex- N/Zqgp is practically the same for all cases. The increase in
perimental yield ratio*H/3He rather well. This shows that overall multiplicity of charged particles with increasing
the statistical multifragmentation model correctly described?€am energy is similar to the increase of the multiplicity of
the influence of isospin on the production rates of fragments-CPS. The results of the hybrid calculatigines) are con-
The overall 3H/3He ratio for the reaction with thelsn  Sistent with the experiment. Again the presented information

target is 0.25 and with th&?sn target is 0.35 to 30 MeV/ is consistent with, but much more illustrative than, previous

nucleon and 0.44 and 0.62. respectively. at 50 MeV/nucIeonworkS where the difference in isospin of the excited system
: o<, €SP Y, was only approximately known on averd@s,24]. Previous

.Th's Increase in the yield of n_eutron-nch fragme_nts W'th.anworks show that the multiplicity of IMFs as a function of
increase in thé\/Z of the reacting system is consistent with ., isicity of charged particles increases for the more neu-
other studies of isobaric rati¢43,21. What Fig. 2 demon- o rich system. While this is true, the present data show
strates is that this is an integrated feature and merely showga this is concurrent with the decrease in the multiplicity of
that the system created with the neutron-rich target is morg cps for neutron-rich systems. Our data show that this effect
neutron rich. But when one takes tﬁH/sHe ratio as a func- weakens at h|gher energieS, possib|y towards the disappear-
tion of the N/Zqp, the behavior may be seen much moreance, which was seen by Millet al. [24] at much a higher
clearly. energy. Our data would be consistent also with the tempera-

In Fig. 3 we have investigated the effect of excitationture dependence predicted by lattice-gas model calculations
energy on the®H/He ratio. The solid squares represent all[5].
events, where the excitation energy is less than the mean In Fig. 4(b) we show the ratidN/Z; /N/Z cp as a func-
excitation energy per nucleon of the events included in Figtion of N/Zqp. The ratioN/Z e /N/Z, cp decreases with in-
2(c) (?%Si+1%5n at 50 MeV/nucleon,e*<5.5 MeV/  creasingN/Zgp. As there are fewer neutrons available the
nucleon. The open squares represent the events whose exaixcess protons go into the smaller fragments rather than the
tation energy is greater than the mean excitation energy. THarger fragments. The least neutron-rich quasiprojectiles with
slope is steeper for events at lower excitation energies. WBl/Zq~0.5 prefer to breakup into very neutron deficient
observed a similar behavior for all reactions regardless of theCPs and much more symmetric IMFs. This inhomogeneous
bombarding system or beam energy. The results of hybriésospin distribution washes out rapidly B$Z,p approaches
calculation (lines) are again in reasonable agreement withthe region ofg stability. Such a behavior may be understood
experiment. Further work investigating the excitation energywhen taking into account that thid/Z range of detected
dependence ofH/ 3He ratio is forthcomind22]. LCPs is much wider than th&l/Z range of IMFs where

In Fig. 4(@) we show the multiplicity of charged particles usually only a few stable and nearly stable isotopes are pro-
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duced. The observed inhomogeneous isospin distribution istatistical errors. This implies that the isospin dependence of
likely caused by more favorable energy balance of the depahe ratioN/Z,;p/N/Z, cp is, according to the statistical mul-
sition of proton excess into LCPs, either free protons or lightifragmentation model, determined in the hot multifragmen-
proton-rich clustergsee Figs. 2,8 When extrapolating this tation stage. The neutron emission does not seem to influ-
trend towards very neutron-rich quasiprojectiles the isospirence the presented data dramatically, as may be seen in Fig.
distribution would most likely reappear again in the form of 1

neutron-rich LCPs and more symmetric IMFs. Such an ex- e have demonstrated that systems of varying isospin
trapolation is consistent with the predicted asymmetric liquidcan be created and studied by projectile fragmentation reac-
gas phase transitiop#] where in addition to the inhomoge- +tjons. The spread iN/Z of the fragmenting system is larger
neous isospin distribution a spatial separation of fractiongnan the difference between the reacting systems. This can be
with different isospin occurs. For neutron rich nuclei, such 8gpserved by the complete isotopic reconstruction of the qua-
phase transition is predicted at the valueNéZ exceeding  sjprojectile. We have investigated the isobaric yield ratio
1.5, corresponding to proton concentrations of 40% or less3y;34e as a function oN/Z ratio of the fragmenting sys-
The data presented here raises the question of whether &y, The yield ratio®H/ 3He increases abl/Zop increases.
analogous separation of the system into subsystems with difryjs depends more significantly on the fragmenting system
ferent isospin may be expected for very neutron-deficienthan on the reacting system. At higher energies this depen-
fragmenting systems. Our data support such a scenario. Neyance is lessened. We conclusively demonstrated that the
ertheless, one has to take into account that the studied fragstiplicity of charged particles depends on the isospin of
menting system is quite small and the number of possiblgye fragmenting system. As th/Zqp decreases the overall
exit channels may play an important role in the determinaytiplicity of charged particles increases. The multiplicity
tion of final partition of fragments. The influence of the sec-4¢ | cps increases dramatically while the multiplicity of
ondary decay was estimated by simulations where only aj\irs gecreases. This effect is less significant at higher bom-
emission of hot fragments took place. The number of simup,-ding energy. We have also presented evidence of

lated events, where all fragments have been isotopically ey innomogeneous isospin distribution of the fragmenting
solved, decreased for a given overall nhumber of S'mUIategystem into two fractions with different values NfZ.
events by 50% at projectile energy 30 MeV/nucleon and by

90% at 50 MeV/nucleon. This may be explained by a lower The authors wish to thank the Cyclotron Institute staff for
mean multiplicity and higher mean mass and charge of hothe excellent beam quality. This work was supported in part
fragments, which in our case leads to a lower number oby the NSF through Grant No. PHY-9457376, the Robert A.
simulated events where only fragments up to bor@ ( Welch Foundation through Grant No. A-1266, and the U.S.
<b5) are emitted. Nevertheless, the absence of secondaBepartment of Energy through Grant No. DE-FGO3-
emission stage did not influence the rafliéZ,, /IN/Z,cpas  93ER40773. M.V. was partially supported through Grant No.
a function of theN/Zqp, which remained unchanged within VEGA-2/5121/98.
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