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Isotopic scaling of heavy projectile residues from the collisions of 25 MeVÕnucleon 86Kr
with 124Sn, 112Sn and 64Ni, 58Ni

G. A. Souliotis, D. V. Shetty, M. Veselsky,* G. Chubarian, L. Trache, A. Keksis, E. Martin, and S. J. Yennello
Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA

~Received 8 May 2003; published 25 August 2003!

The scaling of the yields of heavy projectile residues from the reactions of 25 MeV/nucleon86Kr projectiles
with 124Sn, 112Sn and 64Ni, 58Ni targets is studied. Isotopically resolved yield distributions of projectile
fragments in the rangeZ510–36 from these reaction pairs were measured with the MARS recoil separator in
the angular range 2.7° –5.4°. For these deep inelastic collisions, the velocities of the residues, monotonically
decreasing withZ down toZ.26–28, are employed to characterize the excitation energy. The ratiosR21(N,Z)
of the yields of a given fragment (N,Z) from each pair of systems are found to exhibit isotopic scaling
~isoscaling!, namely, an exponential dependence on the fragment atomic numberZ and neutron numberN. The
isoscaling is found to occur in the residueZ range corresponding to the maximum observed excitation energies.
The corresponding isoscaling parameters area50.43 andb520.50 for the Kr1Sn system anda50.27 and
b520.34 for the Kr1Ni system. For the Kr1Sn system, for which the experimental angular acceptance
range lies inside the grazing angle, isoscaling was found to occur forZ<26 andN<34. For heavier fragments
from Kr1Sn, the parameters vary monotonically,a decreasing withZ andb increasing withN. This variation
is found to be related to the evolution towards isospin equilibration and, as such, it can serve as a tracer of the
N/Z equilibration process. The present heavy-residue data extend the observation of isotopic scaling from the
intermediate mass fragment region to the heavy-residue region. Interestingly, such high-resolution mass spec-
trometric data can provide important information on the role of isospin and isospin equilibration in peripheral
and midperipheral collisions, complementary to that accessible from modern large-acceptance multidetector
devices.

DOI: 10.1103/PhysRevC.68.024605 PACS number~s!: 25.70.Mn, 25.70.Lm, 25.70.Pq
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I. INTRODUCTION

The isotopic composition of nuclear reaction produ
contains important information on the role of the isospin
the reaction dynamics@1#. Recently, increased interest in th
N/Z degree of freedom and its equilibration@2–5#, as well as
in the isospin asymmetry dependent terms of the nuc
equation of state@6,7#, has motivated detailed measureme
of the isotopic distributions of fragments withZ>2 @8–11#.
Isotopically resolved data in the regionZ52 –8 have re-
vealed systematic trends, but theirN/Z properties are un-
avoidably affected by the decay of the excited primary fra
ments. It has recently been shown@12# that isospin effects
can be investigated by comparing the yields of fragme
from two similar reactions that differ only in the isosp
asymmetry. In this case, the effect of sequential decay
primary fragments can be bypassed to a large extent. It
been revealed that for statistical fragment production mec
nism~s!, if two reactions occurring at the same temperat
have different isospin asymmetry, the ratioR21(N,Z) of the
yields of a given fragment (N,Z) obtained from the two
reactions 2 and 1 exhibits an exponential dependence oN
andZ of the form

R21~N,Z!5C exp~aN1bZ!,

wherea andb are the scaling parameters andC is an overall

*On leave from the Institute of Physics of the Slovak Academy
Sciences, Bratislava, Slovakia.
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normalization constant. This scaling behavior is called iso
pic scaling or isoscaling@12#, and has been observed in
variety of reactions under the conditions of statistical em
sion and equal temperature@13–16#. ~If the temperatures are
different, a generalized isoscaling can be obtained with
propriate temperature corrections@17#.! The isoscaling pa-
rametersa and b are shown to contain information on th
early stages of fragment formation~before sequential de
excitation!. It remains a matter of further investigation t
what extent they may provide information on the type a
the details of the reaction mechanism~s!.

Up to the present, the isoscaling phenomenon has b
systematically investigated with isotopically resolved fra
ments not heavier thanZ58. It would be interesting to in-
vestigate the behavior of heavier fragments up to the reg
of heavy residues. Heavy residues are known to compris
large fraction of the reaction cross section at the intermed
energy regime@18#. However, efficient collection and com
plete characterization of the residues in terms of their ato
numberZ, mass numberA, ionic charge stateq, and velocity
requires the use of a magnetic spectrometer. At this poin
should be noted that the scaling behavior of heavy fragm
yields from light particle induced reactions at relativistic e
ergies on separated Sn targets has been recently rep
@19#. In Ref. @19#, the fragment yields were measured wi
radiochemical techniques. With mass spectrometric te
niques, however, apart from isotopically resolved yields,
velocities of the fragments can be obtained with high re
lution and can provide information on the excitation ener
of the primary fragments.
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G. A. SOULIOTISet al. PHYSICAL REVIEW C 68, 024605 ~2003!
In the present work, isotopic scaling is investigated
fragments obtained in high-resolution mass spectrome
studies of projectile fragments from the reactions of 25 Me
nucleon 86Kr with 124,112Sn and64,58Ni targets. Yield ratios
of fragments withZ510–36 were obtained and isotop
scaling was investigated. Using the velocities of the residu
the excitation energy of the hot primary fragments was ch
acterized. Finally, the values of the isoscaling parame
were used to provide isospin information on the hot emitt
sources. The paper is organized as follows. In Sec. II, a b
description of the experimental apparatus, the measurem
and the data analysis is given. In Sec. III, after examining
average velocity andN/Z characteristics of the fragment
the isotopic scaling of the fragment yields is studied in det
Finally, conclusions from the present study are summari
in Sec. IV.

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

The present study was performed at the Cyclotron In
tute of Texas A&M University. A 25 MeV/nucleon86Kr221

beam from the K500 superconducting cyclotron, with a ty
cal current of;1 pnA, interacted with isotopically enriche
targets of 124Sn, 112Sn (2 mg/cm2), and 64Ni, 58Ni
(4 mg/cm2). The reaction products were analyzed with t
MARS spectrometer@20# offering an angular acceptance of
msr and momentum acceptance of 4%. The primary be
struck the target at 4.0° relative to the optical axis of t
spectrometer. The direct beam was collected inside the ta
chamber on a square Faraday cup lying outside of the a
lar acceptance of the spectrometer. Fragments were acce
in the polar angular range 2.7° –5.4°. This angular range
inside the grazing angle of 6.5° of the Kr1Sn reactions and
mostly outside the grazing angle of 3.5° of the Kr1Ni reac-
tions at 25 MeV/nucleon@21#. It should be noted that the
spectrometer angle setting was chosen to optimize the
duction of very neutron-rich fragments from the Kr1Sn sys-
tems whose detailed study is reported elsewhere@22#. An Al
foil (1 mg/cm2) was used to reset to equilibrium the ion
charge states of the projectile fragments. MARS optics@20#
provides one intermediate dispersive image and a final a
romatic image~focal plane!. At the focal plane, the frag
ments were collected in a 535 cm2 two-element (DE,E) Si
detector telescope. TheDE detector was a position-sensitiv
Si strip detector of 110mm thickness, whereas theE detector
was a single-element Si detector of 950mm. Time of flight
was measured between two PPACs~parallel plate avalanche
counters! positioned at the dispersive image and at the fo
plane, respectively, and separated by a distance of 13.
The PPAC at the dispersive image was alsoX-Y position
sensitive and used to record the position of the fragme
The horizontal position, along with nuclear magnetic re
nance measurements of the field of the MARS first dipo
was used to determine the magnetic rigidityBr of the par-
ticles. The reaction products were characterized by an ev
by-event measurement of energy loss, residual energy,
of flight, and magnetic rigidity. The response of th
spectrometer/detector system to ions of known atomic n
ber Z, mass numberA, ionic chargeq, and velocity was
02460
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calibrated using a low intensity86Kr primary beam and othe
beams at 25 MeV/nucleon.

The determination of the atomic numberZ was based on
the energy loss of the particles in theDE detector@23# and
their velocity. The ionic chargeq of the particles entering
MARS was obtained from the total energyEtot5DE1E, the
velocity, and the magnetic rigidity. The measurements oZ
andq had resolutions of 0.5 and 0.4 units@full width at half
maximum ~FWHM!#, respectively. Since the ionic charg
must be an integer, we assigned integer values ofq for each
event by putting windows (Dq50.4) on each peak of theq
spectrum. Using the magnetic rigidity and velocity measu
ment, the mass-to-chargeA/q ratio of each ion was obtaine
with a resolution of 0.3%. Combining theq determination
with the A/q measurement, the massA was obtained as:A
5qintA/q (qint is the integer ionic charge! with a resolution
~FWHM! of 0.6A units. Combination and normalization o
the data at the various magnetic rigidity settings of the sp
trometer ~in the range 1.3–2.0 T m!, summation over all
ionic charge states~with corrections applied for missing
charge states@24#!, and, finally, normalization for beam cur
rent and target thickness provided fragment yield distrib
tions with respect toZ, A, and velocity. Further details of th
analysis procedure can be found in Ref.@25# and in previous
work with heavier beams@26–28#. The yield distributions,
summed over velocities, were used to obtain the yield ra
R21(N,Z)5Y2(N,Z)/Y1(N,Z) employed in the present iso
topic scaling studies.

III. RESULTS AND DISCUSSION

Before embarking on the discussion of the yield ratios a
scaling, we will first examine the velocity andN/Z charac-
teristics of the reaction products. It is well established t
reactions between massive nuclei around the Fermi en
@18# proceed via a deep inelastic transfer mechanism invo
ing substantial nucleon exchange@29–32#. This mechanism
is responsible for the creation of highly excited primary fra
ments that deexcite to produce the observed fragments
obtain information about the excitation energy of the prima
fragments from the present reactions, we will first exam
the correlation of the measured velocity with the atom
number. Figure 1 presents the average velocities of the f
ments as a function ofZ. Closed symbols correspond to th
reactions with the neutron-rich targets and open symbol
those with the neutron-poor targets. In this figure, we o
serve that for fragments close to the projectile, the veloci
are slightly below that of the projectile, corresponding
very peripheral, low-excitation-energy events. A monoto
decrease of velocity with decreasingZ is observed, indicative
of lower impact parameters, higher momentum transfers,
thus higher excitation energies.

For the 86Kr1124,112Sn reactions@Fig. 1~a!#, the descend-
ing velocity-Z correlation continues down toZ;28; for
lower Z’s, the velocity appears to increase with decreasingZ.
The appearance of a minimum velocity forZ;28 can be
understood by assuming that these residues originate f
primary fragments with a maximum observed excitation e
ergy. Fragments withZ near the projectile down toZ;28
5-2
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ISOTOPIC SCALING OF HEAVY PROJECTILE . . . PHYSICAL REVIEW C 68, 024605 ~2003!
originate from evaporative type of deexcitation which do
not modify, on average, the emission direction of the re
dues. Thus, the residue velocities can provide information
the excitation energy. Residues with lowerZ arise, as we will
discuss below, from primary fragments undergoing clus
emission and/or multifragmentation and the velocity of t
inclusively measured fragments is not monotonically cor
lated with the excitation energy, the massA, or the atomic
numberZ. For the86Kr164,58Ni reactions, a similar behavio
is observed. However, the decreasing velocity-Z correlation
is observed only down toZ;32. It should be pointed ou
that fragments from this reaction were measured mostly
side the grazing angle, so that they correspond to m
damped collisions, in such a way that the final residues
ceive a larger recoil during the deexcitation stage and ap
within this angular range. ForZ;30–32, we observe a mini
mum velocity and for lowerZ’s an increase of the velocity
with decreasingZ. The average velocities from the reactio
with the neutron-rich targets are, within the experimental

FIG. 1. Average velocity vs atomic numberZ correlations for
projectile residues from the reactions of~a! 86Kr ~25 MeV/nucleon!
with 124Sn and 112Sn, and~b! 86Kr ~25 MeV/nucleon! with 64Ni
and 58Ni. Full circles represent the data with the neutron-rich t
gets 124Sn and64Ni, and open circles those with the neutron-po
targets112Sn and58Ni. The dashed line~marked ‘‘PR’’! gives the
velocity of the projectile, whereas the arrows indicate the minim
average residue velocities observed~see text!.
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certainties, almost the same as the corresponding veloc
from the reactions with the neutron-deficient targets for b
pairs of systems. For both reactions, the ascending part o
velocity vsZ correlation for the lower part of theZ range is
primarily due to the combined effect of angle and magne
rigidity selection. The forward angle range (2.7° –5.4°) s
lects either the forward or the backward kinematical solut
in the moving frame of the quasiprojectile undergoing clus
emission or multifragmentation, whereas the magnetic rig
ity range ~1.3–2.0 T m! subsequently selects the forwa
solution.

Employing the observed minimum velocities for the K
1Sn and Kr1Ni reactions and, furthermore, applying two
body kinematics and equal division of excitation ener
~which is a reasonable assumption for nearly symmetric s
tems at this energy regime@32,33#!, we can estimate an av
erage excitation energy per nucleon for the hot quasipro
tile fragments ofE* /A52.260.1 MeV for both Kr1Sn and
Kr1Ni systems. Using the Fermi gas relationshipE*
5(A/K)T2, with T the tempretature andK the inverse level
density parameter, taken asK513 MeV @34#, we can esti-
mate the temperature of Kr-like quasiprojectiles asT55.3
60.2 MeV for both systems. This average temperature is
the range typical for reaction processes near the multifr
mentation threshold@10,34#. In addition, this temperature i
rather close to the limiting temperature of excited nuclei
A;90 according to the recent systematics of Natowitzet al.
@35#. Since these excitation energy estimates are average
ues obtained from average residue velocities, we may
sume that surviving residues with even lower velocit
originating from even higher excitation energies are p
duced in the present measurements. However, due to
inclusive nature of the measurements and the velocity fl
tuations due to evaporation, we cannot select resi
source velocities lower than those indicated by the aver
velocities.

In Fig. 2, we present the averageN/Z values for eachZ
for the Kr1Sn reactions~upper panel! and Kr1Ni reactions
~lower panel!. In the figures, theN/Z values from the reac-
tions involving the neutron-rich targets are shown with f
circles and those involving the neutron-poor targets w
open circles. The horizontal dashed line~marked ‘‘PR’’! rep-
resents theN/Z of the 86Kr projectile. The thin solid line
gives the line ofb stability ~marked ‘‘SL’’! obtained from
the relationZb5A/(1.9810.0155A2/3) @36#. Finally, the dot-
ted line represents the evaporation attractor line~EAL! @37#
corresponding to the locus of fragment yields produc
by evaporation of neutrons and charged particles fr
highly excited nuclei close to stability.~The statistical de-
excitation codeGEMINI was used to obtain the positio
of the EAL @38#.!

For the Kr1Sn reactions, we observe that the avera
N/Z of the fragments close to the projectile rapidly decrea
with deceasingZ down to approximatelyZ526–28. For
lower Z, the averageN/Z appears to be grossly constant wi
a possible dip aroundZ515. TheZ value below which the
averageN/Z of the fragments is roughly constant coincid
with the Z value corresponding to the minimum residue v
locity, as previously discussed in relation to Fig. 1. As e

-
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G. A. SOULIOTISet al. PHYSICAL REVIEW C 68, 024605 ~2003!
pected, theN/Z of the fragments from the reactions with th
neutron-rich 124Sn are larger than those from the reactio
with the neutron-poor112Sn target. This difference appears
be largest belowZ;26, namely, close to the onset of clust
emission and/or multifragmention. In this region, the fra
mentN/Z deviates from its course towards or beyond~to the
neutron-poor side of! the stability line and appears to b
roughly constant. This feature of multifragmentation of ve
neutron-rich heavy systems may be exploited in the prod
tion of neutron-rich rare isotopes and it will be the topic o
subsequent study.

For the Kr1Ni reactions, similar observations can b
made in Fig. 2~b!. For these reactions, the rapid decrease
N/Z is observed down toZ532, corresponding to theZ with
the minimum average velocity@Fig. 1~b!#. Below Z532, the
N/Z shows a slight decrease and then, belowZ526 it be-
comes roughly constant~again with a dip atZ;15, as for
Kr1Sn).

FIG. 2. AverageN/Z vs atomic numberZ correlations for pro-
jectile residues from the reactions of~a! 86Kr ~25 MeV/nucleon!
with 124Sn and 112Sn, and~b! 86Kr ~25 MeV/nucleon! with 64Ni
and 58Ni. Full circles represent the data with the neutron-rich t
gets 124Sn and64Ni, and open circles those with the neutron-po
targets112Sn and58Ni. The dashed line~marked ‘‘PR’’! gives the
N/Z of the projectile, the solid line~marked ‘‘SL’’! is the line of
stability, and the dotted line~marked ‘‘EAL’’ ! is the evaporation
attractor line@37# ~see text!.
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Having examined the excitation energy andN/Z charac-
teristics of the measured residue data, we turn our discus
to the scaling properties of the fragment yields. According
the equilibrium limit of the grand-canonical ensemble,
thermally equilibrated system undergoing statistical de
can be characterized by a primary fragment yield with n
tron numberN, and proton numberZ of the form @39,40#

Y~N,Z!5F~N,Z!exp@B~N,Z!/T#exp~Nmn /T1Zmp /T!,
~1!

where the factorF(N,Z) represents contributions due to th
secondary decay from particle stable and unstable state
the final ground state;mn andmp are the neutron and proto
chemical potentials;B(N,Z) is the ground state binding en
ergy of the corresponding fragment, andT is the temperature

A direct comparison of the observed yield distributio
with Eq. ~1! is not possible due to the distortions introduc
by the sequential decay of the primary fragments. Howe
it has been shown@12# that the ratio of the yields
Y2(N,Z)/Y1(N,Z) of a given fragment (N,Z) from two dif-
ferent reacting systems, having similar masses and excita
energies but differing only inN/Z, can be used to obtain
information about the excited primary fragments. If the ma
difference between the two systems 2 and 1 is the isos
then the binding energy terms in Eq.~1! cancel out in the
ratio Y2(N,Z)/Y1(N,Z). Furthermore, if one assumes th
the influence of the secondary decay on the yields is sim
for the two reactions, then a relation of the form

R21~N,Z!5Y2~N,Z!/Y1~N,Z!5C exp~aN1bZ! ~2!

can be obtained witha5Dmn /T andb5Dmp /T, with Dmn
andDmp being the differences in the neutron and the pro
chemical potentials of the fragmenting systems.C is an over-
all normalization constant. The ratioR21(N,Z) is insensitive
to the sequential decay and thus it can provide informat
on the decaying excited primary fragments.

From the present data, we construct the yield ra
R21(N,Z) using the convention that index 2 refers to t
more neutron-rich system and index 1 to the less neutr
rich one. Figure 3 shows the yield ratiosR21(N,Z) as a func-
tion of fragment neutron numberN for selected isotopes~top
panel! and proton numberZ for selected isotones~bottom
panel! for the Kr1Sn reactions. The different isotopes an
isotones considered are shown by alternating filled and o
symbols for clarity. In Fig. 4, the corresponding ratios for t
Kr1Ni reactions are shown.

As it can be seen in the top panels of Figs. 3 and 4,
ratios for each elementZ exhibit a remarkable exponentia
behavior. For each element, an exponential function of
form C exp(aN) was fitted to the data and also shown in F
4 for the selected elements. In the semilog representation
lines for each element are nearly parallel up toZ;28 for
Kr1Sn and up toZ;34 for Kr1Ni ~in the latter case ex-
hausting the whole range of observed fragments!. For
heavier fragments from the Kr1Sn systems, the fits to th
data show gradual decrease in the slopes with increasingZ of
the fragments. An analogous behavior is observed in
lower panels of Figs. 3 and 4, where the ratioR21(N,Z) is

-
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ISOTOPIC SCALING OF HEAVY PROJECTILE . . . PHYSICAL REVIEW C 68, 024605 ~2003!
plotted as a function ofZ for various isotones. The solid line
correspond to exponential fits using the express
C exp(b Z). The ratiosR21(N,Z) appear to lie along straigh
lines with nearly similar negative slopesb, for all isotones
up toN;34 for Kr1Sn andN;44 for Kr1Ni ~again, in the
latter case covering the whole fragment range!. For largerN
from Kr1Sn, the slopesb increase with increasingN of the
fragments. The positive slopes in the upper panels of Fig
and 4 indicate that neutron-rich fragments are more e
ciently produced, as expected, from the more neutron-
systems. Similarly, the negative slopes in the bottom pa
of these figures indicate that proton-rich fragments are m
efficiently produced from the more proton-rich systems.

In Fig. 5, we present the slope parametersa ~upper panel!
andb ~lower panel! of the exponential fits~obtained as de-
scribed for Figs. 3 and 4! as a function ofZ andN. For the
Kr1Sn reactions, the slope parametera is roughly constant
with an average value of 0.43 in the rangeZ510–26 and
then decreases forZ.26. Similarly, the parameterb appears
to be nearly constant at an average value of –0.50 up tN
;34 and rise forN.34. Consequently, for the Kr1Sn sys-

FIG. 3. Yield ratiosR21(N,Z)5Y2(N,Z)/Y1(N,Z) of projectile
residues from the reactions of86Kr ~25 MeV/nucleon! with
124,112Sn ~a! with respect toN for the Z’s indicated, and~b! with
respect toZ for theN’s indicated. The data are given by alternatin
filled and open circles, whereas the lines are exponential
~see text!.
02460
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tems under the present experimental conditions, isosca
~as defined in Ref.@12#! holds up toZ;26 andN;34. This
fragment range corresponds to primary events with the m
mum observed excitation energy of 2.2 MeV/nucleon a
temperature of 5.3 MeV, as estimated previously. For
Kr1Ni reactions, the slope parametera appears to be con
stant in the whole rangeZ510–36 at an average valuea
50.27. Similarly, the parameterb remains constant at a
average value of –0.34 in the wholeN range. In the case o
the Kr1Ni systems under the present experimental con
tions ~observation outside the grazing angle!, isoscaling
holds in the whole range of observed fragments, correspo
ing to primary events having on average excitation energy
2.2 MeV/nucleon and temperature of 5.3 MeV. The near c
stancy of the isoscaling parametersa andb ~except for near-
projectile fragments for the Kr1Sn system! corroborates the
statistical nature of the fragment production under the ex
tation energy and temperature values extracted from
minimum observed residue velocities. In general,
extracted isoscaling parametersa and b are in agreemen
with the corresponding values reported in the literature~e.g.,
Refs.@12,15#!.

ts

FIG. 4. Yield ratiosR21(N,Z)5Y2(N,Z)/Y1(N,Z) of projectile
residues from the reactions of86Kr ~25 MeV/nucleon! with 64,58Ni
~a! with respect toN for theZ’s indicated, and~b! with respect toZ
for the N’s indicated. The data are given by alternating filled a
open circles, whereas the lines are exponential fits~see text!.
5-5
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G. A. SOULIOTISet al. PHYSICAL REVIEW C 68, 024605 ~2003!
In the following discussion, we will use the isoscalin
parameters herein obtained to extract information about
hot primary fragments. As we have already mentioned,
parametersa andb are related to the differences in the ne
tron and proton chemical potentials of the corresponding

FIG. 5. ~a! Isoscaling parametera as a function ofZ for projec-
tile residues from the reactions86Kr (25 MeV/nucleon)1124,112Sn
~closed circles! and 86Kr (25 MeV/nucleon)164,58Ni ~open circles!.
The straight lines are constant value fits for each sys
~see text!. ~b! Isoscaling parameterb as a function of
N for 86Kr (25 MeV/nucleon)1124,112Sn ~closed circles! and
86Kr (25 MeV/nucleon)164,58Ni ~open circles!. The straight lines
are again constant value fits for each system.
02460
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mary fragmenting systems via the relationsa5Dmn /T and
b5Dmp /T. Using the average values of the parametersa
and b and the estimated temperatures, we can obtain
differences in the chemical potentials, as summarized
Table I. As seen in the table, these values are close~apart
from a difference in sign! @10,15# to the corresponding dif-
ferences in the neutron and proton separation energies
obtained from mass tables@41#. The corresponding value
for the protons appear to be remarkably close~Table I!.

It has been shown@14,15# that the isoscaling parametera
is directly related to the coefficientCsym of the symmetry-
energy term of the nuclear binding energy. The followi
relation has been obtained both in the framework of
grand-canonical limit of the statistical multifragmentatio
model@15# and in the expanding-emitting source model@14#:

a54
Csym

T F S Z1

A1
D 2

2S Z2

A2
D 2G , ~3!

where Z1 , A1, and Z2 , A2 refer to the fragmenting qua
siprojectiles from reactions 1 and 2, respectively. Using t
relation, the extracted values ofa and T for the fragments
corresponding to multifragmentation events and assum
N/Z equilibration~see following discussion and Fig. 6!, we
get for Csym the values of 27.2 for Kr1Sn and 23.1 for Kr
1Ni ~Table I!. These estimates of the symmetry-energy c
efficient are in reasonable agreement with the standard v
Csym525 MeV @15#.

In principle, Eq.~3! can serve as the basis for determini
Csym for expanded multifragmenting nuclei@14# thus prob-
ing the density dependence of the symmetry-energy term
the nuclear equation of state. However, such experime
determination requires systematic isotopically resolved yi
measurements with good excitation energy characterizat
With the present spectrometric approach, in order to av
the uncertainties in excitation energy division, as well as
N/Z equilibration, such measurements may be performed
symmetric pairs differing in isospin~e.g., 64Ni164Ni and
58Ni158Ni or 124Sn1124Sn and 112Sn1112Sn). In such
cases, the excitation energies~and temperatures! can be ob-
tained from the residue velocities and the averageN/Z of the
quasiprojectiles can be taken as that of the reacting syst

m

nt
TABLE I. Excitation energyE* /A ~MeV/nucleon!, temperatureT(MeV), isoscaling parametersa andb,
differences in neutron and proton chemical potentialsDmn(MeV) and Dmp(MeV), differences in neutron
and proton separation energiesDSn(MeV) and DSp(MeV), and extracted symmetry-energy coefficie
Csym (MeV) for the systems86Kr (25 MeV/nucleon)1124,112Sn and86Kr (25 MeV/nucleon)164,58Ni ~see
text!. Parentheses give estimated errors~one standard deviation!.

Reaction E* /A T a b Dmn Dmp DSn DSp Csym

Kr1Sn 2.2 5.3 0.43 –0.51 2.28 –2.65 –1.44 2.23 27.2
~0.1! ~0.2! ~0.03! ~0.03! ~0.18! ~0.19! ~2.2!

Kr1Ni 2.2 5.3 0.27 –0.34 1.43 –1.80 –2.75 1.77 23.1
~0.1! ~0.2! ~0.02! ~0.02! ~0.11! ~0.13! ~1.9!
5-6
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Finally, we will employ Eq.~3! to provide an interpreta
tion of the variation of the isoscaling parametera with Z for
the Kr1Sn reactions and relate this variation to the isosp
equilibration process. After some manipulation, from Eq.~3!
we obtain

a58
Csym

T S Z

AD
ave

3

DS N

Z D
qp

~4!

where (Z/A)ave is the averageZ/A of the quasiprojectiles
taken to be the averageZ/A of the composite systems86Kr
1124Sn and86Kr1112Sn, andD(N/Z)qp expresses theN/Z
difference of fragmenting quasiprojectiles corresponding t
given value of fragmentZ, isoscaling parametera, and tem-
peratureT. Assuming that fragments are produced at norm
density, usingCsym525 MeV @15#, the a values obtained
from the isoscaling fits, and the temperatures determi
from excitation energies~obtained from residue velocities!,
we can determine the value ofD(N/Z)qp as a function of the
observed fragmentZ, as shown in Fig. 6. In this figure, th
horizontal line expresses theN/Z difference of fragmenting
quasiprojectiles under the condition of isospin equilibratio

The essentially monotonic increase ofD(N/Z)qp with de-
creasingZ can be understood as follows. Fragments close
the projectile are produced in very peripheral collisions
which a small number of nucleons is exchanged and thus
N/Z difference of the fragmenting quasiprojectiles fro
86Kr1124Sn and 86Kr1112Sn is small. Fragments progre
sively further from the projectile originate from collision
with larger projectile-target overlap in which a large numb
of nucleons is exchanged. In such cases, theN/Z difference
of the fragmenting quasiprojectiles is progressively larg
eventually approaching, for the present energy regime,
N/Z difference corresponding to isospin equilibration. Co
sequently, the variation of the isoscaling parametera with Z
~and, equivalently,b with N) for near-projectile residues is
result of the variation in theN/Z of the fragmenting qua-
siprojectiles, directly related to the course towards isos

FIG. 6. Difference inN/Z of the fragmenting quasiprojectile
@obtained using Eq.~4!# as a function ofZ for projectile residues
from the reactions 86Kr (25 MeV/nucleon)1124,112Sn ~closed
circles!. The dashed line gives theN/Z difference of isospin-
equilibrated fragmenting quasiprojectiles.
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equilibration. As such, the parametera along with tempera-
ture ~excitation energy! determination can be used as a se
sitive probe to study the isospin-equilibration process in c
lisions of isospin asymmetric massive nuclei at intermedi
energies. A detailed account on this approach is repo
elsewhere@42#.

The present high-resolution mass spectrometric data
vided information on the isoscaling properties of heavy p
jectile fragments and, subsequently, information on the
excitation of hot primary fragments, as well as, the degree
N/Z equilibration. Along these lines, it should be noted th
with the same spectrometric techniques, we recently
tained information on the details of the deexcitation mec
nisms of heavy fragments and the onset of multifragmen
tion in the reaction of124Sn ~25 MeV/nucleon! with 27Al
@43#. These recent efforts in the Fermi energy regime~fol-
lowing earlier work with heavier beams@26,27#!, along with
similar studies at relativistic energies~e.g., Refs.@44,45# and
references therein!, indicate that detailed isotopic and kine
matic investigation of heavy residues provides essential
formation on the reaction mechanisms and the details of
deexcitation processes that can complement the result
full-acceptance devices. As a possible next step, combina
of high-resolution mass separators with advanced lar
acceptance multidetector arrays may allow novel and ex
ing studies of reaction dynamics, furthermore taking adv
tage of the availability of rare isotope beams.

IV. SUMMARY AND CONCLUSIONS

In summary, the isotopic scaling of heavy projectile re
dues from the interaction of 25 MeV/nucleon86Kr projec-
tiles with 124Sn, 112Sn and64Ni, 58Ni targets has been stud
ied. Isotopically resolved yield distributions of projecti
fragments in the rangeZ510–36 from the above reactio
pairs were measured with the MARS recoil separator in
angular range 2.7° –5.4°. For these deep inelastic collisio
the velocities of the residues, monotonically decreasing w
Z down toZ;26–28, are employed to characterize the e
citation energy. The yield ratiosR21(N,Z) for each pair of
systems are found to exhibit isoscaling, namely, an expon
tial dependence on the fragment atomic numberZ and neu-
tron numberN. The isoscaling is found to occur in the res
due Z range corresponding to the maximum observ
excitation energies. The corresponding isoscaling parame
are a50.43 andb520.50 for the Kr1Sn system anda
50.27 andb520.34 for the Kr1Ni system. For the Kr
1Sn system, for which the experimental angular accepta
range lies inside the grazing angle, isoscaling was found
occur for Z<26 andN<34. The values of the isoscalin
parameters are used to extract the neutron and proton ch
cal potentials, as well as to obtain an estimate of
symmetry-energy coefficient of highly excited primary fra
ments. For heavy fragments from Kr1Sn, the isoscaling be
havior breaks down and the parameters are found to v
monotonically,a decreasing withZ andb increasing withN.
This variation of the isoscaling parameters for near-projec
5-7
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residues is found to be related to the evolution towards
spin equilibration and, as such, can serve as a tracer ofN/Z
equilibration. The present isotopically resolved heav
residue data demonstrate the occurrence of isotopic sca
from the intermediate mass fragment region to the hea
residue region. Such high-resolution mass spectrometric
have the potential to provide important information on t
role of isospin and isospin equilibration in peripheral a
midperipheral collisions, complementary to that access
from advanced large-acceptance multidetector devices.
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