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Isotopically resolved intermediate-mass fragment and light charged particle production
from the reactions 40Ar and 40Ca with 58Fe and 58Ni at Ebeam533 and 45 MeV/nucleon

H. Johnston, T. White, B. A. Li, E. Ramakrishnan, J. Winger, D. J. Rowland, B. Hurst, F. Gimeno-Nogues, D. O’K
Y.-W. Lui, and S. J. Yennello

Cyclotron Institute, Texas A&M University, College Station, Texas 77843-3366
~Received 9 April 1997!

Isotopically resolved intermediate-mass fragments and light charged particles have been detected from the
reactions40Ar and 40Ca with 58Fe and58Ni at Ebeam533 and 45 MeV/nucleon. There is an angular dependence
to the isotopic ratios. A moving source analysis shows that fragments emitted atQ lab540° can be attributed
primarily to a composite source while the fragments emitted at backward angles are primarily from a targetlike
source. The results are compared to predictions of QMD, BUU, and GEMINI. QMD generally reproduces the
charge distribution and energy spectra and has partial success with the isobaric ratios when the system is
chemically equilibrated. All of the models have difficulty reproducing the isotopic ratios when the system is
not chemically equilibrated.@S0556-2813~97!05710-5#

PACS number~s!: 25.70.Mn, 24.10.Nz, 24.10.Pa, 25.70.Pq
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INTRODUCTION

Recently much attention has been focused on underst
ing the degree of thermal@1–5#, chemical@6–8#, and shape
@10,11# equilibration achieved in intermediate-energy hea
ion collisions. In many treatments of intermediate ene
heavy-ion collisions equilibrium has been assumed. The
sumption of equilibrium is a cornerstone of hybrid mod
calculations@12,13# where dynamics have been taken in
account in a collision phase, but an equilibrated residu
assumed in the second stage of statistical fragmentation.
recent excitement about a ‘‘caloric curve’’ is based upon
formalism that assumes chemical and thermal equilibri
@14#. It is important to define the boundaries over whi
these assumptions are valid. Studies of the equilibration
the isospin degree of freedom can help define one segme
the boundary conditions.

The isobaric ratios of intermediate-mass fragme
~IMF’s! measured at 40° from central collisions of40Ar,
40Ca with 58Fe, 58Ni show a characteristic change from b
ing dependent only on the composite projectile1target sys-
tem atEbeam533 MeV/nucleon to also having a dependen
on the entrance channel at 45 MeV/nucleon thus signa
the onset of the nonequilibration of the isospin degree
freedom@7#. This paper will present a more detailed study
the reactions that straddle that transition. The angular de
dence of the isotopic ratios, a moving source analysis of
data, and comparison to the results predicted by QMD@15#,
BUU @16#, and GEMINI @17# will be presented.

EXPERIMENTAL DETAILS

All data were acquired at the Texas A&M University C
clotron Institute. Beams of40Ar and 40Ca were extracted
from the K500 cyclotron. These beams were first pas
through a thin aluminum foil resulting in charge distributio
that were strongly peaked at fully stripped. The fully stripp
beams were then transported to the target at the center o
neutron ball@18#. Targets were 2 mg/cm2 58Fe and58Ni. Six
gas ionization-Si-Si-CsI detectors@19# were placed inside the
scattering chamber of the neutron ball at laboratory angle
560556-2813/97/56~4!/1972~11!/$10.00
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11°, 44°, 72°, 100°, 128°, 148° as shown in Fig. 1. The
telescopes provided detection of charged particles w
charge resolution forZ51 to 16 andA resolution up toZ
59. The neutron ball detected the coincident neutrons w
82% efficiency as measured with a252Cf source. Further
experimental details can be found elsewhere@7#.

Characteristic energy spectra were observed for
IMF’s; the cross section decreases approximately expon
tially with the energy of the fragment. The exponential slo
becomes less steep for higherZ fragments. Further discus
sion of these spectra can be found later in this paper; for n
we will integrate these spectra to extract fragment yiel
The mass resolution for IMF’s arises from the excellent e
ergy resolution of the silicon detectors, and thus is pres
for fragments that punch through the first silicon and stop
the second silicon. For fragments that punch through the
ond silicon there is mass resolution up through He. Theref
the range of energies over which we are able to measure
isotopic resolution is determined by the stopping power
the silicon detectors. The extracted ratios are integrated f
the energy where the particle with the higher linear ene
transfer LET punches into the second silicon to the ene
where the particle with the lower LET punches through t
second silicon detector. This is determined for each isoto
and isobaric pair presented. The error bars are purely st
tical and do not include any systematic errors that may
present. We have investigated the effects of the limits
integration and the results for the10Be/10B ratios at Q lab
540° are shown in Table I. The extracted ratios are
significantly affected by changing either the lower limit
the upper limit of integration. This indicates that at 40° w
are not sensitive to a preequilibrium component, which h
been shown@20# to be reflected in the isotopic ratio as
function of the energy of the fragment observed.

ANGULAR DISTRIBUTIONS OF ISOTOPIC RATIOS

The previously published data@7# concentrated on centra
collisions atQ lab540°, where the concentration at that lab
ratory angle was chosen to emphasize the most central
lisions. In Fig. 2 the ratio of each carbon isotope relative
1972 © 1997 The American Physical Society
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FIG. 1. Experimental setup showing placement of six gas-ionization chamber telescopes within the scattering chamber of th
ball.
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the total carbon detected for each of the reacting syst
measured at a particular lab angle is plotted versus the
tope number. Within each isotope grouping the compou
systems are ordered from the system with the most num
of neutrons to the least number of neutrons. The reactio
Ar1Fe is the left-hand bar with the highest total number
neutrons and produces the lowest fraction of11C/totC at all
angles. The Ca1Ni system with the lowest number of neu
trons produces the largest fraction of11C/totC at all angles.
The middle two bars represent the mixed systems of Ar1Ni
and Ca1Fe having the same total number of protons a
neutrons that are divided differently between the projec
and target. For these two compound systems the11C/totC
ratios lie between the extreme systems. The behavio
14C/totC mirrors that of11C/totC with the Ar1Fe system pro-

TABLE I. The 10Be/10B ratio measured atQ lab540° as ex-
tracted from the data for different limits of integration.

10Be/10B
65:150 65:130 80:150

33 MeV
Ca1Ni 0.3960.01 0.4060.01 0.3660.02
Ca1Fe 0.6760.02 0.6960.02 0.6360.02
Ar1Ni 0.6460.02 0.6560.03 0.5960.03
Ar1Fe 1.0460.03 1.0660.03 0.9360.04

45 MeV
Ca1Ni 0.4860.02 0.4860.02 0.4360.02
Ca1Fe 0.7260.02 0.7360.02 0.6560.02
Ar1Ni 0.5560.02 0.5660.02 0.5060.03
Ar1Fe 0.8960.04 0.8960.04 0.8060.04
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ducing the largest fraction of14C/totC and the Ca1Ni system
producing the smallest. This results in a global behavior
which the fraction of isotopes with fewer numbers of ne
trons relative to the total has an increasing slope as a fu
tion of the charge to mass ratio of the combined syst
while the isotopes with larger numbers of neutrons hav
decreasing slope.

Another interesting feature of this plot is that the fractio
of 11C/totC and 14C/totC are roughly equal for the forward
angles while the11C/totC is more dominant than the14C/totC
at the central angles. The11C/14C averaged over all system
is 0.81 for the forward angles while it increases to 2.2 for
more central angles. So the fragments detected at forw
angles have more neutrons, regardless of the entrance c
nel relative to those detected from more central collisio
This is consistent with a scenario where the fragments
central angles are associated with more violent collisions
give off more neutrons and thus have fewer neutrons av
able in the residue for fragmentation products.

While it would be extremely informative to look at th
angular distribution of these heavy fragments at more ba
ward angles there are not significant numbers of carbon f
ments beyond the 48° telescope for all systems. So in o
to address how yield ratios change over a broader rang
angles we must turn to helium fragments. Since lighter fr
ments, especially4He, are susceptible to feeding from th
deexcitation of primordial prefragments we may expect t
any signatures of the initial dynamics would be damped d
to this secondary decay. However, a change in isotope ra
as a function of angle has been seen previously for hel
fragments@8#. The isotopic ratio of4He/3He was plotted with
respect to theN/Z of the compound system in Fig. 3 wher
(N/Z)cs is
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FIG. 2. Ratio of carbon isotopes to total carbon detected at each of four laboratory angles: 7°, 11°, 40°, and 48°.
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~Nprojectile1Ntarget!

~Zprojectile1Ztarget!
. ~1!

Nprojectile~target! and Zprojectile~target! are the number of neutron
and protons in the projectile~target!. At 40° a single line
cannot fit all the data points atEbeam533 and 45 MeV/
nucleon. This trend is maintained in all but theEbeam
533 MeV/nucleon ratios at 104°. This behavior sugge
that there might be contributions from collisions at nonce
tral impact parameters at these angles. In fact the rati
152° can largely be attributed to a source whose compos
is largely controlled by the composition of the target, rath
than a composite projectile1target system.

MOVING SOURCE ANALYSIS

Fitting energy spectra with a moving source formalis
has been used to determine the relative contribution fr
various sources at different angles@21–23#. Following this
approach, a moving source analysis was performed on
measured cross sections. Since the forward-moving pro
tile remnant has essentially no contribution to the spe
measured at angles as backward asQ lab540; the spectra
were fitted with the sum of two Maxwellian functions repr
senting a targetlike and a central source. This is consis
with the data of Wileet al. @22# that showed a significan
contribution from the projectile like source at forward ang
s
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but essentially no contribution backward of 30° in the lab
the asymmetricN1Ag system at comparable energies.

The midrapidity source was assumed to be the resi
formed in a central collision that then emits fragments with
Maxwellian energy distribution

P~E!5N~E2Bc!exp
2~E2Bc!

Tc
, ~2!

whereN is the normalization,Bc is the Coulomb barrier,Tc
is the temperature, andE is energy. The source moved in th
beam direction and emitted isotropically in its rest frame.

The targetlike source is based upon the idea that IM
emitted at backward angles are from a system in which
interaction time was greater than one nuclear rotation per
The origin of the targetlike source,

P~E!5Nt~2E2p!e2~E/Tt! erfF ~p22E!

2ApTt

12S pTt

p D 1/2

e@~p214E2!/4pTt#G , ~3!

was based upon the scission point model of Nix@24# which
was modified by Moretto@25#. It was characterized by a
mean velocity, a Coulomb barrierBt , and a temperatureTt .
An additional parameter,p, permitted the evolution of spec
tral shapes with fragment charge.
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56 1975ISOTOPICALLY RESOLVED INTERMEDIATE-MASS . . .
For the reaction40Ar158Ni at Ebeam533 and 45 MeV/
nucleon, the fit parameters were determined by first fitt
the inclusive He spectra detected at backward angles with
target source, Eq.~3!. The parametersTt56.3 MeV ~8 MeV!
andn t50.01c (0.024c) were fixed forEbeam533 ~45! MeV/
nucleon; then He spectra detected at intermediate an
~40°, 48°, 68°, 76°! were fit with the sum of the two source
In order to approximate the best values of the parameters
the central source, the velocity and temperature of the cen
source were frozen and the remaining IMF’s were fit. T
procedure was repeated iteratively until all of the IMF’s we
fit with nc50.046c (0.085c) and Tc519 MeV ~23.5 MeV!
for the 33 ~45! MeV/nucleon data. This description fits th
data quite well.

The left side of Fig. 4 shows the fitted kinetic ener
spectra for He atEbeam533 MeV/nucleon. The solid line is
the sum of the contributions from the central and targetl
sources. The dotted line is the contribution from the targ
like source while the dashed line is the contribution from
central source. At backward angles~152°!, the energy spec
tra are fit exclusively with the target source. Except at v
low energies, the He spectra are fit almost exclusively wit
single source at intermediate angles. Figure 5 is the fi
kinetic energy spectra for IMF’sZ52 – 6 at 40° and 76° a
Ebeam533 MeV/nucleon. ForZ.3 the target source did no
contribute to the energy spectra. This indicates that at
the IMF’s are emitted from a single central source.

The right side of Fig. 4 shows the fitted kinetic ener
spectra for He atEbeam545 MeV/nucleon. Like the reaction
at 33 MeV/nucleon, at backward angles the He spectra
fit.

FIG. 3. Isotopic ratios plots for4He/3He as a function of the
N/Z of the compound system atEbeam533, 45 MeV/nucleon, at
Q lab540°, 104°, and 152°.
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The right side of Fig. 4 shows the fitted kinetic ener
spectra for He atEbeam545 MeV/nucleon. Like the reaction
at 33 MeV/nucleon, at backward angles the He spectra ar
exclusively with the targetlike source. However, at forwa
angles, the targetlike source makes a small contribution
the energy spectra. While at 33 MeV/nucleon the targetl
source did not contribute to the IMF’s energy spectra forZ
.3, at 45 MeV/nucleon this is no longer the case, as d
played in the rightmost panels of Fig. 5. ForZ’s as great as
6 the targetlike source influenced the energy spectra at
energies. IMF’s at 40° at 45 MeV/nucleon are emitted fro
both the targetlike source and the central source. Howe
the IMF’s from the targetlike source are all low energy fra
ments. These low energy fragments from the targetl
source are stopped in the first silicon and do not overco
the energy threshold required to be included in the measu
isotopic ratios.

NEUTRON MULTIPLICITIES

Neutrons detected with the neutron ball were used to
ferentiate between central and peripheral collisions. In m
experiments the multiplicity of neutrons detected have b
used as a measure of the centrality of a collisi
@26,27,9,10#. In a recent experiment ofEbeam535
MeV/nucleon63Cu with 197Au it was shown the TAMU neu-
tron ball has a much higher efficiency for neutrons from
compound nucleuslike source relative to projectilelike
preequilibrium sources. The multiplicity of neutrons w
correlated with the excitation energy of the system@28#.
However, it was recently shown for heavy symmetric rea
tions at a similar energy that while the number of neutro
detected could discriminate between central and periph
collisions, it was less sensitive than the number of detec
charged particles@29#. This was attributed to very periphera
binary collisions creating a ‘‘background noise’’ for the ne
tron multiplicity trigger. It seems the effectiveness of neutr
multiplicity as a centrality trigger may be dependent on t
asymmetry of the reaction. In order to estimate the effecti
ness of this centrality trigger for our current data simulatio
~described in detail later in this paper! were run for
40Ca158Fe atEbeam533 MeV/nucleon. The calculated neu
tron multiplicity spectra are compared with the experimen
measured spectrum in Fig. 6. The multiplicity of neutrons
much higher for theb50 collision than theb55 collision.
By gating on the 10% of events with the highest neutr
multiplicity we are clearly discriminating against peripher
events.

To determine the contributions to the fragment spec
from collisions at noncentral impact parameters the neutr
emitted in coincidence with fragments at 40° and 152° fro
a hybrid calculation of BUU/GEMINI, atb50 fm and b
55 fm were recorded. The number of events was adjus
for geometrical cross sectional differences. A ratio was m
between the number of events with a neutron multiplicity
at least 6, calculated atb50 fm and the number of event
with the same neutron multiplicity atb55 fm. The ratios
were determined to be 19.0 and 11.1 at 40° and 1.3 and
at 152° forEbeam533 and 45 MeV/nucleon respectively. A
intermediate angles, high neutron multiplicities are clea
outside the region in whichb55 fm contributes signifi-
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FIG. 4. Fitted He energy spectra atEbeam533 MeV/nucleon~left! and 45 MeV/nucleon~right! for different angles. The dotted line is th
contribution from the target source. The dashed line is the central source contribution and the solid line is the sum of the two so
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cantly, but at backward angles the collisions atb55 fm
make a larger contribution to the neutron multiplicity.
addition to the neutron multiplicity comparisons the fra
ments were filtered for detector acceptance to investigate
contributions to the charge distribution from central vers
midimpact parameter collisions. Theb55 collisions pro-
duced essentially no fragments with a charge greater
three in our 40° telescope.

To eliminate any contamination from the target source
the 40° yields, a coincident neutron multiplicity cut wa
made for the 10% highest neutron multiplicity events. Exc
at 40° for 33 MeV/nucleon the overall behavior of the h
lium ratios remain unchanged. Now at 40° the 33 Me
nucleon ratios, can be fit with a single line as the Ca1Fe and
the Ar1Ni are no longer statistically different. At 152° th
isotopic ratios are still fit with two lines. The source fi
showed that at 152° the energy spectra could be expla
entirely by emission from a targetlike source. In addition,
backward angles,b55 fm collisions make a greater contr
bution to the neutron multiplicity. While at intermedia
angles the neutron multiplicity cut gates upon central co
sions, at backward angles this same cut is actually no
discriminating toward this class of events. Therefore,
angle of the detector will affect what sources are contribut
to the observed fragments. At intermediate angles the f
he
s
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t
-
/

ed
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-
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ments appear to be originating from a composite sou
while at backward angles a targetlike source is the main c
tributor.

COMPARISON WITH MODEL PREDICTIONS

Using the statistical model GEMINI and the dynamic
models of BUU and QMD theoretical calculations have be
compared to the experimental results. While none of th
models have yet evolved to the point that they properly
count for all aspects of isospin dependence it is illustrative
compare their predictions with our data to determine h
important these missing elements are. GEMINI was dev
oped to treat the decay of a hot system and as such doe
take into account the dynamical evolution of the system. T
necessary inputs to GEMINI are the excitation ener
charge and mass number of the residue, which can be
tracted from a BUU calculation. This method using a hyb
model to account for the dynamics, while still looking at th
larger clusters in the data has been successful in reprodu
some aspects of the data from the reaction of139La127Al at
45 MeV/nucleon@13#. Even so, this method fails to accou
for preequilibrium emission of complex fragments and
ability to reproduce the isospin of the emitted fragments
never been tested.
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FIG. 5. Fitted energy spectra forZ’s between 3–6 generated from the reaction40Ar158Ni at Ebeam533 MeV/nucleon atQ lab540° and
76° and atEbeam545 MeV/nucleon atQ lab540°.
a

rs

fm
to
s
tr

o
I.
ed
nd

, as
lar

tes
w-

he
It has been shown that for the reaction40Ca158Fe at
Ebeam533, 45 MeV/nucleon BUU predicts, atb50, a single
residue at 33 MeV/nucleon and a large residue with a sm
forward projectilelike residue at 45 MeV/nucleon@30#. Since
experimentally there is a distribution of impact paramete
the residues fromb50 – 3 fm were calculated. TheA, Z and
excitation energy of the hot residue was computed at 140
c with the constraintr5r0/8. These residues were input
the code GEMINI and allowed to decay statistically. The
results were filtered for the energy threshold and geome
acceptance of the detector.

Since there is some latitude in the calculation ofE* from
ll

,

/

e
ic

BUU the results from the BUU/GEMINI coupling were als
compared to the complete fusion limit with just GEMIN
The input parameters for using just GEMINI were deriv
from the system that arises from both complete fusion a
complete momentum transfer of the target and projectile
displayed in Table II. The residues were given an angu
momentum ofl 50. Like the BUU/GEMINI calculations,
the results were filtered for the detector acceptance.

In addition to GEMINI and BUU coupled with GEMINI,
results were also calculated using QMD. QMD simula
both evolution and fragmentation of a reacting system. Ho
ever, QMD does not explicitly treat the isospin in either t
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potential or the cross section, but it will conserve numbers
nucleons. In this way entrance channel effects that are du
nonequilibration of the entrance channel can possibly
observed. The statistical multifragmentation code~SMM!
that is the afterburner for QMD has had some succ
in predicting the relative isotope detected from the collisi
of p1Kr @31#. The projectile and target were allowed
collide with an impact parameter betweenb50 – 3 fm. The
results were filtered for the detector’s acceptance and
angle.

Table II compares the residues determined by comp
fusion with the residues predicted by BUU atb53 fm and
QMD at the end of the first stage forb50 – 3 fm, for Ebeam
533 and 45 MeV/nucleon. With complete fusion, the ex
tation energy andA of the residue do not change with th
reacting system. Any differences in systems are due to
differing number of neutrons and protons in the residu
With the increased number of neutrons in the40Ar158Fe
system, GEMINI should predict neutron-rich fragments re
tive to the fragments predicted for40Ca158Ni. At Ebeam
533 MeV/nucleon, the spread inN/Z for the BUU
residues’ is less than the spread ofN/Z of the complete
fusion system. Therefore GEMINI’s fragment distributio
using the BUU residues, should not change as much fr
system to system.

QMD predicts a single residue with, on average, 11
light fragments, ^A&51.3 and ^Z&50.65 at Ebeam
533 MeV/nucleon. AtEbeam545 MeV/nucleon, multiplicity
of preequilibrium fragments increases to 14.4 with a simi
average size and charge. The composition of the preequ
rium fragments changes a great deal across the system
both Ebeam533 MeV/nucleon andEbeam545 MeV/nucleon.
While theN/Z of the prefragments increases with theN/Z of
the reacting system, the composition of these fragments
to contribute to the IMF fragment yields. Only 0.4% o
events produced a prefragment withZ.2 at 40°. TheN/Z of
the residue changes significantly less than theN/Z of the
complete fusion residues.

Figure 7 shows the experimentalZ distributions in com-
parison to the distributions predicted by BUU coupled w

FIG. 6. The experimental neutron multiplicity in coincidenc
with a valid event~solid squares! in comparison to the distributions
predicted by BUU/GEMINI atb50 ~solid histogram! and b55
~dashed histogram! for 40Ar158Ni at 33 MeV/nucleon. The inset
shows the percent of events with a given multiplicity.
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GEMINI, GEMINI alone, and QMD for the reaction o
40Ca158Fe at Ebeam533 and 45 MeV/nucleon for centra
collisions. The experimentalZ distribution of fragments was
determined by gating upon the events where the neu
multiplicity was in the 90th percentile and the fragment h
enough energy to enter the first silicon detector but
enough energy to punch thru the CsI~Tl!. The diamonds in
Fig. 7 are the experimental data, the solid histogram is
BUU/GEMINI prediction and the dotted histogram is th
QMD prediction. BUU/GEMINI’s and QMD’sZ distribu-
tions were normalized to the experimental data forZ55 at
40°.

Overall, BUU/GEMINI closely approximates the exper
mentalZ distribution atEbeam533 MeV/nucleon~left side of
the figure!. At 6° ~bottom left panel! BUU/GEMINI follows
the experimentalZ distribution closely. At larger angles
BUU/GEMINI fails to reproduce the higherZ’s At 40°,
BUU/GEMINI fails for Z.10 and for 76° and 152° fails fo
Z.3. At Ebeam545 MeV/nucleon BUU/GEMINI agrees
with the experimental results forZ,10 at 6° and 40° but a
higher angles and higherZ’s. BUU/GEMINI underpredicts
the experimental values. At forward angles at both energ
QMD closely agrees with the experimental results but
angles greater than 76° QMD fails to produce any fragme
GEMINI calculates a distribution very similar to QMD’s a
forward angles, but at backward angles GEMINI’s distrib
tion is similar to BUU/GEMINI’s.

The inclusive7Li energy spectrum~diamonds! is shown
in Fig. 8. This spectrum was compared to the energy spe
calculated by QMD~dotted!, BUU coupled to GEMINI
~solid!, and GEMINI alone~dashed!. GEMINI predicts a
Maxwellian distribution that peaks at about 40 MeV/nucle
and tails off rapidly whether its input is from complete fu
sion or BUU. For energies between 40 and 80 MeV/nucle
QMD’s prediction for the7Li energy spectra closely follows
the experimental spectra. Nevertheless, at energies la
than 80 MeV/nucleon, QMD underpredicts the7Li energy
spectra.

Using the same energy cuts in the GEMINI and QM
calculations as the experimental data, the isobaric ratios
7Li/ 7Be and10Be/10B were determined forEbeam533 and 45
MeV/nucleon central collisions. Since QMD requires a s
nificant amount of computational time to simulate a sing
event, a statistical population of7Be, 10Be, and 10B was
hard to achieve for all the systems using the experime
angular widths. For that reason, the angular width was
creased from the experimental width of 36°–44° to 30°–5

The left half of Fig. 9 are the ratios predicted
Ebeam533 MeV/nucleon, while the right half is the predic
tion at Ebeam545 MeV/nucleon. AtEbeam533 MeV/nucleon
a single line ~left solid! fits all of the experimental
ratios while two lines are required to fit th
Ebeam545 MeV/nucleon ratios~right solid!. As expected, at
both Ebeam533 MeV/nucleon andEbeam545 MeV/nucleon,
both GEMINI and BUU/GEMINI fail to predict a non-
equilibrated system. But, BUU/GEMINI behavior deviat
a great deal from the experimental ratios. For t
ratios at Ebeam533 MeV/nucleon BUU/GEMINI ratios do
not change significantly across the reacting systems.

GEMINI treats residues with similar compositions sim
larly; therefore, the products from the complete fusion re
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TABLE II. Comparison of the residues determined by complete fusion with the residues predict
BUU at b53 and QMD atb50 – 3, for the different reactions atEbeam533, 45 MeV/nucleon.

^Z& ^N& ^A& ^E* /A& ^N/Z&

33 MeV
GEMINI Ca1Ni 48 50 98 5.5 1.04

Ca1Fe 46 52 98 5.5 1.13
Ar1Ni 46 52 98 5.5 1.13
Ar1Fe 44 54 98 5.5 1.23

BUU, b53 Ca1Ni 32 37 69 3.83 1.16
Ca1Fe 32 37 69 3.81 1.16
Ar1Ni 31 37 68 3.94 1.19
Ar1Fe 30 38 68 3.47 1.27

QMD, preemission Ca1Ni 0.66 0.48 1.14 0 0.73
Ca1Fe 0.60 0.55 1.15 0 0.92
Ar1Ni 0.60 0.55 1.15 0 0.92
Ar1Fe 0.53 0.60 1.13 0 1.13

QMD, residues Ca1Ni 39.5 43.7 83.2 4.9 1.11
Ca1Fe 38.5 44.9 83.4 4.9 1.17
Ar1Ni 38.3 44.4 82.7 4.9 1.16
Ar1Fe 37.4 45.5 82.9 4.9 1.22

45 MeV
GEMINI Ca1Ni 48 50 98 7.5 1.04

Ca1Fe 46 52 98 7.5 1.13
Ar1Ni 46 52 98 7.5 1.13
Ar1Fe 44 54 98 7.5 1.23

BUU, b53 Ca1Ni 27 30 57 4.9 1.11
Ca1Fe 27 32 59 5.4 1.19
Ar1Ni 26 31 57 5.3 1.19
Ar1Fe 26 33 59 5.3 1.27

QMD, preemission Ca1Ni 0.71 0.62 1.33 0 0.87
Ca1Fe 0.67 0.67 1.34 0 1.00
Ar1Ni 0.69 0.66 1.35 0 0.96
Ar1Fe 0.61 0.72 1.33 0 1.18

QMD Ca1Ni 31.6 36.1 67.7 5.9 1.14
Ca1Fe 31.3 37.2 68.5 5.9 1.19
Ar1Ni 31.4 37.4 68.8 5.9 1.19
Ar1Fe 30.2 37.2 67.4 5.9 1.23
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due from 40Ca158Fe should be similar to the products fro
40Ar158Ni. However, the complete fusion residue
40Ar158Fe had 4 neutrons more than the complete fus
residue of40Ca158Ni. This difference is reflected in the in
creased production of neutron rich fragments in
40Ar158Fe case. AtEbeam545 MeV/nucleon, GEMINI and
BUU/GEMINI’s predictions of yield ratios are almost iden
tical. Though the mass and excitation energy of the comp
fusion and BUU’s residues are very different, GEMINI pr
dicted a very similar isobaric yield ratio. For GEMINI th
ratio of the number of neutrons to protons in a residue is
primary factor that determined the composition of the re
tion products when the excitation energy was above 5 M
nucleon rather than the mass or excitation energy of the r
due.

Like GEMINI and BUU/GEMINI, QMD predicts an ap-
parently equilibrated system. ForA57, QMD predicts the
same trend as GEMINI. While the values of the7Li/ 7Be
n

e

te

e
-
/

si-

ratio are slightly less than the ratio values predicted
GEMINI, both sets can be fit by a line with a similar slop
of. For A510 QMD reproduces the experimental resul
within error bars, for all four systems a
Ebeam533 MeV/nucleon and40Ca158Ni and 40Ar158Ni at
Ebeam545 MeV/nucleon. Except for reproducing the o
served split and higher values with the58Fe target, QMD
prediction agrees fairly well with the experimental data f
the 10Be/10B ratio.

All the models seem to be underpredicting the value of
7Li yield. This is not surprising for BUU/GEMINI and
GEMINI where prefragments are not included in the resu
The composition of the QMD prefragments was primar
neutrons, protons, and alphas. QMD failed to produce a
nificant contribution of IMF as prefragments that might
present experimentally. AtA510 where contribution from
prefragment emission is not as large of an issue, the isob
ratios are closer to the experimental values.



1980 56H. JOHNSTONet al.
FIG. 7. Z distribution from 40Ca158Fe atEbeam533, 45 MeV/nucleon atu lab56°, 40°, 76°, and 152°; experimental~diamonds!; QMD
~dotted histogram!; BUU/GEMINI ~solid histogram!; GEMINI ~dashed histogram!.
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SUMMARY

In conclusion, isobaric beams from the K500 superc
ducting cyclotron have been used to study the effect of
neutron to proton ratio of the target and projectile upon
isobaric and isotopic composition of the emitted fragmen
-
e
e
.

As reported earlier, atEbeam533 MeV/nucleon the system i
apparently chemically equilibrated prior to the emission
IMF’s at 40°. When the energy is increased toEbeam
545 MeV/nucleon the system was not chemically equ
brated prior to the emission of IMF’s at 40°. The isotop
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composition of fragments is dependent upon the angle
emission. This angular dependence is understood when
examines the moving source fits of the data.
Ebeam533 MeV/nucleon the fits showed that IMF’s withZ
.3 detected at intermediate angles were emitted from
single central source. AtEbeam545 MeV/nucleon there was
low energy contribution from the target source at interme
ate angles. Both moving source fits and the isotopic ra
indicate that the fragments emitted at backward angles
dominated by emission from a targetlike source. When
slight contamination of the intermediate angle data by
targetlike source was removed by a neutron multiplicity
the entrance channel dependence observed in theZ52 ratios
at 40° disappeared atEbeam533 MeV/nucleon. At Ebeam
545 MeV/nucleon the overall behavior remained the sam

In order to test the effect of known shortcomings in sta
dard multifragmentation models, theoretical calculatio
were performed using GEMINI, BUU, and QMD. Overa
BUU input into GEMINI and GEMINI calculated from a
complete fusion system failed to reproduce the experime
data. Both predict Maxwellian energy spectra for7Li at
Q lab540° that peak at about 40 MeV/nucleon and tail o
rapidly, while the experimental energy spectra are fa
flat from 40 to 80 MeV/nucleon. In addition, when th
isobaric ratios are plotted as a function of the syste
GEMINI fails to reproduce the observed split in th
Ebeam545 MeV/nucleon data, and the slope of the yield
tios atEbeam533 MeV/nucleon is significantly different tha
the experimental data. On the other hand, QMD reprodu
the experimental7Li energy spectra for 40–80 MeV/nucleo
and the charge distribution from 6° to 76°. Like GEMIN
QMD fails to reproduce the observed split in th

FIG. 8. Experimental7Li energy spectra atQ lab540° ~dia-
monds! compared to the predicted energy spectra of QMD~dotted!,
GEMINI ~dashed!, BUU/GEMINI ~solid!.
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Ebeam545 MeV/nucleon isobaric ratio plots, but, QMD re
produces the10Be/10B isobaric ratios at 33 MeV/nucleon an
40Ca158Ni and 40Ar158Ni systems at Ebeam545
MeV/nucleon.

So while none of the calculations can reproduce the n
equilibrium nature of the reaction atEbeam545
MeV/nucleon, QMD does reproduce10Be/10B at the lower
energy where the isotopic composition of fragments in
cated the system is chemically equilibrated. This undersco
the need for more dynamical formation of fragments in
model that has isospin dependence in the potential and
nucleon cross sections, allows for sequential decay. Thi
evident in the partial success of QMD in reproducing t
data relative to either a purely statistical or hybrid calcu
tion.
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FIG. 9. Isobaric ratios atQ lab540°, for the 10% most centra
events, as a function ofN/Z of the combined system atEbeam533
~left side!, 45 ~right side! MeV/nucleon compared to the isobar
ratios predicted by GEMINI~dashed!, BUU/GEMINI ~dotted!, and
QMD ~dashed dotted! ~bottom! 7Li/ 7Be and~top! 10Be/10B.
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