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Isotopically resolved intermediate-mass fragment and light charged particle production
from the reactions “°Ar and “°Ca with %®Fe and >®Ni at E o= 33 and 45 MeV/nucleon
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Isotopically resolved intermediate-mass fragments and light charged particles have been detected from the
reactions*®Ar and *%Ca with 58Fe and®Ni at Ep..= 33 and 45 MeV/nucleon. There is an angular dependence
to the isotopic ratios. A moving source analysis shows that fragments emitt@g,at40° 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.S0556-281®7)05710-5

PACS numbgs): 25.70.Mn, 24.10.Nz, 24.10.Pa, 25.70.Pq

INTRODUCTION 11°, 44°, 72°, 100°, 128°, 148° as shown in Fig. 1. These
telescopes provided detection of charged particles with
Recently much attention has been focused on understandharge resolution foZ=1 to 16 andA resolution up toZ

ing the degree of thermall-5], chemical[6—8], and shape =9. The neutron ball detected the coincident neutrons with
[10,11] equilibration achieved in intermediate-energy heavy-82% efficiency as measured with &°Cf source. Further
ion collisions. In many treatments of intermediate energyexperimental details can be found elsewhete
heavy-ion collisions equilibrium has been assumed. The as- Characteristic energy spectra were observed for the
sumption of equilibrium is a cornerstone of hybrid model IMF’s; the cross section decreases approximately exponen-
calculations[12,13 where dynamics have been taken into tially with the energy of the fragment. The exponential slope
account in a collision phase, but an equilibrated residue ibecomes less steep for high&rfragments. Further discus-
assumed in the second stage of statistical fragmentation. Theon of these spectra can be found later in this paper; for now
recent excitement about a “caloric curve” is based upon ave will integrate these spectra to extract fragment yields.
formalism that assumes chemical and thermal equilibriunThe mass resolution for IMF’s arises from the excellent en-
[14]. It is important to define the boundaries over whichergy resolution of the silicon detectors, and thus is present
these assumptions are valid. Studies of the equilibration dfor fragments that punch through the first silicon and stop in
the isospin degree of freedom can help define one segment tife second silicon. For fragments that punch through the sec-

the boundary conditions. ond silicon there is mass resolution up through He. Therefore
The isobaric ratios of intermediate-mass fragmentghe range of energies over which we are able to measure the
(IMF’'s) measured at 40° from central collisions &%Ar, isotopic resolution is determined by the stopping power of

40ca with 58Fe, %8Ni show a characteristic change from be- the silicon detectors. The extracted ratios are integrated from
ing dependent only on the composite projectitarget sys- the energy where the particle with the higher linear energy
tem atE,.,,=33 MeV/nucleon to also having a dependencytransfer LET punches into the second silicon to the energy
on the entrance channel at 45 MeV/nucleon thus signalingvhere the particle with the lower LET punches through the
the onset of the nonequilibration of the isospin degree ofecond silicon detector. This is determined for each isotopic
freedom[7]. This paper will present a more detailed study of and isobaric pair presented. The error bars are purely statis-
the reactions that straddle that transition. The angular depetical and do not include any systematic errors that may be
dence of the isotopic ratios, a moving source analysis of theresent. We have investigated the effects of the limits of

data, and comparison to the results predicted by Q] integration and the results for th¥Be/%B ratios at®
BUU [16], and GEMINI[17] will be presented. =40° are shown in Table |. The extracted ratios are not
significantly affected by changing either the lower limit or
EXPERIMENTAL DETAILS the upper limit of integration. This indicates that at 40° we

are not sensitive to a preequilibrium component, which has

All data were acquired at the Texas A&M University Cy- been showr[20] to be reflected in the isotopic ratio as a
clotron Institute. Beams of°Ar and #°Ca were extracted function of the energy of the fragment observed.
from the K500 cyclotron. These beams were first passed
through a thin aluminum foil resulting in charge distribu_tions ANGULAR DISTRIBUTIONS OE ISOTOPIC RATIOS
that were strongly peaked at fully stripped. The fully stripped
beams were then transported to the target at the center of the The previously published daf&] concentrated on central
neutron bal[18]. Targets were 2 mg/chr® e and®®Ni. Six  collisions at®,,,=40°, where the concentration at that labo-
gas ionization-Si-Si-Csl detectdrs9] were placed inside the ratory angle was chosen to emphasize the most central col-
scattering chamber of the neutron ball at laboratory angles dfsions. In Fig. 2 the ratio of each carbon isotope relative to
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FIG. 1. Experimental setup showing placement of six gas-ionization chamber telescopes within the scattering chamber of the neutron
ball.

the total carbon detected for each of the reacting systemgucing the largest fraction df'C/"°'C and the Ca Ni system
measured at a particular lab angle is plotted versus the isqroducing the smallest. This results in a global behavior in
tope number. Within each isotope grouping the compoungyhich the fraction of isotopes with fewer numbers of neu-
systems are ordered from the system with the most numbgfons relative to the total has an increasing slope as a func-
of neutrons to the least number of neutrons. The reaction Gfgn of the charge to mass ratio of the combined system
Ar+Fe is the left-hand bar with the highest total number ofhile the isotopes with larger numbers of neutrons have a
neutrons and produces the lowest fraction't€/°'C at all  decreasing slope.
angles. The CaNi system with the lowest number of neu-  Another interesting feature of this plot is that the fractions
trons prOdUCGS the Iargest fraction EC/tOtC at all angles. of llC/tOIC and 14C/t0tc are rough|y equa| for the forward
The middle two bars represent the mixed systems of Mr  angles while the'’C/'C is more dominant than th¥C/°'C
and CafrFe having the same total number of protons andyt the central angles. THEC/*“C averaged over all systems
neutrons that are divided differently between the D{OtJeCt”eis 0.81 for the forward angles while it increases to 2.2 for the
and target. For these two compound systems #@'C  more central angles. So the fragments detected at forward
ratios lie between the extreme systems. The behavior ddngles have more neutrons, regardless of the entrance chan-
Yctc mirrors that of'1C/*°'C with the Ar+Fe system pro- i isi
Y p nel relative to those detected from more central collisions.
Lo 10 . This is consistent with a scenario where the fragments at

TABLE |. The '%Be/%B ratio measured a®,,=40° as ex-  central angles are associated with more violent collisions that
tracted from the data for different limits of integration. give off more neutrons and thus have fewer neutrons avail-
able in the residue for fragmentation products.

Be/B While it would be extremely informative to look at the
65:150 65:130 80:150 angular distribution of these heavy fragments at more back-
33 MeV ward angles there are not significant numbers of carbon frag-
CatNi 0.39+0.01 0.4C-0.01 0.360.02 ments beyond the_ 48° te_Iescope for all systems. So in order
CatFe 0.67-0.02 0.690.02 0.63-0.02 to address how yield ratios change over a broadpr range of
Ar+Ni 0.64+0.02 0.65-003 0.59-0.03 angles we mu_st turn to helium frag_ments. Smc_e lighter frag-
Ar+Fe 1.04-0.03 1.06-0.03 0.93-0.04 ments., e;pemallfHe, are susceptible to feeding from the
deexcitation of primordial prefragments we may expect that
45 MeV any signatures of the initial dynamics would be damped due
Ca+Ni 0.48+0.02 0.48-0.02 0.43-0.02 to this secondary decay. However, a change in isotope ratios
Ca+Fe 0.72:0.02 0.73-0.02 0.65-0.02 as a function of angle has been seen previously for helium
Ar+Ni 0.55+0.02 0.56-0.02 0.50-0.03 fragmentg8]. The isotopic ratio ofHefHe was plotted with
Ar+Fe 0.89-0.04 0.89-0.04 0.8G-0.04 respect to theN/Z of the compound system in Fig. 3 where

(N/Z) s 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°.

N (Nprojectiie™ Niarged but essentially no contribution backward of 30° in the lab for
7| = Zorooutict Ziarae) (1) the asymmetritN+ Ag system at comparable energies.
cs projectile ™ ~targe The midrapidity source was assumed to be the residue

formed in a central collision that then emits fragments with a

Nprojectilgtarger 2N Zprojectilatargey are the number of neutrons Maxwellian energy distribution

and protons in the projecti@arge). At 40° a single line
cannot fit all the data points d&.,,=33 and 45 MeV/ —(E—By)

nucleon. This trend is maintained in all but tH&.,m P(E)=N(E-Bc)exp——=——, @)
=33 MeV/nucleon ratios at 104°. This behavior suggests ¢

that there might be contributions from collisions at noncen-whereN is the normalizationB is the Coulomb barriefT
tral impact parameters at these angles. In fact the ratio a8 the temperature, arfflis energy. The source moved in the
152° can largely be attributed to a source whose compositioR€am direction and emitted isotropically in its rest frame.

is largely controlled by the composition of the target, rather The targetlike source is based upon the idea that IMF’s
than a composite projectiletarget system. emitted at backward angles are from a system in which the

interaction time was greater than one nuclear rotation period.

MOVING SOURCE ANALYSIS The origin of the targetlike source,

Fitting energy spectra with a moving source formalism P(E)=N,(2E—p)e~ET) erf w
has been used to determine the relative contribution from ‘ 2\pT;

various sources at different anglggl—23. Following this
approach, a moving source analysis was performed on the
measured cross sections. Since the forward-moving projec-
tile remnant has essentially no contribution to the spectra
measured at angles as backward Gg,=40; the spectra was based upon the scission point model of Ni%] which
were fitted with the sum of two Maxwellian functions repre- was modified by Morettd25]. It was characterized by a
senting a targetlike and a central source. This is consistemhean velocity, a Coulomb barri®;, and a temperatur€; .
with the data of Wileet al. [22] that showed a significant An additional parametep, permitted the evolution of spec-
contribution from the projectile like source at forward anglestral shapes with fragment charge.

+2 , 3)

1/2
p_Tt) el (p?+4E2)/4pT,]
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33 MeV/nucleon 45 MeV/nucleon The right side of Fig. 4 shows the fitted kinetic energy
RS A AL AR M A spectra for He aEy.,,=45 MeV/nucleon. Like the reaction

4r + - at 33 MeV/nucleon, at backward angles the He spectra are fit
Ca+Fe 1 ] . . .
X/k 1 / ] exclusively with the targetlike source. However, at forward

. angles, the targetlike source makes a small contribution to
] the energy spectra. While at 33 MeV/nucleon the targetlike
3 source did not contribute to the IMF's energy spectraZor

*He/*He
(&)
T
El
+
=

>3, at 45 MeV/nucleon this is no longer the case, as dis-

s e et o Fe N SHFUWE PEUEEURVES I RN I played in the rightmost panels of Fig. 5. Fo's as great as

5| + 3 6 the targetlike source influenced the energy spectra at low
© ] ] energies. IMF’'s at 40° at 45 MeV/nucleon are emitted from
& 4k I 2 both the targetlike source and the central source. However,
> B ] the IMF’s from the targetlike source are all low energy frag-
5 3l I h ments. These low energy fragments from the targetlike

] ] source are stopped in the first silicon and do not overcome
T A R TV TR P T the energy threshold required to be included in the measured

L | | |
2 P 1

17 + / E isotopic ratios.
165 + =

I ]

& osf / + ; NEUTRON MULTIPLICITIES

O 1 + =

F s i / E Neutrons detected with the neutron ball were used to dif-

s 40° ] ferentiate between central and peripheral collisions. In many
el e e 13 experiments the multiplicity of neutrons detected have been
1.00 1.05 1.10 1.15 1.20 1.261.00 1056 1.10 1.15 1.20 1.25 Used as a measure Of the Centrality Of a CO||iSi0n
(N/Z)cs (N/Z)cs [26,27,9,10. In a recent experiment OfEpq,,=35

MeV/nucleon®Cu with %/Au it was shown the TAMU neu-

FIG. 3. Isotopic ratios plots fofHefHe as a function of the tron ball has a much higher efficiency for neutrons from a
N/Z of the compound system &pean= 33, 45 MeV/nucleon, at  compound nucleuslike source relative to projectilelike or
©1a,=40°, 104°, and 152°. preequilibrium sources. The multiplicity of neutrons was

correlated with the excitation energy of the systg28].

For the reaction*®Ar+Ni at E,.,n=33 and 45 MeV/ However, it was recently shown for heavy symmetric reac-
nucleon, the fit parameters were determined by first fittingions at a similar energy that while the number of neutrons
the inclusive He spectra detected at backward angles with thdetected could discriminate between central and peripheral
target source, Eq3). The parameter,=6.3 MeV (8 MeV)  collisions, it was less sensitive than the number of detected
andv,=0.01c (0.024) were fixed forEg.,,=33 (45 MeV/  charged particlef29]. This was attributed to very peripheral
nucleon; then He spectra detected at intermediate angldgnary collisions creating a *background noise” for the neu-
(40°, 48°, 68°, 76Pwere fit with the sum of the two sources. tron multiplicity trigger. It seems the effectiveness of neutron
In order to approximate the best values of the parameters fanultiplicity as a centrality trigger may be dependent on the
the central source, the velocity and temperature of the centr@isymmetry of the reaction. In order to estimate the effective-
source were frozen and the remaining IMF’s were fit. Thisness of this centrality trigger for our current data simulations
procedure was repeated iteratively until all of the IMF's were(described in detail later in this papewere run for
fit with ».=0.04& (0.08%) and T,=19 MeV (23.5 MeV)  “%Ca+°Fe atEyqqn=33 MeV/nucleon. The calculated neu-
for the 33(45 MeV/nucleon data. This description fits the tron multiplicity spectra are compared with the experimental
data quite well. measured spectrum in Fig. 6. The multiplicity of neutrons is

The left side of Fig. 4 shows the fitted kinetic energy much higher for theo=0 collision than theo=5 collision.
spectra for He aEq,,=33 MeV/nucleon. The solid line is By gating on the 10% of events with the highest neutron
the sum of the contributions from the central and targetlikemultiplicity we are clearly discriminating against peripheral
sources. The dotted line is the contribution from the targetevents.
like source while the dashed line is the contribution from the To determine the contributions to the fragment spectra
central source. At backward angléks29, the energy spec- from collisions at noncentral impact parameters the neutrons
tra are fit exclusively with the target source. Except at veryemitted in coincidence with fragments at 40° and 152° from
low energies, the He spectra are fit almost exclusively with & hybrid calculation of BUU/GEMINI, abb=0fm andb
single source at intermediate angles. Figure 5 is the fittee=5 fm were recorded. The number of events was adjusted
kinetic energy spectra for IMF'E€=2-6 at 40° and 76° at for geometrical cross sectional differences. A ratio was made
Epear=33 MeV/nucleon. FoZ>3 the target source did not between the number of events with a neutron multiplicity of
contribute to the energy spectra. This indicates that at 40%4t least 6, calculated d&=0 fm and the number of events
the IMF’'s are emitted from a single central source. with the same neutron multiplicity at=>5 fm. The ratios

The right side of Fig. 4 shows the fitted kinetic energywere determined to be 19.0 and 11.1 at 40° and 1.3 and 2.2
spectra for He aEp.,,=45 MeV/nucleon. Like the reaction at 152° forEy.,,=33 and 45 MeV/nucleon respectively. At
at 33 MeV/nucleon, at backward angles the He spectra ar@termediate angles, high neutron multiplicities are clearly
fit. outside the region in whictb=5fm contributes signifi-
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FIG. 4. Fitted He energy spectraBg.,,=33 MeV/nucleon(left) and 45 MeV/nucleoriright) for different angles. The dotted line is the
contribution from the target source. The dashed line is the central source contribution and the solid line is the sum of the two sources.

cantly, but at backward angles the collisions at5fm  ments appear to be originating from a composite source
make a larger contribution to the neutron muiltiplicity. In while at backward angles a targetlike source is the main con-
addition to the neutron multiplicity comparisons the frag- tributor.
ments were filtered for detector acceptance to investigate the
co_nfcrlbutlons to the chargg _dlstr|but|on from pgntral versus COMPARISON WITH MODEL PREDICTIONS
midimpact parameter collisions. THe=5 collisions pro-
duced essentially no fragments with a charge greater than Using the statistical model GEMINI and the dynamical
three in our 40° telescope. models of BUU and QMD theoretical calculations have been
To eliminate any contamination from the target source incompared to the experimental results. While none of these
the 40° yields, a coincident neutron multiplicity cut was models have yet evolved to the point that they properly ac-
made for the 10% highest neutron multiplicity events. Exceptount for all aspects of isospin dependence it is illustrative to
at 40° for 33 MeV/nucleon the overall behavior of the he-compare their predictions with our data to determine how
lium ratios remain unchanged. Now at 40° the 33 MeV/important these missing elements are. GEMINI was devel-
nucleon ratios, can be fit with a single line as thet&G& and oped to treat the decay of a hot system and as such does not
the Ar+Ni are no longer statistically different. At 152° the take into account the dynamical evolution of the system. The
isotopic ratios are still fit with two lines. The source fits necessary inputs to GEMINI are the excitation energy,
showed that at 152° the energy spectra could be explainetharge and mass number of the residue, which can be ex-
entirely by emission from a targetlike source. In addition, attracted from a BUU calculation. This method using a hybrid
backward anglesy=5 fm collisions make a greater contri- model to account for the dynamics, while still looking at the
bution to the neutron multiplicity. While at intermediate larger clusters in the data has been successful in reproducing
angles the neutron multiplicity cut gates upon central colli-some aspects of the data from the reactiort®fa-+2’Al at
sions, at backward angles this same cut is actually not a45 MeV/nucleon13]. Even so, this method fails to account
discriminating toward this class of events. Therefore, thefor preequilibrium emission of complex fragments and its
angle of the detector will affect what sources are contributingability to reproduce the isospin of the emitted fragments has
to the observed fragments. At intermediate angles the fragrever been tested.



56 ISOTOPICALLY RESOLVED INTERMEDIATE-MASS . .. 1977

33 MeV/nucleon 45 MeV/nucleon
0 0
40 76 40°
,ﬂ.5000:_|||x||1|||||||||||||r|r i 700;_vlu|||||||||||||||!|r||||||._; 10000§I—IIIIIIII|IIII|III||IIII_
= - {1 6o00E - || s000
S 2000— — E E -
N 500 F— -3
© S 3 3 2000 —
1000 — - 400F =
I 8 g 3 b J || 1000k
500 — e T = E
N _O : : E . 500 [~
B =00 L ] i
L 200 - 20—
O ST/ ] == P P T 1 P Y O PP T $111] >N I DU I
0 50 100 150 200 250 25 30 35 40 45 50 0 50 100 150 200 250
:....luuulnu.lnuuluuu- :lllllll||||||||||||||||||||||_ E”"I””|"”|”"l”';
: 11 BT .
= 2000 1000 — - 5000 [— _
0w S = 3 [ 1
G 1000~ E E 2000 |— —
” C 700;— —3
O sl E- -3 1000 - —
N =3 i 5005_ E E E
Q i E E 500 — -
200 = E - ]
Nb 3 3 i E
-o ||||l||||||||l1|||||| N T T e 200--...'-1-.'....'.'|.|,.-.—
0 50 100 150 200 25 30 35 40 45 50 0 50 100 150 200
;--.I.---luvu E 2000_-i--|-|--|.|....|._ EI"H|H"|IH||-|--|v-l||E
. E 3 B . ] 6000 — —
S s000f- E . : ;
< E 3 i 5000 — -
<t 2000 — — b F 3
3 - ] 1000k - 4000 [~ —
I T 1000 - = = F ]
N wfE 1 ™F 3 || so00f"". ]
O 500 - = 3 E Lo/ ]
\ — - £ —: C R
5 = I ] T ]
o E_ L 3 E_ = y
O e e T I I 20000 Al Ll
0 50 100 150 20 30 40 50 20 40 60 80 100 120
o~ _IIIIIIIIIIIIIIIIIIIIIII!IIIII_ |_||||||||I|||||l|||]|- 20000_"""'""'""]'_
310000— -4 1000g- - [ ]
™ ~ i I - - - 10000 b=~ —
C} 7000 E~ II — 700 B~ - =, Z
I O seok Im - 3™ .
m 5000 I_ 500 F— II = | s000E- 3
N T F 4 E I+ 3 3 E
~ £ B F 7 E 3
3000 — — E I 3 E_ =
b E 1 aof I__ 3000 :
-O 2000-n||||||||||||||1||||||||||||- -||||||1|||x|||||||||: gooo'l|--'-n|---|||-..|r
40 50 60 70 B0 90 100 40 60 80 100 40 60 80 100
Energy (MeV) Energy (MeV) Energy (MeV)

FIG. 5. Fitted energy spectra f@'s between 3—6 generated from the reactf8ar+%Ni at E,.,,=33 MeV/nucleon a® ,,=40° and
76° and atEe,,=45 MeV/nucleon aB ,,=40°.

It has been shown that for the reactidfiCat+>®Fe at BUU the results from the BUU/GEMINI coupling were also
Epeam= 33, 45 MeV/nucleon BUU predicts, =0, a single compared to the complete fusion limit with just GEMINI.
residue at 33 MeV/nucleon and a large residue with a smallhe input parameters for using just GEMINI were derived
forward projectilelike residue at 45 MeV/nuclef80]. Since  from the system that arises from both complete fusion and
experimentally there is a distribution of impact parameterscomplete momentum transfer of the target and projectile, as
the residues fromh=0-3 fm were calculated. The, Z and  displayed in Table Il. The residues were given an angular
excitation energy of the hot residue was computed at 140 fnrthomentum of/'=0. Like the BUU/GEMINI calculations,
¢ with the constrainp=py/8. These residues were input to the results were filtered for the detector acceptance.
the code GEMINI and allowed to decay statistically. These In addition to GEMINI and BUU coupled with GEMINI,
results were filtered for the energy threshold and geometricesults were also calculated using QMD. QMD simulates
acceptance of the detector. both evolution and fragmentation of a reacting system. How-

Since there is some latitude in the calculatiorEéffrom  ever, QMD does not explicitly treat the isospin in either the
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GEMINI, GEMINI alone, and QMD for the reaction of
4Ca+8Fe atEp.,m,=33 and 45 MeV/nucleon for central
collisions. The experimenta distribution of fragments was
determined by gating upon the events where the neutron
multiplicity was in the 90th percentile and the fragment had
enough energy to enter the first silicon detector but not
enough energy to punch thru the (8). The diamonds in
Fig. 7 are the experimental data, the solid histogram is the

BUU/GEMINI prediction and the dotted histogram is the
QMD prediction. BUU/GEMINI's and QMD’sZ distribu-
tions were normalized to the experimental dataZe+5 at
40°.

Overall, BUU/GEMINI closely approximates the experi-
mentalZ distribution atE¢,,=33 MeV/nucleon(left side of
the figurg. At 6° (bottom left panel BUU/GEMINI follows
the experimentalz distribution closely. At larger angles
BUU/GEMINI fails to reproduce the higheZ’'s At 40°,
BUU/GEMINI fails for Z>10 and for 76° and 152° fails for
Z>3. At Epeani=45 MeV/nucleon BUU/GEMINI agrees
with the experimental results f&d<10 at 6° and 40° but at
higher angles and highet’s. BUU/GEMINI underpredicts
potential or the cross section, but it will conserve numbers othe experimental values. At forward angles at both energies,
nucleons. In this way entrance channel effects that are due ©QMD closely agrees with the experimental results but at
nonequilibration of the entrance channel can possibly bangles greater than 76° QMD fails to produce any fragments.
observed. The statistical multifragmentation co@MVM)  GEMINI calculates a distribution very similar to QMD’s at
that is the afterburner for QMD has had some succesforward angles, but at backward angles GEMINI's distribu-
in predicting the relative isotope detected from the collisiontion is similar to BUU/GEMINI’s.
of p+Kr [31]. The projectile and target were allowed to  The inclusive’Li energy spectrunidiamonds is shown
collide with an impact parameter betwebr0—3 fm. The in Fig. 8. This spectrum was compared to the energy spectra
results were filtered for the detector's acceptance and itsalculated by QMD(dotted, BUU coupled to GEMINI
angle. (solid), and GEMINI alone(dashegl GEMINI predicts a

Table Il compares the residues determined by complet&axwellian distribution that peaks at about 40 MeV/nucleon
fusion with the residues predicted by BUU la+=3 fm and  and tails off rapidly whether its input is from complete fu-
QMD at the end of the first stage ftw=0—-3 fm, forEpe,,  Sion or BUU. For energies between 40 and 80 MeV/nucleon,
=33 and 45 MeV/nucleon. With complete fusion, the exci-QMD’s prediction for the’Li energy spectra closely follows
tation energy andh of the residue do not change with the the experimental spectra. Nevertheless, at energies larger
reacting system. Any differences in systems are due to ththan 80 MeV/nucleon, QMD underpredicts tHei energy
differing number of neutrons and protons in the residuesspectra.
With the increased number of neutrons in tAAr+°Fe Using the same energy cuts in the GEMINI and QMD
system, GEMINI should predict neutron-rich fragments rela-calculations as the experimental data, the isobaric ratios for
tive to the fragments predicted fof°Ca+5®Ni. At Epeam  'Li/’Be and’Be/:’B were determined foEpqq,= 33 and 45
=33 MeV/nucleon, the spread iMN/Z for the BUU  MeV/nucleon central collisions. Since QMD requires a sig-
residues’ is less than the spread WfZ of the complete nificant amount of computational time to simulate a single
fusion system. Therefore GEMINI's fragment distribution, event, a statistical population ofBe, 1%Be, and 1B was
using the BUU residues, should not change as much frorhard to achieve for all the systems using the experimental
system to system. angular widths. For that reason, the angular width was in-

QMD predicts a single residue with, on average, 11.2creased from the experimental width of 36°—44° to 30°-52°.
light fragments, (A)=1.3 and (Z)=0.65 at Epeam The left half of Fig. 9 are the ratios predicted at
=33 MeV/nucleon. AtE .., =45 MeV/nucleon, multiplicity  Epeanr=33 MeV/nucleon, while the right half is the predic-
of preequilibrium fragments increases to 14.4 with a similartion at E,¢,,=45 MeV/nucleon. AtE,q,=33 MeV/nucleon
average size and charge. The composition of the preequilite single line (left solid) fits all of the experimental
rium fragments changes a great deal across the systemsratios while two lines are required to fit the
both Epeani=33 MeV/nucleon ancdE,.,,=45 MeV/nucleon.  Epe.,i=45 MeV/nucleon ratiogright solid. As expected, at
While theN/Z of the prefragments increases with tHE&Z of  both Epe,=33 MeV/nucleon andE,.,,=45 MeV/nucleon,
the reacting system, the composition of these fragments failsoth GEMINI and BUU/GEMINI fail to predict a non-
to contribute to the IMF fragment yields. Only 0.4% of equilibrated system. But, BUU/GEMINI behavior deviates
events produced a prefragment with-2 at 40°. TheN/Z of a great deal from the experimental ratios. For the
the residue changes significantly less than Wi& of the ratios at Epe,,=33 MeV/nucleon BUU/GEMINI ratios do
complete fusion residues. not change significantly across the reacting systems.

Figure 7 shows the experimentaldistributions in com- GEMINI treats residues with similar compositions simi-
parison to the distributions predicted by BUU coupled withlarly; therefore, the products from the complete fusion resi-

200000 [~

Multiplicity
FIG. 6. The experimental neutron multiplicity in coincidence
with a valid event(solid squaresin comparison to the distributions
predicted by BUU/GEMINI atb=0 (solid histogram and b=5
(dashed histogramfor “°Ar+Ni at 33 MeV/nucleon. The inset
shows the percent of events with a given multiplicity.
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TABLE Il. Comparison of the residues determined by complete fusion with the residues predicted by
BUU atb=3 and QMD atb=0-3, for the different reactions &,.,,= 33, 45 MeV/nucleon.

(Z) (N) (A) (E*IA) (N/Z)
33 MeV

GEMINI Ca+Ni 48 50 98 5.5 1.04
CatFe 46 52 98 5.5 1.13

Ar+Ni 46 52 98 5.5 1.13

Ar+Fe 44 54 98 55 1.23

BUU, b=3 CatNi 32 37 69 3.83 1.16
CatFe 32 37 69 3.81 1.16

Ar+Ni 31 37 68 3.94 1.19

Ar+Fe 30 38 68 3.47 1.27

QMD, preemission CaNi 0.66 0.48 1.14 0 0.73
CatFe 0.60 0.55 1.15 0 0.92

Ar+Ni 0.60 0.55 1.15 0 0.92
Ar+Fe 0.53 0.60 1.13 0 1.13
QMD, residues CaNi 39.5 43.7 83.2 4.9 1.11
CatFe 38.5 44.9 83.4 4.9 1.17
Ar+Ni 38.3 44.4 82.7 49 1.16
Ar+Fe 37.4 45.5 82.9 4.9 1.22
45 MeV

GEMINI Ca+Ni 48 50 98 7.5 1.04
CatFe 46 52 98 7.5 1.13

Ar+Ni 46 52 98 7.5 1.13

Ar+Fe 44 54 98 7.5 1.23

BUU, b=3 CatNi 27 30 57 4.9 111
CatFe 27 32 59 5.4 1.19

Ar+Ni 26 31 57 5.3 1.19

Ar+Fe 26 33 59 5.3 1.27

QMD, preemission CaNi 0.71 0.62 1.33 0 0.87
CatFe 0.67 0.67 1.34 0 1.00

Ar+Ni 0.69 0.66 1.35 0 0.96

Ar+Fe 0.61 0.72 1.33 0 1.18

QMD Cat+Ni 31.6 36.1 67.7 5.9 1.14
CatFe 31.3 37.2 68.5 5.9 1.19

Ar+Ni 314 37.4 68.8 5.9 1.19

Ar+Fe 30.2 37.2 67.4 5.9 1.23

due from *°Ca+5%Fe should be similar to the products from ratio are slightly less than the ratio values predicted by
4OAr+58Ni. However, the complete fusion residue of GEMINI, both sets can be fit by a line with a similar slope
40Ar+°8Fe had 4 neutrons more than the complete fusiorof. For A=10 QMD reproduces the experimental results,
residue of*°Ca+°8Ni. This difference is reflected in the in- within  error bars, for all four systems at
creased production of neutron rich fragments in theEpe.=33 MeV/nucleon and*Ca+°Ni and “°Ar+°8Ni at
40Ar+5%Fe case. AE,.,=45 MeV/nucleon, GEMINI and  Epea,=45 MeV/nucleon. Except for reproducing the ob-
BUU/GEMINI's predictions of yield ratios are almost iden- served split and higher values with tttéFe target, QMD
tical. Though the mass and excitation energy of the completprediction agrees fairly well with the experimental data for
fusion and BUU'’s residues are very different, GEMINI pre- the 1°Be/A%B ratio.
dicted a very similar isobaric yield ratio. For GEMINI the  All the models seem to be underpredicting the value ofthe
ratio of the number of neutrons to protons in a residue is the'Li yield. This is not surprising for BUU/GEMINI and
primary factor that determined the composition of the reac:GEMINI where prefragments are not included in the results.
tion products when the excitation energy was above 5 MeVIThe composition of the QMD prefragments was primarily
nucleon rather than the mass or excitation energy of the resiteutrons, protons, and alphas. QMD failed to produce a sig-
due. nificant contribution of IMF as prefragments that might be
Like GEMINI and BUU/GEMINI, QMD predicts an ap- present experimentally. AA=10 where contribution from
parently equilibrated system. Féx=7, QMD predicts the prefragment emission is not as large of an issue, the isobaric
same trend as GEMINI. While the values of tHki/’Be ratios are closer to the experimental values.
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FIG. 7. Z distribution from*°Ca+%8Fe atE, ..+~ 33, 45 MeV/nucleon a#,,=6°, 40°, 76°, and 152°; experimeni@iamonds, QMD
(dotted histogram BUU/GEMINI (solid histogrant GEMINI (dashed histogram
SUMMARY As reported earlier, &= 33 MeV/nucleon the system is
In conclusion, isobaric beams from the K500 supercon-apparently chemically equilibrated prior to the emission of
ducting cyclotron have been used to study the effect of théMF's at 40°. When the energy is increased Epeym
neutron to proton ratio of the target and projectile upon the=45 MeV/nucleon the system was not chemically equili-
isobaric and isotopic composition of the emitted fragmentsbrated prior to the emission of IMF's at 40°. The isotopic
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composition of fragments is dependent upon the angle of
emission. This angular dependence is understood when ong
examines the moving source fits of the data. At (N/Z)es (N/Z)cs
Epean=33 MeV/nucleon the fits showed that IMF's with FIG. 9. Isobaric ratios a®,,=40°, for the 10% most central
>3 detected at intermediate angles were emitted from &vents, as a function df/Z of the combined system &tean= 33
single central source. Afyq,,=45 MeV/nucleon there was a (Ief_t side, 45 (right side MeV/nucleon compared to the isobaric
low energy contribution from the target source at intermedi-atios predicted by GEM'N{dafh_efi BUU/GEM'l'B“ (dgtted, and
ate angles. Both moving source fits and the isotopic ratio@MP (dashed dotted(bottom ‘Li/“Be and(top) Be/B.
indicate that the fragments emitted at backward angles are
dominated by emission from a targetlike source. When thé&peanri=45 MeV/nucleon isobaric ratio plots, but, QMD re-
slight contamination of the intermediate angle data by theproduces the®Be/ % isobaric ratios at 33 MeV/nucleon and
targetlike source was removed by a neutron multiplicity cut*®Ca+%Ni and “Ar+%8Ni systems at Epg=45
the entrance channel dependence observed id+h2 ratios  MeV/nucleon.
at 40° disappeared & .= 33 MeV/nucleon. AtEpeam So while none of the calculations can reproduce the non-
=45 MeV/nucleon the overall behavior remained the sameequilibrium  nature of the reaction atEpgy,=45

In order to test the effect of known shortcomings in stan-MeV/nucleon, QMD does reproducEBe/ B at the lower
dard multifragmentation models, theoretical calculationsenergy where the isotopic composition of fragments indi-
were performed using GEMINI, BUU, and QMD. Overall, cated the system is chemically equilibrated. This underscores
BUU input into GEMINI and GEMINI calculated from a the need for more dynamical formation of fragments in a
complete fusion system failed to reproduce the experimentahodel that has isospin dependence in the potential and the
data. Both predict Maxwellian energy spectra fri at  nucleon cross sections, allows for sequential decay. This is
0,,=40° that peak at about 40 MeV/nucleon and tail off evident in the partial success of QMD in reproducing the
rapidly, while the experimental energy spectra are fairlydata relative to either a purely statistical or hybrid calcula-
flat from 40 to 80 MeV/nucleon. In addition, when the tion.
isobaric ratios are plotted as a function of the system,
GEMINI fails to reproduce the observed split in the
Epeani=45 MeV/nucleon data, and the slope of the yield ra-
tios atEpe,n=33 MeV/nucleon is significantly different than This work was supported in part by the National Science
the experimental data. On the other hand, QMD reproduceSoundation under Grant Nos. PHY-9457376 and PHY-
the experimentalLi energy spectra for 40—80 MeV/nucleon 9509266, the U.S. Department of Energy under Grant No.
and the charge distribution from 6° to 76°. Like GEMINI, DE-FG03-93ER40773, and the Robert A. Welch Foundation
QMD fails to reproduce the observed split in the under Grant No. A-1266.
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