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The production of intermediate mass fragmetidF’s) from the four reactions 55 MeV ?413&e +
112125 s studied with an experimental apparatus which is highly efficient for the detection of both charged
particles and neutrons. The IMF’s are more localized in the midvelocity region than are the light charged
particles, and the detected multiplicity of IMF's depends linearly on the charge lost from the projectile and
increases with the neutron excess of the system. Remnants of the projectile, with very little velocity reduction,
are found for most of the reaction cross section. Isotopic and isobaric fragment yields in the projectile-velocity
region indicate that charge-to-mass ratio neutralization is generally not achieved but is approached when little
remains of the projectile. For all systems, the fragments found in the midvelocity region are substantially more
neutron rich than those found in the velocity region dominated by the emission from the projectile. This
observation can be accounted for if the midvelocity souozesourcesis either more neutron rich or smaller,
with the same neutron-to-proton ratio, than the source with the velocity of the projectile. Taken together, the
observations of this work suggest that the intermediate mass fragments are, to a large extent, formed by
multiple neck rupture of the overlap material, a process which might enhance the neutron-to-proton ratio of the
primary source material and/or limit the size of the sources. This scenario is reminiscent of low-energy ternary
fission and one predicted by Boltzmann-Uehling-Uhlenbeck calculations. However, these calculations predict
too much velocity damping of the projectile remnant. The calculations improve, in this regard, when the
in-medium nucleon-nucleon cross sections and the cost of creating low density material are reduced.
[S0556-28186)02310-2

PACS numbdss): 25.70.Mn, 25.70.Lm, 25.70.Pq

[. INTRODUCTION fragmentation scenariGvhich we do not distinguish from
“proximity fission” [6]) occurs in solutions to the
The copious production of intermediate mass fragment8oltzmann-Uehling-UhlenbeckKBUU) equation [7,8], as

(IMF’s), with mass intermediate between that characteristiavell as scenarios, for central collisions, not found elsewhere
of light particle evaporation and fission, is the distinguishingin nuclear physic$9,10].
feature of intermediate-energy heavy-ion reactiphls The The multiple neck rupture scenario is made plausible by
central question is, what does the production of these IMF'she observation that an overall binary reaction backbone ex-
indicate? Several years ago a strong case was made that tises for a large fraction of the reaction cross section at bom-
production of IMF’s indicated that the excited nuclear sys-barding energies of several tens of MeV per nucleon bom-
tem expanded to the point that clusterization became protharding energy, when both heavy projectiles and targets are
able[2]. The basis of this argument was that standard statisnvolved [11-13. There are two obvious differences be-
tical models underpredicted the number of IMF’s per lighttween the original argument put forward to explain the IMF
charged particlgLCP) while a statistical model which al- multiplicities and the multiple neck rupture scenario. The
lowed for bulk expansiortand for subsequent compression, first is the dimensionality of the expansion and the second is
if the expansion energy was insufficient to totally fragmentthe extent of the thermalization of the energy. Multiple neck
the systemcould reproduce the IMF-to-LCP yield ratj8]. rupture requires much less of the initial kinetic energy to be
More recently it has become clear that much of the IMFthermalized as the rupture process draws the energy needed
production in peripheral and midcentral collisions can be unto reduce the density directly from the relative kinetic ener-
derstood as multiple neck rupture, akin to what is believed tajies of the reseparating fragmefis!]. A third difference is
occur with low probability in low-energy fissiof#,5]. This  that the second scenario allows for fragments to be produced
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TABLE I. 55A MeV 241%e 4+ 112125n,

N/Z Ecm. Ecm/A Vem.
Label System Projectile Target Total (MeV) (MeV) (cm/n9
LL 124¢e + %3 1.30 1.24 1.27 3237 13.72 5.42
LH 124¢e + 1245 1.30 1.48 1.38 3410 13.75 5.15
HL 136ye + 11%5n 1.52 1.24 1.38 3378 13.62 5.65
HH 136xe + 1245n 1.52 1.48 1.50 3567 13.72 5.39

from material which is “surfacelike” and thus perhaps neu-the Z-dependent nonlinearities of these devices had been de-
tron rich. Despite these significant differences, there are tweéermined.
features that these scenarios have in common. These are thatThe charged particle detection devices were placed inside
the probability of producing detectable IMF’s will depend on the University of Rochester Superball neutron multiplicity
both the energetics of producing subsaturation nuclear mateneter [18]. Together these systems provide an unrivaled
rial and the probability that the primary IMF’s will survive means to correlate the energy and charge of the projectile
the sequential decay process. Both of these issues depend mmnant, the charged particle emission characteristics, and
the charge-to-mass ratio of the reduced density nuclear mahe neutron multiplicity N,) with the total charge-to-mass
terial. The present work addresses these issues and tries ratio of the system and the asymmetry of this ratio between
disentangle them from one another. Along with this wethe target and projectile.
present and discuss the implications of many of the most
prominent features of midcentral and peripheral collisions
between heavy ions in the intermediate-energy region. lll. DATA
A. Gross trends ofN,,, N., Ni;, and Ny subsection

II. EXPERIMENT Figure 1 shows the correlation between the number of

This experiment was performed at the National Supercondetected charged particlesl{) and the number of detected
ducting Cyclotron Laboratory at Michigan State University. neutrons N,) for all four systems. The dependence of
The accelerator provided beams off%6%eV 12*Xe and (N,) along the ridges in these correlations is shown in Fig. 2.
136xe. Data were collected for each of these beams impingIhe correlations all exhibit the same general shape, the sa-
ing on enrichedto 99% targets of!12Sn and’?/Sn, each of lient difference being an increase {iN,) of about 6-12
areal density 5.0 mg/cfa Some of the relevant numbers for
these systems, and the abbreviations used throughout this
work, are collected in Table I.

The detection of charged particles was provided at the
most forward angles, 2.2°-4.5°, by an annular silicon strip
detector [15] backed by an array of sixteen 2-cm-thick
Csl(TI) detectors. This forward telescope arréyA) pro-
vided unit charge resolution for<3Z<56 as well as excel-
lent position information. In the present work, fragments
with atomic numbersZ>10 detected in this telescope are
called projectilelike fragments(PLF's). From 5.4° to
160.0°, light charged particled.CP’s, Z<2) and interme-
diate mass fragmentdMF's, Z=3) were detected in the
Washington  University/Michigan  State  University
MINIWALL/BALL multidetector array [16]. These devices
identify elements withZ<10 and through varying angular
regions, isotopes fof<4. The identification thresholds are
3A MeV except fort and *He for which the identification
thresholds are 4 MeV.

The Z-dependent nonlinearities of the CHI) light output
in the forward array were calibrated with beams*8iXe (at
two energies %Kr (two energies ®%Kr (two energies
zn (two energies 5Zn (two energies °Ni (two ener-
gies, *Fe (three energies *Cr (three energies “oTi (three FIG. 1. Correlation between the number of detected charged

e 1 : 1
energies, 0 (three energigs and “C (one energy A particles (N.) and the number of detected neutrohg,) for all four
minimal set of calibration data for the MINIWALL/BALL  systems. The solid lines depict the ridges of the correlatiosst

was collected using elastic scattering of a 2Z20MeV mo-  probable value ofN, for each value ofN.). The dashed lines
lecular HeD beanfon 2°Bi) and from the punch through bracket the ridge and define the region used for generating mean
points forp and « particles. These data were then matchedvalues. The small second ridge at low valuedNgfis due to instru-
with the more extensive set compiled earligi7], in which  mental effects.
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FIG. 3. The dependences of the average number of detected
IMF's ({N\ue)) on (a) the number of detected charged particles
kN-C)’ (b) the number of detected light charged particlbg.), and
¢) the number of detected neutrond ) are shown on the left-
hand side. On the right-hand side, the dependencé&d of e, ()

N, and (f) N, on the charge of the projectilelike fragment

. . . . (Zp p) are shown. Each panel shows the dependences for all four
neutrons in going from the neutron-deficient projectile andsystems' The same key is used throughout.

target system LL to the mixed systems LH and HL, and

another 6—12 neutron increase in going from these systems

to the neutron-rich projectile and target system HH. Close'lr?gompletel rl?ea':sur(i; Ofl_lt:'s qlf[antltty. As .?n examplel,. (;]otn-
inspection of Fig. 2 shows that the offset {N,) is not sider panel(b). For the system 1o emit-as many 19

constant Wi The maxinum ol ofser, between L. 13056 PAIITES 2 e LL Syle o eneioy T o
and HH, occurs at moderately low values Mf~10 and ' 9 9

reaches 22 neutrons, while for the upper half of khedis- llr_]:](; ?suf{gaqtig?gisgﬁ;ﬂsl r;othiﬁ vt'/rl;'er?sacolri]:a %atrc?dFito ;hfs %Jr;at
tribution, the offset is only 12 units. It is more instructive to P g PP 9. '

view the differences between these curves when horizont inth the exception of the lowest values N, the incremen-
%l neutron—to—charged-particle emission ratios are indepen-

shifts are applied to these data. For example the diﬁerencgem of system. In addition to these expected offsets, the

between the values diN,) for LL and HH is almost con- ; . o )
o . ; left-hand side of Fig. 3 exhibits two other trends. The first of
stant(at about 12 unitswith N, if the LL data are shifted on these is that the crossover systems LH and HL have very

the abscissa by about 4-5 units. Our attempts to reproduce

the dependence ¢N,) on N, are discussed in Sec. IV alon Similar values ofNr which are intermediate to those found
. pende N - ' 9 for the LL and HH systems. The second and more important
with the insight derived from this effort.

opservation is that the HH syste(in any representatigrhas
The dependences of the average number of detecte{ﬂbe largestmaximumvalue of N,,=. The first additional

IMF's ((Nir) on the total detected number of charged Par,sint made just above is a rather trivial result of the close

ticles (Nc), the number of detected light charged parﬁCIessymmetry of the systems and the rather high efficiency of the
.(N'C).’ and the number of Qetlect?d nellIJt][omx are showT] apparatus for detection of IMF's emitted in the intermediate
n lF'gS' i{a’)\l—3(0),' respectlve.yf,] or all four sys’,\tlems. L € or midvelocity region ¥/;~0 in the center-of-mass frame

vajues o {Nir) increase with increasin®e, Nic, an The second point is significant in that it reflects, in great
Ny, with the exception of the largest values Nf; where measure, the survivability of the produced IMF fragments

charge conservation requires an anticorrelation. In additio : ; .
to these trends, which are exhibited by all the systems, thsgﬁ‘ﬁgrggﬁ Sc;r; dﬂ?r? Sr)élgl?\r/y production probabilities. This

values of( N;ye) increase with increasing neutron richness of
the system for fixed values dfi; (&) and N, (b). On the
other hand{Nyr) decreases with increasing neutron rich-
ness of the system at fixed valuesNyf (c). As was the case
with Fig. 2, a more insightful way to view the curves shown One of the most striking trends of these data is the depen-
on the left-hand side of Fig. 3 comes with the realization thatlence of(N,ye) on the charge of the projectile fragment
the curves in each panel are almost identical to one anothef-, detected in the FA. This is shown in Fig(d3. Here
aside from a shift of the abscissa. The shifts are what onene sees that the number of detected IMF's increases by 1
would expect if the ordinatéN) was a measure of the for every 10 charges lost from the projectile. This rate is
total energy deposited and the abscissae represented varidndependent of the system; however, there is an offset which

FIG. 2. Average value oN, for each value oN, for the four
systems. The averages are calculated from the data inside the bra{
eted region(dotted line$ in Fig. 1. These data have been corrected
for background but not efficiency.

B. Dependence oN,, N., N., and N,y on the charge
and energy of the projectile remnant
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FIG. 4. Contour plots showing the variation of cross section FIG. 5. The variation of E/A)p ¢ (a), {Zp.¢) (b), and the frac-
with the the charge of the projectilelike fragmety, - and the en-  tional yield or normalized probability of detecting a given number
ergy per nucleorE/A for different numbers of coincident interme- of IMF’s (c) are shown as a function of the number of detected
diate mass fragments. The data from the LL system is displayetMF’s for all four systems.
here. The dotted line is at 55 MeV/nucleon. The plots for the other
systems look very similar. value ofZp ). The convergence of the HL and LH data sets,

whenZp, ¢ gets very small, is expected from the approximate
dependsonly on the projectile. The systems with the symmetry of the systems and the relatively high efficiency of
neutron-rich projectile produce, on the average, 0.4 more inthe Superball for neutron detection from the center-of-mass
termediate mass fragments for the same charge loss or, altdfame which likely dominate the emissions in this limit.
natively, the systems with the neutron-deficient projectileThese data do not imply that charge-to-mass equilibration
must lose, on the average, 4 additional charge units beforgetween the target and projectile is approached vhgpis
IMF production proceeds at the rate mentioned above. Themall. As we shall see later this equilibration process is in-
bias imposed by the detection of a PLEX 10 detected in  complete even in this limit.
the FA reduces the maximum value ¢N ) by about 2 The influence of IMF production on the degree of velocity
units (1 if you count the detected PLF as an IMRhe lost  damping is shown in Fig. 4 for the LL system. The plots of
fraction of the IMF distribution amounts to about 10% which the other systems are similar. In order to construct this plot
corresponds to an upper limit of the lost cross sectipper we have used the post-evaporative mass relation given in
limit because of the missed triggers for the most peripherg19]. These average masses should be accurate to within a
collisions of about 0.4 b. few units except for charges near to the projectile, when the

The other multiplicitiesN,; [Fig. 3€)] andN, [Fig. 3f)]  available energy is very small. However, for the LL system
are not as simply associated witp  and the projectile shown, this error should be less than 10%. As discussed
charge-to-mass ratio as Myyr. The trend in the values of above, there is the close tracking of the mean valugpE
Ni. show the necessarily complementary trend to that obwith the number of IMF’s. In addition, these plots illustrate
served forN,yr. Here, however, there is a kinematical biastwo other important features of these reactions. First, the
for the largest values afp  which favors the HL system extent of velocity damping is very smdht most 10% of the
and suppresses the LH system. This bias is more evident faotal relative velocity and, second, the average damping is
the LC particles than for IMF’s because the former are muchndependent of the size of the remnant while the variation in
more characteristic of emission from the target and projecdamping grows with decreasing remnant size. The small de-
tilelike fragments while the latter are more focused in thegree of damping in slightly lower energy collisions of very
midvelocity region ¥/;~0 in the center-of-mass framesee  heavy nuclei has been discussed befdrg13 and is a fun-
Sec. Il C. damental feature of these reactions which is not reproduced

The values ofN,,) evolve from ones which depend on by mean field calculations. Hefat 55A MeV) the disagree-
the charge-to-mass ratio of the projectile widsr is near ment with model calculations also exists and is discussed in
to that of the projectile to plateau values which depend orSec. IV.
the total number of neutrons in the system for the smallest The important features mentioned above are collected in
values ofZp . The difference observed at large values ofone-dimensional plotgusing mean valugsin Fig. 5. This
Zp £ is due to the offset described aboftbe systems with figure illustrates thata) the degree of damping is small and,
the light projectile damp less energy to produce the sam& a very large extent, independent of systeim, more
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FIG. 6. Galilean-invariant cross section maps doparticles(left-hand sidg ®He fragmentgcentej, andLi fragments(right-hand sidg
for four different gates on the charge of the projectile remnZpf; (as indicatey] for the HH system. These plots are boosted into the
center-of-mass system and use a logarithmic color scale. The projectile velocity is 5.0 cm/ns.

charge is lost per detected IMF when the projectile is neUtI'OTExamp|es of these correlations, cut @p r and VH , are
poor, and(c) overall, more IMF’'s are detected when the shown for PLF-Li pairs in Fig. 7. The PLE-and PLf°He

projectile is neutron rich. correlations are similar to those shown. The 180° correlation
increases in prominence & ¢ or V| (of « particles, ®He,
C. Galilean-invariant cross section maps Li, or other LCP’9 increase. This correlation vanishes for Li
and azimuthal correlations when both the longitudinal velocity is smaW,;~0 cm/ns,

. . . . . and the value oZp ¢ is small(less than 25 or 90

Figure 6 ShOV(\SIS the Galilean-invariant cross section maps gchy correlations are expected for sequential decay, be-
for a particles, "He, and Li fragments for four different ¢, the PLF angular distributions exhibit a steep angular
gates onZp, ¢ for the HH system. The velocity maps far  dependence. This conventional explanation suits the PLF
particles exhibit a strong projectilelike component, character- 4-particle correlations. A similar explanation is likely to
ized by a “Coulomb hole” centered on the projectile veloc- hold for the PLF-IMF correlations with the modification that
ity, whenZp, ¢ is large. The “Coulomb hole” resulting from the decay is not truly sequential.
targetlike emission is masked by the detection thresholds but All of the systems exhibit these same features and the
part of the ridge is visible. While the prominence of this maps gated oM are similar to those gated & . In
component fades with decreasig, ¢, it is always present the latter casdas was demonstrated previouslyating on
and its center moves only slightly wiff, . A quite differ-  progressively increasing values Nfyr is equivalent to pro-
ent trend is seen foPHe fragments which, independent of gressively decreasing values 2 .
Zp g, exhibit an eccentric cross section distribution, peaked
at the center of mass, stretched along the beam direction, and D. Isotope ratios

with almost no indication of a projectile “Coulomb hole.” The invariant cross section maps shown above illustrate
To a very large extent the emission characteristics fokn5t 6He and4He have different emission patterns. The de-
Li are similar to those quH_e. Here, however, there is more pendences of théHe/*3He (Rg4) isotopic ratio and the
evidence for a projectiie “Coulomb hole” (when  ®hej j (Rg, ;) andt/*He (Rys) “isobaric” ratios onV/ and
Zp £>30.) More interesting than the presence of this “Cou- 7, - are shown in Figs. 8 and 9. Because of incomplete
lomb hole” is its asymmetry in the projectile frame. The jsotope resolution throughout the entire angular range, some
backward portion is substantially more intense than the forisotopes have been mixed in order to create ratios in which
ward part. This emission pattern has been noticed in befor@e have confidence. Therefore tRg,; ratio, which uses all
[4,5] and is inconsistent with either emission from a singleparticle-bound Li isotopes, is only approximately isobaric.
source at rest in the center of mass or sequential emissiofhe variation of these ratios, which all have the yield of the
from targetlike and projectilelike sources. more neutron-rich species in the numerator, wWth and
The azimuthal correlations between the PLF and eitheZp ris among the most important experimental observations
LCP’s or IMF's are peaked at 180%ee exceptions belgw of this work.
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FIG. 7. Azimuthal distributions of Li fragments relative to the ~ FIG. 8. The relative yields ofHe to **He (a)—(c) and ®He to Li
PLF's for five bins inZp, ¢ and three cuts iV (in the c.m. systein  (d)—(f) are shown as a function of (in the c.m. systemfor
for the HH system. Because the PLF’s and the Li fragments arseveral gates ofp . The key for the lines is the same as that used
detected in different arrayé-A and MINIWALL/BALL, respec- in the previous figures. For clarity the data points themselves are
tively), the detection method does not impose an autocorrelatiorsuppressed. The statistical uncertainties are generally less than

The angleA® is defined relative to the PLF direction. 5% with the exception of the LH system whéf, ¢ is large, in
which case the statistical uncertainties dwhen these data are

From these figures we note the following tren¢a: All shown) less then 15%. The ratios iffi) have been multiplied by a
gtor of 5 for display purposes.

ratios increase as the neutron excess of the system incread®
from LL to LH and HL to HH, (b) the fragments in the
midvelocity region are more neutron rich than are the fragarent in light of of statistical model calculations, a subject
ments in the projectile regioiic) the isotopic ratio decreases to which we now turn our attention.
as the value oZp ¢ is increased while the isobaric ratios
display the opposite trend, artd) the diminution of the dif- IV. CALCULATIONS
ference between the crossover systdéhis and LH) as the
value of Zp ¢ decreasesthis is most clearly seen in the
Re/4 ratio). Figure 10 shows values of the rati®%,, Rgy i, and
The fact that the crossover systems approach, in the limiRy;5 calculated byGEMINI [22] and the expanding emitting
of very small values oZp ¢, but never actually match each source mode(EES [3]. The left-hand side of the figuiéa),
other, is expected based on the conclusion of studies db), and (c)] shows the ratios as a function of the initial
heavy-ion reactions just above the Coulomb barfi2g]. excitation energy per nucleon while the right-hand gidag,
These lower-energy studies found that charge-to-mass equilie), and (f)] shows the dependence on fragment size
bration does not occur sufficiently rapidly to be completed( 7= Agoured Atota) With a fixed N/Z ratio. TheN/Z ratio is
within the interaction time for a large fraction of the dampedtaken to be that for the HH system.
reaction cross section. The confirmation that charge-to-mass Both codes treat the formation and sequential decay of all
neutralization (neutralization is a less stringent condition isotopes of H, He, Li, and Be. The sequential decay of all
than equilibratioh does not generally occur in intermediate- known narrow(less than 1 MeY excited states of the iso-
energy heavy-ion reactions has been made prior to thtopes of these elements is consideteither explicitly in the
present study by the work of Yennel& al. [21]. codes or their influence corrected for in a subsequent)code
The trend with the value afp  mentioned abovéc) is  The results of these two codes agree with one another rea-
expected if the values of dp  are inversely related to the sonably well and the calculated valuesRy; approach, but
damped excitation energyAs the excitation energy is in- do not reach, the value expected for coalescence at the larg-
creased the influence of the Coulomb barrier and separatiogst excitation energies. Despite this agreement, it would be a
energy are reduced; see belpwWwhe observation that the mistake to believe that these statistical expectations are ro-
fragments from the midvelocity region are more neutron richbust in the accurate prediction of the yields of loosely bound
than they are in the projectile-velocity region seems to sugparticles. Our previous work on the statistical emission of
gest that the midvelocity source itself is more neutron richd’s andt’s indicates that both direct reaction data and fusion
than either the target or projectile sources. However, this islata are needed to accurately calculate transmission coeffi-
not the only possible explanation, a fact which becomes apeients[23]. Not surprisingly these calculations do not pro-

A. Statistical model simulations
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FIG. 9. The relative yield ofHe to *“He, ®He to Li, andt to FIG. 10. The results of statistical model calculations for the

3He are shown for the four systems for several gateZgR. (a), decay of excited projectiles as a function of the initial excitation
(b), and(c) display the ratios for the midvelocity region, 0 cm/ns energy per nucleon[(a), (b), and (c)] and fragment size
<Vj(c.m.)< 2.0 cm/ns, whilgd), (), and(f) display the ratios for 7= Ag,cd Aot at fixed charge-to-mass ratiéd), (), and (f)]. In

the projectile region, 3.0 cm/nsV|(c.m.)< 7.0 cm/ns for(d) and  the latter case, the charge-to-mass ratio is that of the H projectile,
(e) and 4 cm/ns for sectioff). (The range had to be reduced for the 136Xe, and the initial excitation energy per nucleon is 3(6&ow

last ratio due to the limitations imposed by the rather lopunch  on left) The circles are the results froeemini calculations and the
through energy. diamonds are the results from the EES. The key for the lines is the

) o ] ) same as that used in the previous figures.
vide a quantitative explanation of the experimental data pre-

sented in the previous section. On the other hand, the _ .
calculations do account for the trends seen in the data and, f"€r9Y spectiawhich are large(in the range of 20 Mey

doing so, provide considerable insight into the sources oft"d, what is more important, larger in the midvelocity region
these fragments. than in the region of velocity around that of the projectile.

As expected, the calculated trend of the isotopic ratio with Two possibilities remain to explain these observations.
excitation energy is opposite to that of the isobaric ratiosThe first, and obvious one, is that the isotope ratios in the
The explanation of both trends is that offered above—themidvelocity region are enriched in neutron-rich isotopes be-
barrier or separation energy determines the yield at low excause the source material is neutron rich relative to the bulk
citation energy and the influence of these quantities diminmatter which should be represented by the emissions in the
ishes as the excitation energy is increased. The observamojectile region(in either the HH or LL systemsA second
trends withZp  are then readily explained as long as onepossibility is investigated on the left-hand side of Fig. 10,
accepts that the thermalized energy increases as the valwdhich displays EES predictions for the various ratios under
Zp e decreases, a reasonable contention supported by tlstudy as a function ofp=Agyyrcd Aroral, fOr the charge-to-
fragment multiplicities(see Fig. 3. mass ratio of the HH system. The ratios increaseyage-

Less obvious than the explanation of the trends withcreases, thus providing an argument that the midvelocity
Zp £ is the explanation for the observed increase in the yielgources can have the same charge-to-mass ratio as the overall
of neutron-rich fragments ag is decreased from the pro- system as long as these sources are always smaller than the
jectile region to that of the center of mass. This observatiorsource in the projectile-velocity region. In this case the mid-
has been made previously for the isotopes ofSfiand is  velocity sources are not neutron rich relative to the bulk mat-
reminiscent of the charged particles which accompany lowter but they are neutron rich relative to the valley®fta-
energy fissiof24]. (We remind the reader that afterpar-  bility. Needless to say, this case argues against a single large
ticles,t’s are the most prevalent light charged particle whichmidvelocity sourcgas do the Galilean-invariant plgts
accompanies fission. A more elementary testing ground for model calculations

If one tries to explain the observed trends utilizing than these isotopic and isobaric ratios are the values of
sources of the same size and charge-to-mass ratios in ti,/N. as a function oZp ¢ or the dependence ¢N,) on
midvelocity and projectile-velocity regions, then the isobaricN. as shown in Fig. 2. We have done statistical calculations
ratios imply that the midvelocity source has a lower excita-assuming three source regiomgth the target, c.m., and pro-
tion energy per nucleon than the projectilelike source. Thigectile velocitieg in which we have fixed the total mass in
explanation is inconsistent with all reaction models and witheach region by partitioning the mass of the total system as
the kinetic “temperatures”(extracted from the transverse indicated by the Galilean-invariant cross section maps. These
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calculations were corrected for both the neutron tank effi- 80
ciency and MINIWALL/BALL thresholds.

These calculations reproduce the general trendNyf) I * 138%¢
o 124Xe

with N. (with both values increasing with increasing excita-
tion energy per nuclegnhowever, the results are sensitive
to the prescription for the level density constanaind the
number of sources in each region. Including the variation of
these quantities, the exercise of reproducing the dependenc
of (N,) on N; is underdetermined. For example using a
small or temperature-dependent prescriptionsf@uppresses I
n emission and enhances the production of particles with h
large separation energies. VariationsoWithin a reasonable @ AN
range(from A/8 to the smooth temperature dependent pre- 8 I ~ <
scription suggested by Ormared al. [25]) reduces the neu- g T-e -
tron yield by about 20%. Furthermore, decreasing the sourceQ,
size(from » = 1 to 0.25, and thus increasing the number of
sources, increases tkibl,)-to-N, ratio (for the same reason o 2 4 s B 10 12
that the isotope and isobaric ratios increased with decreasing %
7). These calculations indicate that while there is not a Eint/A(MeV)
unique prescription to reproduce the experimental data, mul-
tiple sources are needed to produce enough free neutrons if
the level density parameteris either small A/11) or tem- FIG. 11. Statistical model predictiof&ES of the percentage
perature dependefi25]. of IMF’s which sgrviye sequential decay and retqin their IMF stla.l-
These statistical model calculations can also be used t&'s- The dashed line is the percentage difference in the survivability.

investigate the significance of the observation made in the . . :
previous section that the maximum valueg Nfye) increase are Boltzmann-Uehling-UhlenbediBUU) reaction simula-

with neutron excess. This might very well be only the resul tions, in which the effects of two-body collisions are taken

of the improved survivabilityretention of IMF statusof the Into account. Thesg s‘|lmulat_|on”s are also known to produce
more neutron-rich primary fragments which will result from intermediate velocity( neckl_lke ) _sources[?]. We have
the sequential decay of the neutron-rich systems. However, Hwergfore; preformed BUU simulatiori8] for the systems
the differential survivability cannot explain the entire differ- studied in the present work. Some of the results of these

ence, it is possible that this difference, in some measurecaICUIationS are shown in Fig. 12. The striking feature of

reflects the relative ease of density reduction in matter OFhese calculations, in comparison to the experimental data, is
different charge-to-mass ratios the overprediction of the velocity damping; compare Fig.
To address this issue we calculated the IMF “survivabil-lz(a) with Fig. 5@). The data have a negligible cross section
ity” (percentage of produced IMF’s which retain their IMF ('e$s than 100 m)pwnh Va".JeS OfE/A less tha.n 40 Mev
status, Z>2, after sequential decpywith the statistical while the cglculauons pr_edlct Igrge_ Cross sect|.(xms much_
model codes. The results from the EES using a single sour s 10 in this energy region. This discrepancy is largest if a

(of the size of the projecti)eare presented in Fig. 11The stiff equati_on of state is u;edncompre_ssibilityK=?_>8_0_),
production and sequential decay of elements \¥ith5 are smaller with a soft equ_at|on. of ;tatencompre35|bll|ty .
treated in less detail than those wi<5; however, with K =200, gnd still smaller !f the isospin degree of freedom.|s
increasingZ andA the survivability, retention of IMF status, mOdel.ed in a fashion which allows for s_ta_ble heutron skins
is quite high. This fact, coupled with the decreasing yield('s.os’pln soff [8]. The d(_acreased damp"(g] going from .
with increasingZ,yr makes the detailed treatment of the stiff to soft for examplg is accompanied by an increase in

heavier fragments not relevant to the survivability queslion.the mass contained in fragments with velocities intermediate

In this representative calculation the difference in the surviv-bfetween the projectile and the targte midvelocity rangk

- : Ny ; : Fig. 12b). (It is also accompanied by a general increase in
ing fraction(long dashed lingis predicted to be in the range o .
of 30% — 10% of the total fraction of surviving IMF’s. This the multiplicity of fragments from the neck region. We

is a substantial difference, not dissimilar to the difference i choose not to d|sp!ay this trend .becquse this fragmentauon
as much to do with the numerical implementation of the

the data, and thus we must conclude that most, if not all, o UU equation) Therefore we conclude that calculations of
the observed difference results from the action of sequentif% is sor('g(BUU simulations without fluctuationssome closer
decay. . i

to reproducing the experimental data when the cost of creat-
ing reduced density material is reducé€®his holds for soft
versus stiff and isospin soft versus spfReduction in the

Many of the observations made above provide a qualitavelocity damping can also be accomplished by reducing the

tive argument for a reaction picture which produces a stringiucleon-nucleon cross section. However, even with a
of small emitters with intermediate velocities. Both TDHF density-dependent reduction which reduces the cross sec-
calculations[26] and macroscopic dynamical modg87]  tions by 20% at the saturation densf89] and the isospin-
can produce fragments from the “neck” region; however, dependent soft equation of state, the damping is still exces-
more appropriate to the energy region of the present studyive; see Fig. 12(A further decrease in the nucleon-nucleon

urvivng

40 -

t s

B. Dynamical reaction simulations
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o503""]"‘3'"J¢"”""'””‘””5 V. SUMMARY
8 gg c (b) XX i The present work examines a set of systeM$13%e +
% 20 E- e ~<>::-'.§i». = 1212550 at 53\ MeV, which allowed for a study of the
H 10E- 0 0 B —3 influence of the charge-to-mass ratio on the neutron and
) T =T T It Tt T charged particle emission characteristics. Our experimental
AN R N R R R results were compared to both statistical and dynamical
50 | (a) N-E 8 — simulations of these reactions. The detected multiplicity of
2 C X .g:_-ig” . intermediate mass fragments increases with the neutron ex-
é\: 40 meo — cess of the system. This result is counter to the expectation
~. C g B ] based on general fissility arguments but is understandable in
6 30 X 8 BUU — LL — light of sequential decay considerations. The isotopic and
- o | | l | 9 isobaric ratios of the emitted fragments indicate that the frag-
S ments formed in the intermediate velocity region either arise
0 2 4 6 8 10 12

from material which is more neutron rich than is the average
b (fm) matter or that the primary sources in the intermediate veloc-
ity region are small and neutron rich relative to stable nuclei.
The latter would be the case if the intermediate sources were

oo much smaller than the target and projectile, yet had the
value of E/A for the projectilelike fragment antb) the mass con- h -to- tio of the target and broiectile. In either
tained in midvelocity IMF’s at 250 fn@. The circles show the charge-1o-mass ra . 9 . P J. L
results for a stiff K=380 MeV) equation of state, the diamonds C3S& these result_s are consistent with a participant-spectator
show the results for a soft(=200 MeV) equation of state, the MCdel; however, in one case the participant region is en-
X’s show the results for the iso-soft equation of state which has afiched in neutron-rich, perhaps surfacelike, material, and in
improved treatment of the isospin degree of freedom, and théhe other the participant region is never a single source.
squares show the results for the iso-soft equation of state when the This result is consistent with the gross picture presented
scattering cross sections have a density-dependent reduction. by BUU calculations; however, these calculations overpre-

dict the extent of velocity damping in these collisions. Soft-
cross sections would further diminish this discrepancy. Unening the equation of state, providing an improved isospin
fortunately, the meaning of these cross sections is uncleareatment, and reducing the nucleon-nucleon scattering cross
since the BUU simulations do not treat medium modifica-sections lessen this disagreement while at the same time in-
tions in a self-consistent fashignPerhaps more germane creasing the mass in bound fragments in the neck or midve-

than the equation of state or the in-medium cross section igcity region at the end of the collisions, which is the telltale
the neglect of fluctuations in these simulations. It is possiblgeature of these reactions.

that the failure cited above results from this omission, a pos-
sibility which must be tested with improved models.

We have verified that momentum-dependent potentials
have little affect on the observables presented above at the
energy of the present study. Furthermore, we would like to One of us(G.J.K) acknowledges support by the Alex-
mention that we have chosen to display and compare thander von Humboldt foundation. This work was supported
results for the LL system because the mass uncertainty fdsy the U.S. Department of Energy under Grant Nos. DE-
experimental data is smallest here. We also hasten to poiftG02-87ER403168Washington University and DE-FGO02-
out that if the experimental masséisr a given chargeare = 88ER40414(University of Rochestgr and by the National
less than assumed 9], then the experimentdt/A values  Science Foundation under Grant Nos. PHY-92-14992, PHY-
would be even large(implying even less velocity dissipa- 95-28844(NSCL), and PHY-93-14131University of Wis-

FIG. 12. The results of BUU calculations f@) the exit channel
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