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Target residues from the interaction of copper with 90 MeV /nucleon ®Li ions have been studied
utilizing thick-target, thick-catcher recoil range techniques. Cross sections, average forward ranges,
and forward-to-backward ratios have been measured. Isobaric and mass yield distributions have
been constructed from the cross section data. Longitudinal momentum transfer information has
been obtained. Comparisons with a variety of lighter and heavier projectiles interacting with copper
have been made. Comparisons of the data with initial interaction-evaporation models ISABELLE-

EVA, BUU-GEMINI, and BUU-PACE are presented.

PACS number(s): 27.70.Mn

I. INTRODUCTION

For many years interactions between light projectiles,
Z < 2, and medium mass targets have been investigated
at intermediate energies [1-7]. More recently, experimen-
tal results based on the use of heavy ions as projectiles on
medium mass targets have been reported [8-16]. Some
very interesting phenomena have been shown to occur
for beam energies between 10 and 100 MeV /nucleon. As
beam energies increase above 10 MeV /nucleon complete
fusion gives way to incomplete fusion, which becomes in-
creasingly important with increasing energy. This trend
is believed to be a consequence of the diminishing im-
portance of mean field interactions and the increasing
importance of two body nucleon-nucleon interactions as
energies increase towards 100 MeV /nucleon. By obtain-
ing the linear momentum transferred (LMT) from projec-
tile to target in the initial stage of the interaction one can
obtain information about the global features of nucleus-
nucleus reactions. It has been shown that for projectiles
of Z > 1 LMT seems to saturate at ~ 170 — 220 MeV/c
per incident nucleon for both medium mass and heav-
ier targets [5,6,8,11,17-24]. It has also been shown that
lighter projectiles appear to be more efficient than heav-
ier projectiles in transferring momentum on a per nucleon
basis [8,11,20,25].

Most of the information reported for medium mass tar-
gets has been obtained using thick-target, thick-catcher
recoil range techniques, which can be used to measure
cross sections and average kinematic properties of indi-
vidual radioactive nuclides produced in the interaction.
Here we employ these methods to study the interaction
at 90 MeV /nucleon of **Cu with ®Li, which lies between
light and heavy bombarding particles. By comparing the
results with those for a variety of light-ion and heavy-
ion interactions with Cu [1-3,8-13] we investigate the
evolution of reaction dynamics with projectile mass into
this transitional region. Also, we use various interaction
and evaporation models to predict the present reaction
residue cross sections and kinematic properties.
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II. EXPERIMENTAL PROCEDURE

At the K1200 cyclotron at the National Supercon-
ducting Cyclotron Laboratory (NSCL) at Michigan State
University, we have utilized a 90 MeV /nucleon ®Li beam
of ~54 enA intensity. Intensity measurements were made
using a calibrated Faraday cup and recorded using a cur-
rent integrator. This information was then digitized and
recorded at one minute intervals using a multichannel an-
alyzer, so that fluctuations in the beam intensity could
be monitored. Details of the experimental setup have
been reported previously [8-10]. Briefly, the target stack
consisted of a 20.1 mg/cm? thick copper foil, surrounded
by carbon foils of 10.1 mg/cm? thickness, two placed up-
stream of the target and two placed downstream. The
energy of the ®Li beam was reduced to 538 MeV at the
center of the target stack due to energy loss in the car-
bon and copper foils [26,27]. A single irradiation of 8.5
h was performed. The target stack was then returned
to Purdue where counting commenced ~7 h after end of
bombardment and continued for several months. The in-
dividual foils of the stack were counted using calibrated
Ge(Li) and intrinsic Ge spectrometers. The code SAMPO
[28] was used to determine the intensities of ~80 v-ray
peaks. Decay curves were constructed from these intensi-
ties and analyzed using CLSQ [29]. Nuclidic assignments
were based on ~y-ray energy, half-life and correlation with
other v rays emitted by a presumed nuclide [30].

III. RESULTS

The cross sections of 31 products are listed in Table
I. These were determined using techniques described in
detail in previous reports from our laboratory [8-10,31].
The uncertainties in the cross sections are the larger of
the standard deviation in the mean values of the total
set of v rays for a given product nucleus and the esti-
mated uncertainty of individual determinations of these
~v rays. Corrections for fluctuations in beam intensity
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have been applied where appropriate. An additional 10%
has been folded into the tabulated uncertainties in those
cases where only a single v ray for a particular prod-
uct was used to calculate the cross section. The val-
ues for 22Na, 2%Na, and 28Mg were reduced by ~60%,
~30% and ~5%, respectively, due to direct production
of these products in the carbon foils. Those products
labeled I (independent yields) represent nuclides where
no progenitor feed-in is included in the tabulated cross
section. Those labeled C* include the contribution of
proton-rich isobaric progenitors, while the C~ include
those of neutron-rich progenitors.

Also listed in Table I are the recoil properties of the
given product nuclides, expressed in terms of FW, the
average forward range, and F/B, the ratio of forward-
to-backward emission. Here, W is the target thickness
in mg/cm? and F and B are the fractions of total ac-
tivity of the product nuclide in the forward and back-
ward catchers, respectively. The uncertainties were de-
termined in a similar manner as those in the cross sec-
tions. Again, 22Na, 2*Na, and 2®Mg required substantial
reduction in their FW values of ~70%, ~56% and ~16%
due to production in the carbon catchers. Eleven other
products ranging from **K to 5°Co required reductions

TABLE I. Cross sections, forward ranges, and for-
ward /backward ratios for product nuclides from the interac-
tion of copper with 90 MeV /nucleon ®Li ions.

Nuclide Type o (mb) FW (mg/cm®) F/B
2?Na ct 0.254+0.03  1.95+0.37

%4Na o 0.53+0.06  1.96+0.28

Mg c- 0.0540.01  2.2140.34

42K I 2.454+0.27 1.5940.18 20.7+2.3
8K c- 0.87+0.03  1.3840.06 56.945.1
438¢ ct 4.244+0.59  0.7310.14 65.8+34.0
445¢ 1 4.094+0.13  1.024+0.08 18.0+1.4
44gc™ I 5.76+0.29  1.2440.17 64.949.1
463¢ I 7.11+£0.06  1.3040.02 83.9+13.2
47Ca Cc- 0.06+0.03  1.3040.54

47Sc 1 2.86+0.31 1.4140.16 92.9+16.0
483 1 0.65+0.04 1.0540.06 81.9+8.1
8y I 12.5+0.1 1.22+40.02 10610
48Cr ct 0.44+0.02 1.05+0.05 11612
51Cr ct 41.1+4.4 1.054+0.11 101417
52Mn ct 14.6+0.2 0.87+0.03 132+16
52Fe ct 0.2840.04 1.05+0.16

54Mn I 34.243.6 0.89+0.10 69.0+8.9
55Co ct 2.43+0.05  0.73+0.04 113+18
56Mn Cc- 5.9940.01  0.73+0.04 29.441.6
56Co I 13.5+0.4 0.6740.03 94.6+5.9
56Ni ct 0.104£0.01  1.0840.15 23.1+9.4
57Co I 47.242.4 0.5740.03 65.7+2.2
5TNi ct 1.55+0.07 0.62+0.04 50.4+2.5
58Co I 51.14+3.9 0.524+0.05 49.34+3.3
59Fe (ohn 2.48+0.04 0.46-+0.01 27.2+1.0
50Co I 14.6+0.6 0.3540.02 20.0+1.1
51Cu ct 27.240.9 0.24+0.02 39.4+3.4
527n ct 1.6240.07

84Cu I 27.9+3.14

857n ct 2.06+£0.22  0.23+0.01

by 1 — 3%. Owing to the low activity observed in the
backward catcher, the corrections to B are large, aver-
aging ~70%. The corresponding F/B values have been
corrected by factors of ~ 1.5 — 4. These values are listed
only to give an indication of their magnitude; they are
not used in our subsequent analysis.

IV. DISCUSSION
A. Isobaric yield distribution

We have utilized a modified version of Rudstam’s [32]
six parameter equation in order to estimate the cross sec-
tion of those products undetectable by our experimental
methods:

0(Z,A) = explan + azA + asA? + asAS
+(as + agA + a7A2)|Zp—Z|°3], (1)

where
Zp = agA + awAz. (2)

Again, details of the minimization procedure used to ob-
tain the various constant terms in the equation have been
previously reported [8-10]. The values obtained for the
parameters a; — aqo are shown in Table II.

Figure 1 shows a comparison of the fractional isobaric
yield distribution at A=51 with the data. The data have
been scaled by the ratio of the calculated cross section
at A=51 and the mass number of the product in ques-
tion. The results show that the parametrization provides
a good fit to the data; the mean deviation of the points
from the curve is ~ 20%.
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FIG. 1. Fractional isobaric yield distribution for the inter-
action of copper with 90 MeV /nucleon ®Li ions. The curve
represents the fitted values from Eq. (1) and (2) at 4 = 51;
the data are scaled to A = 51. The different symbols indicate
the products mass region: (¢) A = 22-44, (A) A = 46-55, (W)
A = 56-65. Open symbols represent independent yields.
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TABLE II. Parameters employed in the fit of Egs. (1) and (2) to experimental cross sections
from the interaction of copper with 90 MeV /nucleon °Li ions.

Parameter Value Parameter Value
o 5.06+0.87 as (2.59+1.14)x10™2%
o2 —0.6240.07 ar —(4.57+1.28)x10~*
as (1.9840.17)x1072 as 1.6540.04
oy —(1.614+0.13)x107* ag 0.49+0.00
as —1.99+0.25 a10 —(4.17£0.12)x107*

We have compared the present data with those for
other projectiles incident on copper targets at compa-
rable energies, including 590 MeV protons [2], 258 MeV
3He [1], 410 and 720 MeV « [3], as well as 527 and 1073
MeV 12C [8,9]. For those reactions where our group was
not directly involved with the data analysis we have, for
the sake of consistency, utilized the above ten-parameter
equation in order to obtain isobaric yields from the re-
ported cross sections. For these seven different reac-
tions we have found that the full width at half maximum
(FWHM) and Z,, the most probable charge at A=51,
are constant within the limits of error. The constancy is
documented in Fig. 2, which shows the variation of these
parameters with total projectile kinetic energy.

B. Mass yield distribution

Experimental mass yield distributions may be obtained
by combining the experimental cross sections with those
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FIG. 2. Projectile energy dependence of (top) the full
width at half maximum, and (bottom) Z,, the most prob-
able charge of the isobaric yield distribution at 4 = 51. The
various symbols indicate the projectile identity: (e) protons
[2], (O) *He [1], (W) « (3], (O) °Li [present work], () *2C
8,9].

calculated by Eq. (1) at a given mass number A. The
results are shown in Fig. 3. A 20% uncertainty in the
calculated yields has been included in the overall uncer-
tainty of each total isobaric yield. The curve through
the data is the yield obtained solely from Eq. (1). It
is seen that the parametrization provides a good fit to
the data. The mass-yield curve becomes uncertain above
A ~ 64 because %3Cu is less likely to contribute to the
yields than 85Cu. We have estimated the cross section
at A = 65 by normalizing the yield predicted by Eq. 1
for 8Zn, the most likely product at this mass number,
to the experimental yield.

The mass yield distribution exhibits a broad peak at
A~ 60 and the yields decrease at lower masses, the de-
crease being exponential over most of the observed mass
region. The curve is compared with similar curves ob-
tained for copper plus 12C in Fig. 4(a). Results are shown
for 45 MeV /nucleon '2C [10] which has comparable to-
tal kinetic energy, and for 90 MeV /nucleon *2C [8], with
the same energy per nucleon. Although all the curves
have similar overall shape, several significant differences
between ®Li and '2C may be noted. Thus, the peak in
the SLi curve is shifted to a larger mass by 3 to 6 mass
units. This difference suggests that preequilibrium emis-
sion may be more extensive for the heavier projectile.
Furthermore, the increase in the yields of the lightest
products, A < 30, observed for 2C is not evident for
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FIG. 3. Mass yield distribution for the interaction of cop-
per with ®Li ions. The solid curve represents the distribution
calculated from Egs. (1) and (2). The points are experimen-
tal yields corrected for unmeasured products at a given mass
number. The different symbols reflect the fractional contri-
bution of the experimental cross sections to a given isobar:
(8) >50%, (&) 20-50%, and (*) <20%. The dashed line is an
estimate of the dropoff in yields above A = 64.
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FIG. 4. Mass yield distribution for the interaction of cop-
per with (a) 90 MeV/nucleon ®Li (—), 45 MeV/nucleon

(- o -) and 90 MeV/nucleon (- - - - - -) '2C
[8,9]; (b) 90 MeV/nucleon °Li (—), 720 MeV a
------ ) [3], and 590 MeV protons (- o e e )
(2].

6Li, indicating that fragmentation is more important for
the heavier projectile.

Figure 4(b) shows a comparison of the ®Li mass yield
curve with that obtained for lighter projectiles [2,3]. All
three curves have very similar shape, indicating that ®Li
is more akin to a light than a heavy ion as far as the
shape of the mass yield is concerned. Note that differ-
ences in total reaction cross section have not been taken
into account so that differences in vertical scale are ex-
pected.

Cumming et al [33] have shown that the slope of
the exponential region of the mass yield distribution de-
creases with increasing bombarding energy and eventu-
ally becomes independent of energy in the limiting frag-
mentation regime. Figure 5 shows the slope extracted
from a more complete data set [1-3,8-10]. The slope in-
deed decreases linearly with total kinetic energy for pro-
jectiles ranging from protons to '2C ions between 0.2 and
1 GeV. However, it is apparent that the systematic trend
in the slopes obscures the very real difference in the mass
yield distributions for light and heavy ions depicted in
Fig. 4.

C. Linear momentum transfer

A more informative examination of the global features
of reaction mechanisms at the energies of present interest
can be obtained by analysis of the recoil range data. The
velocity along the beam direction of the residual nucleus,
v||, and in turn the mean LMT, (P}), can be obtained
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FIG. 5. Comparison of the slope from the exponential re-
gion of the mass yield distributions for the interaction of cop-
per with (O) protons [2], (¢) *He [1], (closed square) a [3],
(Q) °Li [present work], (¢) *2C [8-10]. The line is a fit to the
data.

from the average forward range data F'W, as has been
discussed previously [8-10]. The present data have been
adjusted in accordance with results reported by Whitfield
and Porile [34] in order to correct for the overestimation
of v)| due to the effect of evaporation on the range-energy
conversion. We have utilized the code TRIM [27] to obtain
range-energy tables used in this analysis.

The results are shown in Fig. 6 as v /vcn, the frac-
tional velocity transfer with respect to mass loss from
the target, AA, where vcn is the velocity of the puta-
tive compound nucleus. The values of v“/vCN exhibit
a nearly linear increase with increasing mass loss termi-

FIG. 6. Fractional velocity transfer for the interaction of
copper with 90 MeV /nucleon °Li ions vs mass loss from the
target, AA. The various curves show the trends in similar
results for the interaction of copper with '2C at 45 (—eee )
and 90 (—) MeV/nucleon [8,9], and *He at 86 (- — -), 117
(- o-), and 303 (— —) MeV/nucleon [1].
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nating in a leveling off for the lightest products. This
trend has a geometrical origin, where near-target prod-
ucts are produced in peripheral interactions while the
lightest products are a result of more central collisions
[11].

Comparing this fractional velocity distribution with
distributions from some of the previously discussed inter-
actions allows us to observe trends in momentum transfer
with respect to projectile mass and energy. Figure 6 in-
cludes curves showing results for interactions involving
copper and 86, 117, and 303 MeV /nucleon 3He [1] as
well as 45 and 90 MeV /nucleon '2C [8,9].

The first important trend displayed in Fig. 6 is the de-
crease in v)/vcn Wwith increasing projectile velocity. An
increase from 86 to 303 MeV /nucleon 3He or from 45
to 90 MeV /nucleon '2C leads to a marked decrease in
the fractional velocity transfer over the entire product
range. This trend points not only to the increasing dom-
inance of peripheral interactions at higher beam energies
[20,21,35] but also to the greater importance of nucleon-
nucleon collisions at higher energies and thus to increas-
ing transparency. The second trend involves a change in
projectile mass for approximately the same energy per
nucleon. Comparing the 86 MeV /nucleon *He and 90
MeV /nucleon 2C curves with the present data we again
see a significant decrease in the fractional velocity trans-
fer with increasing projectile mass. This trend supports
previous work showing that lighter projectiles are more
efficient in transferring their momentum than heavier
projectiles [8,11,20,25]. However, this trend is reversed
if the v /vcn values are compared for the same projec-
tile kinetic energy. Thus the curve for 45 MeV /nucleon
12C (540 MeV) lies above the values for 90 MeV /nucleon
6Li (540 MeV), while the trend in the *He curves indi-
cates that 3He at 180 MeV /nucleon should lead to smaller
v)|/ven than SLi.

The above trends are also evident in a comparison of
the mean LMT, (Py). This quantity is obtained by es-
timating the average mass of the residue leading to a
particular product associated with a specific v. The
product of the velocity vj and the mass of the residue is
Py for the final identified product. By weighting each of
these individual P by the product formation cross sec-
tion we obtain (P)). The method used in the estimation
of the residual mass has been described elsewhere [8-10].
Figure 7(a) displays the variation in (P,)/Pcn with total
projectile kinetic energy, where Pcy is the momentum of
the hypothetical compound nucleus. Results are shown
for Cu interacting with 86 — 303 MeV /nucleon *He [1],
15 — 90 MeV /nucleon '2C [8-10], 17 — 27 MeV /nucleon
14N [11] and 8—48 MeV /nucleon ?°Ne [11], along with the
present data. As expected there is decreasing fractional
momentum transfer with increasing projectile kinetic en-
ergy. The results for the heavier projectiles (}2C—2%Ne)
appear to exhibit a linear decrease over the entire energy
region of present interest and the values are virtually in-
dependent of projectile mass. Similar results have been
reported by Leray [24] for central collisions. The lighter
projectiles also exhibit a linear decrease, but the slope
is smaller and the fractional momentum transfer is not
as large. From this analysis °Li appears to behave more
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FIG. 7. Projectile energy dependence of (top) the frac-
tional average momentum transfer, and (bottom) the mean
linear momentum transfer per incident nucleon. The various
symbols indicate the projectile indentity: (O) *He [1], (o)
SLi [present work], (¢) '2C [8-10], (o)**N [11] and (*) 2°Ne
[11]. The lines are linear fits to data.

like a light projectile, as was also noted for the mass yield
distribution.

In Fig. 7(b) the variation of the mean LMT per inci-
dent nucleon with total projectile kinetic energy is dis-
played. Once again the 3He data exhibit results very dif-
ferent from those for the heavier projectiles, yet the 6Li
results now appear to be more in line with the heavy ion
data. The most interesting result is that for each heavy
projectile, independent of mass, above ~25 MeV /nucleon
the mean LMT per incident nucleon decreases linearly
with increasing projectile energy, suggesting that when
heavy ion bombarding energies are increased above the
fermi energy the average momentum transferred to the
target per incident projectile nucleon scales with total
projectile kinetic energy independent of mass.

Figure 6 also shows that with increasing mass loss from
the target there is a limitation to the fractional velocity
transfer for the lightest products for each of the interac-
tions. This limitation to momentum transfer has been
widely documented [5,6,8,11,17-24]. From the values of
vj/ven in the plateau region we can obtain the maxi-
mum momentum transfer (Pﬁ“ax) for each of the interac-

tions. The '2C reactions lead to values of ~170 and ~130
MeV /¢ per incident nucleon for 45 and 90 MeV /nucleon,
respectively. For 3He at 86 and 303 MeV /nucleon we
have ~214 and ~240 MeV/c per incident nucleon, while
SLi gives a result of ~220 MeV/c. These results again
suggest that ®Li is more akin to lighter projectiles than
to heavier ones.
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D. Comparisons with calculations
1. ISABFELLE-EVA

It has been shown [8] that the intranuclear cascade-
evaporation simulation ISABELLE-EVA [36,37] provides a
reasonable prediction of the LMT and mass yield distri-
bution for the interaction of Cu with 90 MeV /nucleon
12C. We have utilized these same codes to make compar-
isons with the present 90 MeV /nucleon °Li + "2*Cu re-
action. Using 10 000 cascade-evaporation events, ~6900
for %3Cu and the rest for 6*Cu, we have generated the
mass-yield and fractional velocity transfer distributions.

In Fig. 8 we compare the mass yield distribution gen-
erated by the calculation with the experimental curve.
The calculation appears to predict the overall shape of
the distribution fairly well although several discrepancies
may be noted. Thus for near-target products the calcula-
tion overpredicts the cross sections while for the low mass
products it underpredicts them. However, the slope of
the exponential region of the distribution is adequately
reproduced. The underestimation of those products far-
thest removed from the target may be a consequence of
binary fragmentation of the target residue, a process that
is not incorporated in the evaporation code. We have
also utilized codes that do take binary fragmentation into
account (GEMINI, PACE), yet these were also unable to
predict the relatively large yields of low mass products.
These results will be shown in the following section. The
overestimation of the yields of near-target products in-
dicates a problem with the treatment of peripheral in-
teractions, possibly resulting from approximations in the
nuclear density distribution in the surface region [36].
Note that the simulation reproduces the sharp decrease
in product yields above A =~ 63. At least in part, this
decrease must be a consequence of the low abundance in
a natural copper target of ®*Cu which, as already noted,
is the primary source of these products.

Figure 9 displays a comparison of the calculated and
experimental fractional velocity transfers. The calcula-
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FIG. 8. Comparison of the experimental (curve) and

ISABELLE-EVA (Q) calculated mass yield distribution for 90
MeV /nucleon °Li + Cu. The uncertainties in the calculated
cross sections reflect the number of events leading to a par-
ticular product.
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FIG. 9. Comparison of the experimental (e) and

ISABELLE-EVA, calculated (o) fractional velocity transfers.

tion predicts the shape of the distribution well and quan-
titatively reproduces the values for the AA = 10-20
products. Yet for the near-target products the velocity
transfers are substantially underestimated. An interest-
ing result of the calculation is the appearance of a plateau
in the distribution above AA ~ 25, comparable to the
experimental plateau, although the uncertainties associ-
ated with these low yield products are quite large.

2. BUU-GEMINI, BUU-PACE

Since mean-field effects are believed to continue to
play a role in the reaction dynamics at energies of
present interest, we have performed calculations us-
ing the Boltzmann-Uehling-Uhlenbeck (BUU) transport
equation [38,39], which describes the reaction in terms
of mean-field and nucleon-nucleon collisions, to simulate
the present reaction. We have coupled this calculation
with the deexcitation codes GEMINI [40] and PACE [41]
in order to produce observable reaction products along
with their kinematic properties.

For each interaction of 90 MeV/nucleon °Li + %4Cu
each nucleon was represented by 100 test particles in
BUU. A complete simulation run consisted of 100 in-
dividual simulations over a range of impact parameters
from b = 0 to b =7 fm, where the number of simulations
per unit impact parameter corresponded to the geomet-
ric cross section for that interval. The calculation follows
each test particle through six dimensional phase space
to a stopping time, fgop, of 60 fm/c, using time steps
of 1.5 fm/c. This value of tsop was chosen on the basis
of a calculation of the excitation energy of the residual
nucleus, E*, as a function of this parameter. Figure 10
displays this variation for b = 1.5, 3.0, and 5.5 fm. The
peak in E* observed at tg,p ~30 fm/c reflects the over-
lap between target and projectile during the early stages
of the interaction. However, by ts;op ~60 fm/c, a time
sufficiently long for the projectile to traverse the target,
E* becomes insensitive to tsop and so our chosen value
is appropriate for the system under consideration. We
also compared the above results with others obtained for
a time step of 1.0 fm/c and found no significant varia-
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FIG. 10. Dependence of the excitation energy from BUU
on tsop- Results are shown for b= 1.5 fm (—), 3.0 fm (e e ee),
and 5.5 fm (- e ).

tion between the two. Calculations were also performed
in which each nucleon was represented by 200 test parti-
cles. Again, no significant variation in reaction products
was found.

A residue was chosen by determining for the target
remnant the local nucleon number density in a cubic cell
of 1 fm?® around each nucleon. We then considered those
nucleons with a local density of p > 0.021 fm~2 as be-
ing bound [42]. We compared these results with a pre-
scription considering particles bound at p > 0.016 fm—>
and found little variation in the reaction products. From

J

Ares
Epinga =
i=1 iti

where a,b, and o are from the Skyrme parametrization,
e? = 1.44 MeV fm, p (r;) is the local density of an indi-
vidual particle 7 and p; is the relative momentum of the
given test particle 7. The excitation energy of the residue
was then calculated using [42,43]

E* = [8 MeV/nucleon — Epina/nucleon]d es. (7)
For each individual BUU simulation 100 GEMINI deexci-
tations were performed, using the Z, A, E*, P|, and L
values from BUU as input. Therefore, for each complete
reaction simulation approximately 10* reaction products
were obtained. The calculated residue cross sections were
normalized to the experimental total reaction cross sec-
tion, 1310 mb.

The mass yield distribution predicted by BUU-GEMINI
for the soft and stiff EOS are compared with the exper-
imental curve in Fig. 11(a). The calculation does not fit
the data well, although the agreement improves in going
from a stiff to soft EOS. For the stiff EOS the peak in the
distribution is at a much lower mass than the peak in the
experimental mass yield. The calculated yield then falls
off very sharply toward lower mass products. The soft

=Y |pi2m + (2/2) Y Z()Z0)Ir -

these bound nucleons we obtained the Z and A of the
residue. The linear momentum of the residue was calcu-

lated by

Ares
Pl =Y pali) 3)

and the residue angular momentum by

Ares

L:Zrixpiv (4)

=1

where the summations were carried out over all test parti-
cles in the target residue and then divided by the number
of test particles used to represent a single nucleon.

In BUU the Skyrme parametrization is used to esti-
mate the nuclear mean field:

U = alp/po) + blp/po)’, (5)

where po is the normal nuclear matter density, taken
to be 0.168 fm~3. We have utilized three variations of
this parametrization in our comparisons with data, cor-
responding to an intermediate equation of state (EOS),
where a = —218 MeV, b = 164 MeV, and o = 4/3; a soft
EOS, where a = —356 MeV, b = 303 MeV, and 0 = 7/6;
and a stiff EOS where a = —124 MeV, b = 70.5 MeV,
and o = 2.

The binding energy of the residue was approximated
using [42,43]

rl ™ 4 alolr)/eo] + blo(r)? /oo + I, (6)

[

EOS predicts a very similar shape for the distribution but
is shifted towards larger mass and therefore more closely
predicts the peak in the experimental distribution.

We have also examined the effect of changes in the
nucleon-nucleon cross section, since the excitation energy
has been shown to be sensitive to this quantity [44]. An
increase in o yy improves the agreement for the soft EOS
by increasing the yields of the low mass products. How-
ever, even for a factor-of-two increase in oyy the calcu-
lation still does not predict the experimental mass yield
distribution with any degree of accuracy.

We believe this discrepancy arises from the fact that
BUU uses test particles that are grouped into parallel
simulations, where the mean field and in turn the resid-
ual properties are calculated from an ensemble average.
This has the effect of averaging out fluctuations due to
nucleon-nucleon collisions [43-45] and leads to unreal-
istically narrow distributions in E* and particularly in
target residue mass. Thus for each of the various BUU
simulations, A;es =~ 58-62 and E* = 5 — 140 MeV,
much narrower than predicted by ISABELLE as shown for
the A,.s distribution in Fig. 12. Note, in addition, that
ISABELLE predicts remnants that are some five mass
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FIG. 11. Comparison of the experimental (—) and (a) en-
semble averaged BUU-GEMINI mass yield distribution for a
stiff (— e — o) and soft (e e ee) EOS; (b) single parallel
BUU-PACE mass yield distribution (—e-) for a soft EOS.

numbers larger than BUU values. The fact that Ages <
62 for BUU necessarily leads to a discrepancy with the
experimental curve above this mass number.

One method which might better include these fluctu-
ations is to calculate the mass, charge, and excitation
energy of the residue one parallel event at a time. This
procedure, which is described elsewhere [45,46], leads to
100 excited target residues for each impact parameter uti-
lized, corresponding to the number of test particles used
to represent a nucleon. Since we ran 100 BUU simula-
tions, we obtained a total of 10* excited target residues
for each complete run, along with their respective P and
L. These excited residues were then deexcited using the
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FIG. 12. Mass distribution of excited target residues, Ares,
for ISABELLE (e @ ee) and for ensemble averaged (—e~e) and
single parallel event (—) BUU calculations.

code PACE [41] (which was easier to use than GEMINI
when the number of different starting nuclei is large). For
each target residue a single PACE deexcitation was per-
formed, again resulting in 10* reaction products. Results
described above for the ensemble averaged BUU-GEMINI
simulations were compared with ensemble averaged BUU-
PACE simulations. The deexcitation codes yielded nearly
identical mass yield distributions, indicating that differ-
ences between the two calculations of present interest
could not be attributed to the use of different deexci-
tation codes.

The mass yield distribution predicted by BUU-PACE
using a soft EOS for single parallel events is compared
with the experimental yield in Fig. 11(b). The inclusion
of fluctuations in BUU produces a very good fit to exper-
imental data. The peak and decrease in the exponential
region of the distribution are both very well represented,
although the calculation slightly overpredicts near-target
products and fails to reproduce the yields of products
farthest removed from the target. Also, the decrease in
production cross section above A = 63 is reproduced.
It is interesting to note that the BUU-PACE distribution
strongly resembles the ISABELLE-EVA distribution indi-
cating that nucleon-nucleon collisions are most likely the
dominant mechanism for this reaction.

Figure 12 includes the mass distribution of BUU gen-
erated target residues for single parallel events. Note the
broader single parallel event distribution, where A;s =~
52 — 66. Similar results were found for the E* distri-
bution, where E* varied between 0 and ~350 MeV for
single parallel event runs while E* for the ensemble aver-
age runs terminated at ~140 MeV. The broader mass and
excitation energy distributions in turn lead to a broader
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FIG. 13. Comparison of the experimental (¢) and BUU
(o) fractional velocity transfer for (a) an ensemble average
calculation and (b) a single parallel event calculation.
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mass yield distribution and thus to better agreement with
the data.

The fractional velocity transfer predicted by BUU for
the ensemble averaged run and the single parallel event
run using a soft EOS are compared with data in Figs.
13(a) and 13(b), respectively. For the ensemble averaged
run the calculation fails to reproduce the experimental
distribution. The v of near target products are severely
underestimated, and the increase in v with increasing
AA is much steeper than the experimental trend. The
calculation does predict a plateau in v /vcy at AA =
17 — 25 and, although the statistical uncertainty of these
low yield products is quite large, there does appear to
be a limit to the predicted momentum transfer. This
limit corresponds to ~200 MeV /¢ per incident nucleon, in
agreement with previously reported experimental results
(5,6,8,11,17-21].

In Fig. 13(b), where fluctuations are included, the in-
termediate and heavy residue fractional velocity trans-
fers are predicted much better, while the light products
are somewhat underestimated. Here too, the inclusion of
fluctuations leads to much better overall agreement with
experiment.

V. CONCLUSION

The interaction of copper with 90 MeV /nucleon éLi
has been investigated and compared with a wide variety
of data obtained for lighter and heavier projectiles over
a range of energies. The isobaric yield distribution re-
mains essentially unchanged with varying projectile mass
and energy up to at least 12C and ~1 GeV total kinetic
energy. The ®Li mass yield peaks at approximately A
= 60 consistent with distributions for lighter projectiles.
Heavier ions lead to a peak in the distribution at 3 — 6
mass units lower. This difference may be an indication
that preequilibrium emission may be more extensive for
heavier ions at comparable total kinetic energies. Also,
the ®Li mass yield displays no upturn in the distribution
at low mass number, while 12C at comparable kinetic en-
ergies yields a significant upturn, indicating that heavier
ions are more likely to induce fragmentation.

Analysis of LMT data reveals that at comparable en-
ergy/nucleon lighter ions are more efficient at transfer-
ring their momentum on a per nucleon basis than heavier
ions. Also, above the fermi energy the amount of LMT
per incident nucleon appears to scale with total projec-
tile kinetic energy for the heavy ions of present interest.
In addition, there appears to be a limit in the fractional
momentum transfer corresponding to ~220 MeV/c per
projectile nucleon. Our results confirm in this respect
those of previous work.

Comparisons have been made between experimental
results and the intranuclear cascade-evaporation code
ISABELLE-EVA. The mass yield distribution is reasonably
well reproduced by the calculation, although the pre-
dicted yields of near-target and low-mass products dif-
fer from the experimental yields. The fractional velocity
transfer distribution is also fairly well reproduced, in-
cluding the appearance of a plateau in the distribution
for those products farthest removed from the target, but
the velocities of near-target products are underestimated.

Comparisons have also been made with BUU-GEMINI
and BUU-PACE simulations. Various equations of state
and nucleon-nucleon cross section values have been used
in the interaction calculation. For ensemble averaged
runs, neither the mass yield distribution nor the frac-
tional velocity transfer distribution is well reproduced by
the calculation, presumably due to exclusion of fluctua-
tions in the calculation. On the other hand, the use of
single parallel events from BUU, which roughly preserve
the fluctuations, reproduces the mass yield distribution
quite well. Also, the fractional velocity distribution is
adequately reproduced.
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