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Projectilelike fragments were detected and characterized in terms of A, Z, and energy for the reac-
tions Cl on Ca and Bi at E = 7.3 MeV/nucleon, and Cl on Bi at E = 15 MeV/nucleon, at
angles close to the grazing angle. Mass and charge distributions were generated in the N-Z plane as
a function of energy loss, and parametrized in terms of their centroids, variances, and coefBcients of
correlation. The results are compared to the predictions of two current models based on a stochastic
nucleon exchange mechanism. The drifts of the charge and mass centroids for the system C1 on

Ca are consistent with a process of mass and charge equilibration mediated by nucleon exchange
between the two partners, followed by evaporation. The asymmetric systems show a strong drift
toward larger asymmetry, with the production of neutron-rich nuclei. It is concluded that this is
the result of a net transfer of protons from the light to the heavy partner, and a net flow of neu-
trons in the opposite direction. Model predictions fail to reproduce in detail the evolution of the
centroids for asymmetric systems. The variances for all systems increase with energy loss, as would
be expected from a nucleon exchange mechanism. However, the variances for the reaction Cl on

Ca are higher than those expected from that mechanism, and the variances for the reaction Cl
on Qi start decreasing after about 100 Mev of energy loss. The coefFicients of correlation indicate
that the transfer of nucleons between projectile and target is correlated, as expected from Q-value
constraints to the valley of P stability.

PACS number(s): 25.70.Lm

I. INTRODUCTION

Deep-inelastic heavy-ion reactions at energies close to
the Coulomb barrier produce a wide variety of nuclides
over kinetic energy losses that can range from tens to
hundreds of MeV [1]. Even though there have been nu-
merous studies of these reactions, there are still several
aspects that need to be addressed to achieve a better
understanding of the deep-inelastic mechanism. Among
some of the current questions regarding these reactions
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are the excitation energy division between projectilelike
and targetlike fragments and the drifts of the product
distributions in the mass-charge plane. Presently, it is ac-
cepted that the exchange of nucleons between projectile
and target is largely responsible for the transformation
of the incident relative kinetic energy and angular mo-
mentum into excitation energy and intrinsic spin of the
products. However, coherent modes for energy damping
have also been suggested [2]. The drifts in the average
neutron number ((N)) and proton number ((Z)) of the
projectilelike and targetlike fragments are strongly influ-
enced by the driving forces created by the underlying
dinuclear potential. On the other hand, the variances of
the iV and Z distributions are more sensitive to the de-
tails of the mechanisms involved. Hence, the study of the
product distributions provides the opportunity to study
these important aspects of the deep-inelastic mechanism.

Diferent authors have determined mass and charge
distributions of the products of deep-inelastic reactions
as a function of total kinetic-energy loss (Ei~„) for a va-
riety of systems, and have characterized the distributions
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in terms of the different moments in the plane determined
by N (or the mass number A) and Z. In several asym-
metric projectile-target systems [3—12] it has been found
that the charge centroid of the projectilelike fragments
shows a drift towards larger asymmetry (negative drift).
In all of these cases the projectile has a lower neutron-
to-proton (N/Z) ratio than the target, and an increase
is observed in the average neutron-to-proton ((N)/(Z))
ratio of the projectilelike fragments. On the other hand,
observations made on the system I sXe on Fe, where
the projectile has a higher N/Z ratio than the target,
showed that the (Z) of the projectilelike fragments in-
creased, while the (N) decreased [13].

Overall, the experimental evidence indicates that the
isospin coordinate equilibrates fast even at the expense of
larger mass asymmetry. In principle, the drifts of charge
and mass in the N-Z plane should reflect more or less the
direction and magnitude of the gradient of the potential-
energy surface (PES). The effect of the N/Z ratio on the
charge and mass drifts was studied by de Souza et al, [14].
For a given target (~ssU) and for the same bombarding
energy per nucleon (E = 8.5 MeV/nucleon), the charge
drift was found to be strongly correlated with the N/Z
ratio of the projectile and the magnitude of the gradient.
No such rigorous correlation was found for the case of the
neutron drift, but (N) is more susceptible to evaporation
effects than (Z) in the systems studied by de Souza. For
four different systems, Planeta et al. [9] depicted the
evolution of (N) and (Z) with EI „in the N Zplane-
along with a calculated gradient vector at the injection
point. For the system 58Ni on U that has the largest
gradient, the evolution of the centroids follow very closely
the gradient vector. However, for the system Ge on
IssHo, the evolution of the centroids departs dramatically
from the direction of the calculated gradient.

Some systems [7—9,11,12,15,16] have been compared to
predictions of a nucleon exchange transport model that
was developed by Randrup [17]. In general, variance pre-
dictions are in good agreement with the experimental
results. However, the N and Z centroids predicted for
asymmetric projectile-target systems have shown signif-
icant departures from the experimental centroids. Con-
trary to the experimental results, the model normally
predicts an evolution towards symmetry of the mass coor-
dinate. Another model, also based on nucleon exchange,
has been recently developed by Tassan-Got [18]. It has
been claimed [19] that predictions from this model are in
better agreement with experimental centroids in asym-
metric systems. Since both models have much of the
same physical foundations, it is interesting to investigate
the reasons for such different predictions in the evolution
of the centroids.

In this study, the secondary mass and charge dis-
tributions of the pro jectilelike fragments were mea-
sured for the systems "Cl on 4 Ca and Bi at E =
7.3 MeV/nucleon, and ssC1 on 20sBi at E = 15
MeV/nucleon. The relatively high bombarding energy of
the last system should provide a wide energy loss range
for the deep-inelastic component of the reaction mech-
anism and, therefore, for the study of the parameters
of interest. However, as energy loss increases, the ef-

fects of evaporation become also increasingly important
and should be taken into consideration when interpreting
the data. The lower-energy systems, besides adding to
the systematics, presented the possibility of a compara-
tive study of the effects of N/Z and mass asymmetry on
the parameters of the distributions. The parameters of
the experimental distributions are compared to those cal-
culated using the two nucleon exchange models already
mentioned. Since the models predict only primary dis-
tributions, comparisons between model and experiment
require corrections to account for evaporation. Either
the experimental primary distributions have to be recon-
structed from the secondary distributions or the primary
distributions from the model have to be subjected to an
evaporation calculation to infer the model secondary dis-
tributions. In the present study the latter is achieved
by feeding the primary distributions predicted by mod-
els into the evaporation code PACE II [20] to obtain the
secondary distributions, which then are compared with
the experimental results.

II. EXPERIMENTAL PART

Two separate experiments were performed. The first
one investigated the systems s7C1 on 20sBi and s7C1 on
40Ca at E= 7.3 MeV/nucleon and took place at Argonne
National Laboratory. The second studied the system
ssC1 on 20sBi at E= 15 MeV/nucleon and took place at
the Holifield Heavy Ion Research Facility of Oak Ridge
National Laboratory. In both experiments, the time-of-
fiight (TOF) technique was used to identify the mass
number of projectilelike fragments. The atomic number
was deduced using the dE-E technique. The oK-line data
analysis was done using the program LISA [21].

A. 3 Cl on Ca and Qi
at E = 7.3 MeV/nucleon

A beam of Cl at 270.0 MeV was provided by Ar-
gonne's Superconducting LINAC (presently ATLAS).
The beam current was maintained between 13 and 50 nA
during the experiment. The targets were self-supporting
2osBi and 4OCa and had thicknesses of 700 and 300
pg/cm, respectively. The projectilelike reaction prod-
ucts were detected in a silicon detector telescope consist-
ing of a transmission detector with an active area of 50
mm2 and a thickness of 17.1 pm, and a stop detector with
an active area of 300 mm2. The time of flight was mea-
sured between the dE transmission and the E stop de-
tectors. The distance between the transmission and stop
detectors was about 62 cm, and the distance between the
target and the transmission detector was about 14 cm.
Data were collected near the grazing angle: at 13.0 for
the Ca target and at 44.0' for the Bi target. The timing
resolution achieved was ( 100 ps (full width at half max-
imum, FWHM) and was sufficient to identify all masses
of interest. The event trigger was a coincidence between
the dE and E detectors.

Nonlinearities in the response of the electronics were
checked using a precision calibration pulser and corrected
with a second degree polynomial. The energy signal of
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each silicon detector was calibrated using a zszCf fission
source. The calibrated energy signals of the dE and E
detectors were then added to give the total detected en-
ergy, which, in addition, was corrected for pulse-height
defects [22]. A final calibration factor (very close to 1.0)
positioned the elastic peak exactly at the theoretical elas-
tic energy, minus the calculated energy loss in half of
the target thickness. In the later analysis, the tabulated
energy and charge-dependent energy loss in half of the
target thickness was added to the total detected energy
to obtain the actual kinetic energy of the projectilelike
fragments. From calibration runs with the Ca target at
8.0', the energy resolution (FWHM) was 1.7 MeV for the
s7C1 elastic peak (265.2 MeV).

The charge and mass calibrations were done using the
Ca data at 13.0' because this provided a wider range of
charges and masses in the products than did the Bi tar-
get. The Z lines and the mass lines were corrected em-
pirically for energy dependence. The correction was con-
sidered suitable when the position of the mass or charge
centroids did not change by more than 0.1 mass unit
when plotted as a function of laboratory energy. It was
found that the centroid position of a given mass shifts
with the atomic number and vice versa. A linear correc
tion to both the atomic number and the mass was made
to eliminate these shifts. The resolutions (FWHM) were
0.5 mass unit for A = 37 and 0.4 charge unit for Z = 17.
Representative charge and mass distributions are shown
in Fig. 1.
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B. ssC1 on ~e9Bi at E = 15 MeV/nucleon

A 528.8-MeV beam of sC1, provided by the coupled
operation of the HHIRF tandem and cyclotron, was de-
livered to the TOF station. The TOF spectrometer con-
sisted of a 30.5-cm-diam scattering chamber connected
to a TOF arm with a dE Eionization ch-amber at its
end. The beam charge current was maintained between
15 and 20 nA throughout the experiment. The charge
state of ssC1 was 14+; the time structure of the beam
was determined by the cyclotron frequency (10.71 MHz. ).
The target was self-supporting o Bi (1000 pg/cm2). A
potential of 1500 V was applied to the target to sup-
press secondary electrons. The TOF arm was positioned
at 18.0' for data collection. A collimator consisting of a
stainless steel plug with an oval orifice of about 3x 6 mm2

was placed at the entrance of the arm, which was at 15.3
cm from the target. Therefore, the TOF arm provided
an angular acceptance of about 0.6' in plane and 1.2'
out of plane.

The start and stop detectors used in the TOF mea-
surement were transmission-type parallel plate avalanche
counters (PPAC's). They were mounted in the TOF arm
separated by a distance of 253 cm. The start detector was
positioned at 39.4 cm from the target. The start PPAC
had an area of 2 x 2 cmz, and the stop PPAC had an area
of 8x10 cm~ and could be enabled to give 2:-y position
information. Each PPAC had four windows made of 60
pg/cm2 polypropylene. Both detectors were filled with
isobutane at a pressure of 6 torr. The ionization chamber

FIG. 1. Representative (a) mass and (b) charge distribu-
tions for the system Cl + Ca at 270 MeV. An energy gate
was set to eliminate elastic events.

at the end of the TOF arm had four consecutive anodes
of 10, 10, 20, and 40 cm in length, respectively. The en-
trance to the chamber was a 300 pg/cm Mylar window.
A mixture of 90%%uo Ar and 10% methane (P-10) was used
as the filling gas at a pressure of about 410 torr.

Corrections for electronics nonlinearities were per-
formed for each of the four energy signals of the ionization
chamber. A partial position correction was applied using
the x-position information provided by the measurement
of the electron-drift time in the ionization chamber. The
x-position dependence of the energy and TOF signals was
corrected using polynomials. A gate on this drift-time
was also established to reject events either without drift
time or near the extremes of the drift-time spectrum of
the ionization chamber. After x-position correction, the
four dE signals were added together to generate a new
parameter proportional to the total-energy deposited in
the ion chamber. The addition of the four signals was
multiplied by a factor to normalize the total energy to
that of the cia~-'tic peak minus the energy loss in half of
the target thickness and the windows of the detectors.

Corrections for energy loss in half of the target thick-
ness and the windows of the detectors, as a function of
atomic number and energy of the projectilelike fragment,
were performed in the way described for the Argonne ex-
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periment. For the elastic peak at 18.0', the energy was
520.2 MeV with a FWHM of about 10 MeV. It should
be stressed that this width actually represents an up-
per limit for the energy resolution because the elastic
peak was measured close to the grazing angle, where in-
elastic events contribute significantly to the total width.
For the atomic number determination, the first element
of the ionization chamber was not used because of its
poor resolution. The Z lines were obtained using the
second element as the dE parameter and the addition of
the third and fourth as the E parameter. As a conse-
quence, events that deposited all their energy in the first
two elements did not have Z identification and were not
considered. For example, using energy loss calculations,
the minimum energies required for the identification of
Z= 17, 15, 13, and ll are about 240, 205, 170, and 135
MeV, respectively. A FWHM of about 0.3 charge unit
was measured for Z = 17.

The determination of the mass presented a very diffi-
cult problem due to the poor resolution obtained for the
experimental mass parameter. After establishing a gate
around Z = 17, the width (FWHM) of the elastic TOF
peak measured at 18.0' was about 900 ps. Considering
the energy resolution to be around 1% (a value consis-
tent with previous experiments), the resulting mass reso-
lution would have an upper limit of about 1.7 mass units.
Without defined peaks, mass cannot be unambiguously
corrected for energy dependence because the positions of
the centroids cannot be established with certainty. Sev-
eral attempts to try to elucidate the mass centroids failed.
A new approach was tried: the use of deconvolution tech-
niques, commonly used in image restoration, to enhance
the mass peaks. The method was successfully tested in
known spectra that had been purposely distorted and
subsequently applied to the Oak Ridge mass data [23].

To determine the energy dependence of the mass pa-
rameter, the yield in the mass-energy plane was obtained
for Z= 15, 16, and 17, respectively, and projections of
the yield on the mass coordinate were made at 10-MeV
energy intervals. The position of the mass peaks cor-
responding to each projection was established using the
deconvolution technique. The energy dependence was
corrected for each Z separately. Mass parameters corre-
sponding to Z ( 15 or Z ) 17 were corrected assuming
the same functional dependence as that of Z=15 or 17,
respectively. Mass spectra were then generated individ-
ually for Z = 13 to 18. The positions of the mass peaks
were determined using the deconvolution technique, and
the mass parameter was linearly calibrated for Z depen-
dence. After the mass parameter was corrected for en-
ergy and Z dependence, a total mass spectrum (excluding
only Z=17) was generated and deconvolved. The peak
centroids were found at the expected values of the mass
coordinate. Mass spectra were also generated and de-
convolved for individual atomic numbers after the energy
and Z dependence were corrected, and the centroids were
found consistent with the mass coordinate. It is impor-
tant to note that the deconvolution procedure was used
with the sole purpose of calibrating the mass parameter,
and that it was not applied to any of the spectra used
thereafter. In principle, this procedure could only intro-

duce errors to the mass calibration. However, the tech-
nique applied to corrected spectra has shown consistency
in revealing the mass peaks at the expected positions.
Representative mass and charge distributions are shown
in Fig. 2; the mass spectrum shows both the original data
and the result of applying the deconvolution procedure.

C. Data reduction

The procedures employed for data reduction are simi-
lar to those described and used in Refs. [5,8,9,24]. The
total kinetic energy loss, EI~», was calculated assuming
two-body kinematics. Corrections in the energy-loss scale
for evaporation were included. The assumptions made in
this correction were (1) that the velocity of the projec-
tilelike fragment did not change, on the average, because
of evaporation, (2) that the evaporated mass could be
expressed as a smooth function of the excitation energy
of the projectilelike fragment, and (3) that the ground-
state Q value could be expressed as a smooth function of
the projectilelike fragment Z. The corrections also need

I I I I I I I I I I I I I I I I I I I I

1250

1000

s5C1 2o9B. ]
[ (a)

750

500

250

0
20 35

ITlBSS

40

6000

I I I I I I I I I I I I I I I I I I I I I

(b)

4000

2000

12
I I I I I I

14 16 18

atomic number

I I I I

20

FIG. 2. Representative (a) mass and (b) charge distribu-
tions for the system Cl + Bi at 528 MeV. A gate was
set to eliminate elastic events. There are two curves for the
mass: one represents the data as is (single wide peak), and the
other the peak enhancement efFect after using a deconvolution
procedure.
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to assume a form of excitation energy division between
projectilelike and targetlike fragments.

Experimental evidence indicates that the excitation
energy divides equally at low-energy losses and smoothly
evolves towards thermal equilibrium as the energy loss
increases [3,25]. Therefore, two cases were considered for
the correction of the energy-loss scale in the case of the
Bi reactions: equal division of excitation energy between
the reaction partners and division according to the mass
of the products (thermal division). Only equal division
was considered for the Ca target, since both projectile
and target are practically identical in mass.

The total evaporated mass was calculated as a function
of excitation energy using the PACE II code [20] for a series
of possible reaction products of the systems under study.
It was assumed that the reaction products would have
N/Z ratios between that of the projectile and that of the
composite system. Linear fits were performed to obtain
an expression for the average mass evaporated (b.M) as
a function of the excitation energy (E,„)

oI
O
6$)

LU

lh

c5

10

2
n

AM = mp + miE, „,
where mp and mi are constant eoefficients. The spin
of the particle, one of the inputs to PACE II [20], was
calculated assuming the sticking limit [3]. Calculations
at fixed spin values (lh and 155) showed that the average
evaporated mass did not have a strong dependence on
the spin. However, the evaporated mass shows greater
dispersion for the higher spin, as seen in Fig. 3. Ground
state Q values (Qss) were plotted as a function of the
atomic number for each of the systems and fit with a
quadratic polynomial:

~ @TED ~ IQ

20 40 60 80 100
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FIG. 3. Mass evaporated as a function of the excitation
energy for several possible projectileljke fragments of the re-

action ~~C1 +. Bi assuming two different spin values: (a)
1h and (b) 1M. The straight lines are least-square fits to the
simulations.

Qgg = qp + qi~ + q2~, (2)

where qp, qi, and q2 represent constant coefficients.
The values of the constant coefficients of Eqs. (1) and

(2) for each of the three systems studied here are given in
Table I. For each event, the step-by-step procedure can
be summarized as follows (the numbers 1—4 represent the
projectile, target, projectilelike fragment, and targetlike
fragment, respectively): (1) Calculate a first estimate of
Ei „using the experimental M3 and E3, assuming M4
= Ml + M2 —M3. (2) Using Eq. (2), calculate the
ground-state Q-value corresponding to the projectilelike
fragment Z. (3) Determine the total excitation energy
as EI«, —Q~~. (4) Assume a form of excitation energy
division and calculate the excitation energy of the pro-
jectilelike fragment. (5) From Eq. (1), calculate the mass
evaporated using the excitation energy obtained in step

4, add it to M3 and recalculate M4. (6) Calculate the
energy of the projectilelike fragment by multiplying the
original energy by the ratio (M3 + AM)/M3. (7) Re-
calculate Ei „and find the difFerence from the last value
obtained. Repeat steps 3—7 until the difFerence becomes
smaller than O.l MeV or the number of iterations reaches
100 (abort event). Practically no events were discarded
and the latter condition was set only to avoid an infinite
loop in case of a bad event.

Distributions of atomic and neutron number as a func-
tion of Eio„were generated. The Ei«, was binned in
4-MeV intervals for the systems s~C1 on PCa and Bi,
and in 10-MeV intervals for the system asC1 on z Bi for
the first 100 MeV of Ei „and 20-MeV intervals from
there on. The wider energy intervals used in the last

TABLE I. Values of the fit parameters corresponding to Eqs. (1) and (2) for the three systems
under study.

System
Cl on Ca

37C1 on 2o9Bj

Cl on Bi

fAD

(10 U)
—28.77
5.749
5.749

10 mx
(10 u/MeV)

9 990
8.187
8.187

qo

(MeV)
—22.71
—207.0
—187.3

q]
(MeV/Z)

2.378
16.63
15.07

q2

(10 MeV/Z )
—6.528
—26.49
—22.89
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system are due to the larger energy-loss range and the
poor statistics at high-energy loss. The relative yield of
projectilelike fragments was plotted in the N-Z plane,
which was binned in cells of 0.25x0.25 mass-charge unit.
All the relative yields were transformed to the center-
of-mass system and the distributions characterized by
their centroids, variances, and coefficients of correlation.
Two methods were employed to parametrize the shapes of

the distributions: moment analysis and two-dimensional
Gaussian fit [24]. Both methods include corrections for
Rnite resolution and binning efFects. For the most part,
no significant differences were found between the results
of the two methods [23]. But, at low E~ „values, some
significant differences were found. However, in this en-
ergy region, only a few nuclides are present and the sta-
tistical meaning of the distribution parameters becomes

'~

TABLE II. Parameters obtained using a Gaussian fit for the system Cl+ Ca at 270 MeV.
The energy loss (E~ „)values have been corrected assuming equal division of the excitation energy.

E) „(MeV)
8

20

24

32

40

44

60

64

68

72

76

80

88

92

96

100

(z)
17.12
+0.05
16.97
+0.05
16.96
+0.05
16.91
+0.05
16.84
+0.05
16.79
+0.05
16.69
+0.05
16.57
+0.05
16.47
+0.05
16.42
+0.06
16.31
+0.06
16.22
+0.06
16.12
+0.06
15.94
+0.06
15.84
+0.06
15.65
+0.07
15.48
+0.07
15.25
+0.07
14.98
+0.09
14.83
+0.09
14.66
+0.10
14.71
+0.11
14.78
+0.10
15.15
+0.11

(N)
19.67
+0.08
19.60
+0.08
19.26
+0.08
19.02
+0.08
18.89
+0.08
18.71
+0.08
18.51
+0.08
18.26
+0.08
18.14
+0.08
18.00
+0.08
17.82
+0.08
17.69
+0.08
17.56
+0.08
17.35
+0.07
17.23
+0.08
17.02
+0.09
16.83
+0.09
16.60
+0.10
16.29
+0.11
16.12
+0.12
15.94
+0,13
15.98
+0.14
16.08
+0.12
16.54
+0.13

20'z

0.237
+0.021
0.345

+0.023
0.617

+0.025
0.919

+0.029
1.104

+0.034
1.310

+0.040
1.713

+0.047
2.142

+0.055
2.635

+0.047
3.296

+0.079
3.812

+0.078
4.737

+0.092
5.776

+0.109
6.801

+0.092
8.231

+0.170
9.849

+0.211
11.955
+0.274
13.875
+0.350
16.607
+0.493
18.366
+0.586
20.409
+0.721
21.889
+0.881
21.385
+0.664
16.850
+0.709

2
+N

0.289
+0.026
0.596

+0.036
0.921

+0.033
1.142

+0.034
1.388

+0.041
1.859

+0.053
2.404

+0.063
3.079

+0.075
3.630

+0.063
4.460

+0.105
5.250

+0.105
6.401

+0.122
7.842

+0.146
9.102

+0.122
10.959
+0.225
13.087
+0.279
15.921
+0.364
18.819
+0.474
22.320
+0.662
25.187
+0.804
27.848
+0.986
30.254
+1.129
29.989
+0.932
24.016
+1.011

0.073
+0.065
0.152

+0.043
0.375

+0.025
0.559

+0.016
0.660

+0.014
0.725

+0.011
0.799

+0.008
0.860

+0.006
0.883

+0.004
0.906

+0.004
0.921

+0.003
0.934

+0.002
0.948

+0.002
0.955

+0.001
0.964

+0.001
0.969

+0.001
0.974

+0.001
0.976

+0.001
0.981

+0.001
0.982

+0.001
0.985

+0.001
0.985

+0.001
0.986

+0.001
0.982

+0.001
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questionable. Also, the results corresponding to Cl on
Ca show significant differences at energy losses greater

than about 80 MeV. These differences could be due to a
non-Gaussian behavior of the distributions at those El«,
values. It would then appear that a moment analysis
would be more appropriate for that energy region. How-
ever, it has to be kept in mind that a moment analysis is
much more sensitive to data that has been cut off than a

Gaussian fit and that these cutoffs, either purposely gen-
erated to exclude a nonphysical background or due to
the dynamical range of the detector system, are always
present.

The experimental distribution parameters presented
in this paper correspond to the results from the two-
dimensional Gaussian fit procedure, as presented in Refs.
[5,8,9,24]. The errors that are quoted correspond only to

TABI E III. Parameters obtained using a Gaussian fit for the system Cl+ Bi at 270 MeV.
The energy loss (E& „)values have been corrected assuming equal division of the excitation energy.

Eioss (MeV)

8

20

28

32

36

40

44

48

56

60

68

76

80

84

88

92

96

100

(z)
16.79
+0.06
16.54
+0.05
16.51
+0.06
16.42
+0.05
16.16
+0.06
16.02
+0.06
15.92
+0.06
15.90
+0.06
15.81
+0.06
15.65
+0.06
15.55
+0.06
15.45
+0.06
15.34
+0.06
15.15
+0.07
14.96
+0.07
15.02
+0.07
14.78

+0.070
14.67

+0.073
14.68
+0.09
14.48
+0.09
14.12
+0.09
13.73
+0.09
13.79
+0.10
13.17
+0.09

(N)

20.35
+0.11
20.25
+0.07
20.30
+0.08
20.22
+0.08
20.06
+0.09
19.91
+0.09
19.78
+0.09
19.68
+0.09
19.53
+0.09
19.41
+0.09
19.34
+0.09
19.18
+0.10
19.00
+0.10
18.91
+0.10
18.58
+0.10
18.57
+0.11
18.26
+0.11
18.16
+0.11
17.99
+0.14
17.97
+0.15
17.67
+0.16
17.05
+0.14
17.20
+0.17
16.42
+0.15

2
CTz

0.219
+0.021
0.448

+0.080
0.367

+0.022
0.501

+0.017
0.697

+0.034
0.773

+0.039
0.783

+0.040
0.838

+0.040
0.903

+0.044
0.953

+0.048
1.033

+0.049
1.080

+0.054
1.167

+0.058
1.304

+0.067
1.297

+0.068
1.615

+0.085
1.498

+0.085
1.572

+0.099
2.325

+0.140
2.401

+0.149
2.413

+0.169
2,096

+0.161
2,303

+0.188
1.425

+0.151

2+N

0.809
+0.079
0.510

+0.158
0.580

+0.033
1.018

+0.030
1.197

+0.050
1.356

+O.G59
1.488

+0.064
1.678

+0.070
1.774

+0.075
1.863

+0.081
1.946

+0.080
2.109

+0.093
2.329

+0.102
2.753

+0.120
2.607

+0.123
2.971

+0.141
2.972

+0.155
3.276

+0.183
4.645

+0.261
4.609

+0.263
4.954

+0.327
3.640

+0.255
5.253

+0.399
2.343

+0.237

0.065
+0.073
—0.181
+0.191
0.397

+0.036
0.410

+0.020
0.416

+0.028
0.462

+0.027
0.438

+0.028
0.490

+0.025
0.563

+0.024
0.594

+0.024
0.554

+0.024
0.618

+0.023
0.627

+0.022
0.670

+0.021
0.686

+0.021
0.746

+0.018
0.743

+0.019
0.771

+0.020
0.838

+0,015
0.836

+0.016
0.843

+0.016
0.762

+0.026
0.866

+0.017
0.823

+0.028
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those of the fitting procedure and do not re6ect other pos-
sible sources. The statistical errors of the data are not
considered explicitly in the fit procedure. However, the
uncertainty in the fit results, calculated via chi squared,
increases with the random fluctuations of the data points.
In all the figures, error bars are indicated only if they are
larger than the symbols. The resulting Gaussian param-
eters are summarized in Tables II—VI.

III. PRODUCT DISTR.IBUTIONS

In this section, the secondary distributions of projec-
tilelike fragments are presented in terms of their charac-
teristic parameters as a function of energy loss, as de-
rived from the turbo-dimensional Gaussian fit procedure.
These parameters are (Z), (N), (N)/(Z), the variances
in charge and neutron number (o&, o'~), and the cor-

TABLE IV. Parameters obtained using a Gaussian fit for the system Cl+ Bi at 270 MeV.
The energy loss (E& „) values have been corrected assuming thermal division of the excitation
energy.

E) „(MeV)
8

12

20

24

40

52

60

100

(z)
16.79
+0.05
16.55
+0.05
16.51
+0.05
16.44
+0.06
16.23
+0.06
16.11
+0.06
16.04
+0.05
16.96
+0.06
15.88
+0.06
15.80
+0.06
15.75
+0.06
15.63
+0.06
15.55
+0.06
15.42
+0.06
15.39
+0.06
15.28
+0.07
15.07
+0.07
14.96
+0.07
14.87
+0.08
14.79
+0.08
14.60
+0.08
14.57
+0.10
14.33
+0.10
14.00
+0.10

(N)
20.35
+0.08
20.41
+0.08
20.35
+0.08
20.21
+0.09
20.16
+0.09
20.02
+0.09
19.90
+0.08
19.75
+0.09
19.74
+0.09
19.57
+0.09
19.46
+0.09
19.31
+0.09
19.25
+0.09
19.01
+0.10
19.04
+0.10
18.79
+0.11
18.58
+0.11
18.50
+0.11
18.42
+0.12
18.19
+0.12
18.05
+0.13
18.09
+0.16
17.57
+0.14
17.11
+0.16

0.193
+0.009
0.233

+0.010
0.331

+0.013
0.469

+0.025
0.687

+0.033
0.741

+0.035
0.781

+0.027
0.813

+0.042
0.894

+0.041
0.924

+0.043
1.043

+0.050
1.038

+0.049
1.156

+0.051
1.164

+0.058
1.390

+0.065
1.632

+0.082
1.656

+0.090
1.626

+0.088
1.852

+0.105
1.871

+0.112
2.249

+0.142
2.934

+0.187
2.427

+0.169
2.186

+0.176

2+N

0.716
+0.031
0.408

+0.018
0.542

+0.019
0.846

+0.041
1.119

+0.047
1.231

+0.050
1.430

+0.044
1.487

+0.066
1.653

+0.067
1.822

+0.074
1.914

+0.082
1.902

+0.080
2.292

+0.087
2.361

+0.103
2.690

+0.113
3.082

+0.140
2.740

+0.134
3.116

+0.153
3.689

+0.196
3.262

+0.179
4.369

+0.258
5.402

+0.321
4.350

+0.290
4.297

+0.310

0.041
+0.036
0.397

+0.026
0.425

+0.022
0.335

+0.033
0.455

+0.027
0.467

+0.026
0.503

+0.019
0.474

+0.028
0.520

+0.024
0.601

+0.022
0.582

+0.023
0.588

+0.023
0.641

+0.019
0.658

+0,021
0.684

+0.019
0.751

+0.017
0.698

+0.021
0.769

+0.018
0.792

+0.017
0.788

+0.020
0.829

+0.017
0.863

+0.014
0.830

+0.019
0.824

+0.021
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TABLE V. Parameters obtained using a Gaussian fit for the system Cl+ Bi at 528 MeV.
The energy loss (E& „)values have been corrected assuming equal division of the excitation energy.

E( „(MeV)
10

20

30

40

50

60

70

80

90

100

110

130

150

170

190

210

230

(Z)
16.52
+0.06
16.23
+0.05
16.07
+0.05
15.80
+0.05
15.57
+0.05
15.43
+0.05
15.23
+0.06
14.81
+0.05
14.96
+0.06
14.73
+0.06
14.28
+0.06
14.29
+0.06
13,76
+0.06
13.11
+0.06
12.62
+0.07
11.76
+0.07
11.28
+0.08

18.51
+0.09
18.40
+0.08
18.16
+0.08
18.14
+0.08
18.33
+0.08
18.44
+0.08
18.41
+0.08
18.79
+0.07
18.27
+0.09
18.25
+0.08
18.69
+0.09
17.90
+0.10
16.77
+0.11
16.17
+0.10
14.75
+0.10
13.64
+0.11
11.70
+0.12

2
C7z

1.080
+0.033
1.193

+0.019
1.310

+0.017
1.489

+0.021
1.656

+0.024
1.785

+0.025
1.949

+0.041
2.279

+0.017
2.206

+0.056
2.084

+0.040
2,286

+0.058
2.351

+0.067
1.996

+0.062
1.732

+0.053
1.683

+0.061
1.616

+0.078
1.641

+0.090

4.602
+0.125
5.366

+0.074
5.672

+0.062
6.491

+0.073
6.051

+0.069
4.980

+0.060
4.740

+0.085
5.099

+0.029
5,405

+0.113
4.951

+0.088
5.956

+0.145
7.174

+0.214
7.290

+0.212
5.515

+0.159
4.923

+0.161
4.757

+0.195
4.351

+0.199

—0.356
+0.018
—0.269
+0.010
—0.283
+0.008
—0.298
+0.009
—0.251
+0.009
—0.196
+0.009
—0.156
+0.014
—0.132
+0.005
—0.005
+0.017
0.133

+0.012
0.249

+0.016
0.352

+0.017
0.307

+0.020
0.242

+0,020
0.204

+0,024
0.195

+0.031
0.250

+0.036

relation coefficient (p). The evolution of the mass and
charge centroids depends on the forces generated by the
underlying dinuclear potential. In the case of symmetric
systems and neglecting preequilibrium emission, no drift
should occur in (N) or (Z) of the primary distributions.
Therefore, the drifts in (N) and (Z) of the secondary dis-
tributions should be due solely to evaporative processes.
On the other hand, for asymmetric systems gradients in
the mass and isospin coordinates are expected to produce
net drifts in (N) and (Z) of the primary distributions.
The system Cl on 0Ca is nearly symmetric. The other
two systems, Cl on Bi and Cl on 0 Bi, have large
asymmetries in the mass and isospin coordinates. A corn-
parison between the last two systems should emphasize
the effect of the N/Z ratio in the product distributions,
since they have about the same mass asymmetry and dif-
ferent projectile N/Z value.

The variances are mostly sensitive to the type of mech-
anism involved in these reactions. For example, in the
nucleon exchange mechanism the variance of the N-Z dis-
tribution is related to the number of nucleon exchanges

between the reaction partners. The dependence between
neutron and proton transfers is indicated by the correla-
tion coefficient. A p = 0 (no correlation) means that the
protons and neutrons are exchanged independently. Cor-
relation is indicated by p ) 0 and signifies that proton
and neutron transfers occur preferentially in the same di-
rection, for example, because of energetic constraints to
the P-stability valley. A p ( 0 (anticorrelation) would in-
dicate that protons and neutrons are preferentially trans-
ferred in opposite directions.

Since the results presented here correspond to sec-
ondary distributions, it is important to keep in mind
the efFects of the sequential evaporation of neutrons and
protons on the parameters of the distributions. Gener-
ally, the centroids of the secondary distributions show a
negative shift with respect to those of the corresponding
primary distributions. The magnitude of this shift will
increase with excitation energy and, hence, energy loss.
In heavy or neutron-rich systems, (N) should be mostly
affected and (Z) may remain more or less unchanged.
However, in light systems or at high energy losses, charge
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TABLE VI. Parameters obtained using Gaussian Gt for the system Cl+ Bi at 528 MeV. The
energy loss (Ei „)values have been corrected assuming thermal division of the excitation energy.

E) „(MeV)
10

20

30

50

60

70

90

100

110

130

150

170

190

210

230

(z)
16.54
+0.06
16.38
+0.05
16;01
+0.05
15.83
+0.05
15.67
+0.05
15.40
+0.05
15.56
+0.05
14,99
+0.06
14.95
+0.05
15.24
+0.06
15.14
+0.06
14.74
+0.06
14.89
+0.05
13.76
+0.07
13.51
+0.06
13.21
+0.06
12.11
+0.07

(N)
18.48
+0.10
18.56
+0.08
18.47
+0.08
18.42
+0.08
18.22
+0,08
18.35
+0.08
18.39
+0.08
18.78
+0.08
18.64
+0.08
18.42
+0.09
18.30
+0.08
18.29
+0.09
17.78
+0.07
17.98
+0.10
16.48
+0.10
15.87
+0.10
14.94
+0.10

2
CJz

1.046
+0.034
1.156

+0.021
1.244

+0.018
1.344

+0.018
1.511

+0.021
1.653

+0.024
1.755

+0.027
1.812

+0.037
1.972

+0.030
2.331

+0.061
2.345

+0.039
2.219

+0.054
2.378

+0.020
2.112

+0.066
1.657

+0.053
1.685

+0.056
1.420

+0.061

2+N

4.472
+0.133
4.991

+0.083
5.064

+0.064
5.567

+0.063
6.173

+0.070
6.505

+0.079
6.020

+0.074
4.840

+0.085
4.722

+0.063
5.101

+0.106
5.450

+0.071
5.452

+0.127
6.921

+0.063
7.570

+0.238
5.489

+0.165
4.783

+0.150
4.095

+0.144

—0.376
+0.019
—0.290
+0.011
—0.277
+0.009
—0.285
+0.008
—0.300
+0.009
—0.287
+0.010
—0.233
+0.010
—0.197
+0.014
—0.134
+0.010
—0.132
+0.017
—0.072
+0.011
0.174

+0.016
0.321

+0.005
0.336

+0.019
0.145

+0.022
0.167

+0.023
0.087

+0.027

evaporation can become very significant. The variances
are also affected by the evaporation process. Secondary
distributions can be either narrower or wider than the
primary ones. Also, sequential evaporation can signifi-
cantly increase the coeKcient of correlation as it focuses
the distribution towards the P-stability line.

A. Centroids and neutron-to-proton ratios

The values of (Z), (N) and (N)/(Z) as a function of
energy loss are shown in Fig. 4 for the system s7Cl on
40Ca. The circles represent the experimental data. The
(Z) and (N) decrease with increasing energy loss. The
decrease in (N) is nearly a linear function. At 90 MeV of
Ei~», (N) and (Z) have lost about 4.2 N units and 2.3
Z units, respectively. If the excitation energy is divided
equally, the average amount of mass evaporated can be
calculated [Eq. (1)j to be around 4 mass units, which is
2.5 mass units less than the experimental result. There-
fore, it appears that the mass deficit in the projectilelike
fragments cannot be accounted for by evaporation alone.

Overall, it seems that there should be a net flow of nucle-
ons from the projectile to the target to justify the mass
deficit. The ratio (N)/(Z) initially decreases, as would
be expected from a process of charge equilibration, and
after about 40 MeV of energy loss remains nearly con-
stant at a value of about 1.09. This ratio is very close to
the N/Z ratio of the composite system (1.08).

The results for (Z), (N), and (N)/(Z) are shown in
Fig. 5 for the system Cl on OsBi. The circles and
squares correspond to corrections of the energy-loss scale
assuming equal and thermal division of the excitation
energy, respectively. At low-energy loss, the differences
between these corrections are not significant. However,
after the first 20 MeV of energy loss, the (Z) and (N)
corresponding to equal division of the excitation energy
are increasingly smaller than those corresponding to ther-
mal division. This result is expected because evaporation
increases with excitation energy, and, at a given energy
loss, the equal division of excitation energy will deposit
more excitation in the lighter partner than does thermal
division. The (Z) and (N) decrease with increasing en-
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ergy loss. At 70 MeV of E[ „, (N) and (Z) have lost
about 1.6 N units and 1.0 Z units, respectively.

The (N) rises to a little over 20 for the first 20 MeV of
Ei „,while (Z) decreases steadily from 17. This seems to
indicate a net transfer of neutrons from the target to the
projectile and a net transfer of protons from the projectile
to the target, for the lowest Ei ». Both (N) and (Z) show
an almost linear dependence over most of the E1 „range.
The ratio (N)/(Z) rises slightly, and reaches a constant
value after about 20 MeV of energy loss. This value is
around 1.24 and is far from the composite system value
of 1.46.

Figure 6 shows the results for (Z), (N), and (N)/(Z)
as a function of E[«, for the system ssC1 on osBi. The
circles and squares represent corrections of the energy-

loss scale corresponding to equal and thermal division of
the excitation energy, respectively. There are no signifi-
cant differences between corrections for the first 100 MeV
of EI», . After that the differences in (Z) start increasing
with energy loss, reaching up to 2 Z units. The differ-
ences in (N) evolve similarly, giving differences of up to 4
N units. As expected, the (Z) and (N) corresponding to
equal division of the excitation energy are smaller than
those corresponding to thermal division. The value of
(Z) decreases nearly monotonically with increasing en-
ergy loss. At 100 MeV of E»» (Z) has lost about 2 Z
units. The value of (N) remains approximately constant
(- 18.5) up to about 100 MeV of E[~»', then it starts
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FIG. 4. Experimental results (circles) and model predic-
tions for (Z), (N), and (N)/(Z) corresponding to the sec-
ondary (post-evaporation) distributions of projectilelike frag-
ments of the reaction Cl + Ca at 270 MeV as a function of
energy loss. The dash-dotted lines and the dotted lines repre-
sent the result of the primary distributions predicted by Ran-
drup's and Tassan-Got's models, respectively. The solid lines
represent the results from Randrup's model and the dashed
lines represent the results from Tassan-Got's model, after be-
ing corrected for evaporation using PACE II. The horizontal
dotted lines represent the ratio N/Z of the projectile (top)
and compound system (bottom), respectively.

E„„(MeV)

FIG. 5. Experimental results (circles and squares) and
model predictions for (Z), (N), and (N)/(Z) corresponding to
the secondary distributions of projectilelike fragments of the
reaction Cl+ Bi at 270 MeV. The circles and squares rep-
resent the experimental results after correcting the energy-loss
scale assuming equal and thermal division of the excitation
energy, respectively. The dash-dotted lines and the dotted
lines represent the result of the primary distributions pre-
dicted by Randrup's and Tassan-Got's models, respectively.
The solid lines represent the results from Randrup's model
and the dashed lines represent the results from Tassan-Got's
model after being corrected for evaporation using PACE II.
The horizontal dotted lines represent the ratio N/Z of the
projectile (bottom) and compound system (top).
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L'1 + Bi E, b
= GP'8 Mev Cl + Ca E&,b = 270 MeV
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FIG. 6. Same as Fig, 5 for the reaction Cl + Bi at

528 MeV.

decreasing. For the first 100 MeV of E~ „,the (N)/(Z)
ratio increases up to about 1.25. At E~ „larger than
100 MeV, the fluctuations make it difficult to establish
a clear trend. However, the data points remain well be-
low the N/Z ratio of the composite system. It must be
pointed out that there could be a systematic error for
the neutron numbers corresponding to Z (15, since the
energy dependence of the mass centroids was established
only up to Z=15. However, the direction of this error is
not known and the (N) drift seems too large to be due
only to this. As in the case of s7C1 on ~osBi, these re-
sults support a net flow of neutrons from the target to
the projectile and of protons from the projectile to the
target. However, the functional dependence of (N) shows
a striking difference with respect to that case.

B. Variances and coe8icients of correlation

In Fig. 7 the values of o'&, cr~, and p are displayed
as a function of energy loss for the system Cl on Ca.
Both cr&2 and o~~ increase rapidly with E&«, . At 90 MeV
of E~Qss the a& and a~ reach values of around 20 and 30,
respectively. The correlation coefficient increases sharply
with energy loss and between 40 and 60 MeV reaches a
nearly constant value very close to 1.0. The rapid in-
crease of the variances and the correlation coefficient with
energy loss indicates that the product distributions read-
ily group around a diagonal line in the N Zplane. -

E„„(MeV)
FIG, 7. Experimental results and model predictions for

oz, o'~, and p~z corresponding to the secondary distribu-
tions of projectilelike fragments of the reaction Cl + Ca
at 270 MeV as a function of energy loss. Symbols are the
same as in Fig. 4.

The results of oz2, o&, and p are displayed as a func-
tion of energy loss for the system ~Cl on Bi at 7.3
MeV/nucleon in Fig. 8. As in the previous case, both
cruz and cr~~ increase with energy loss but, to a much lesser
extent. At 70 MeV of E~ „,the variances in N and Z are
about 5 and 2.5, respectively. The correlation coefficient
rises sharply to a value around 0.4 in the first 20 MeV
of energy loss. After that, it follows a smooth linear rise
reaching a value of 0.7 at 70 MeV of E~ „.

For the system ssC1 on 2osBi at 15 MeV/nucleon, the
results of o&, o~, and p are shown in Fig. 9. Spuri-
ous contributions were observed in the mass coordinate
around the elastic peak that could have affected the value
of the variances. They should contribute only to the low-
energy-loss portion of the spectra and affect mainly a~
and p, and to a lesser degree a&. This could explain the
hump observed in o~2 at 50 MeV of E~o» However, af.ter
50 MeV of E~ „, the spectra are clean and it is possi-
ble to compare trends in the data with more confidence.
The az increases up to 100 MeV of energy loss, and from
there on starts decreasing. The a~~ seems to follow more
or less the same behavior. This is an interesting feature
that is not observed in the other two systems. In the
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FIG. 8. Experimental results and model predictions for
az, o.~, and p~ z corresponding to the secondary distributions

of projectilelike fragments of the reaction Cl + Bi at 270
MeV as a function of energy loss. Symbols are the same as in
Fig. 5.

same energy region where the variances reach a maxi-
mum, there is a sudden change in the slope of the (N)
and (Z) as a function of energy loss. The correlation co-
efBcient shows a sudden increase at about 100 MeV of
energy loss (going from negative to positive) and then
remains approximately constant, but only at a value of( 0.5, much less than for other systems.

IV. COMPARISONS TO MODEL PREDICTIONS

The models used here are based on the nucleon ex-
change mechanism. In this scenario, it is assumed that
nucleon exchange is the only important mechanism of dis-
sipation. Therefore, the damping of the kinetic energy,
the transport of angular momentum, and the evolution of
the system in the N-Z plane are explained in terms of the
exchange of nucleons between the reaction partners. The
system is represented as two Fermi-Dirac gases that ex-
change particles. In Randrup's model [17] a mean trajec-
tory approach is used. The dynamical equations for the
mean trajectory are derived using the Lagrange-Rayleigh
formulation of the equations of motion. The conserva-
tive driving forces are derived from the Lagrangian of the

FIG. 9. Same as Fig. 8 for the reaction Cl + Bi at
528 MeV.

macroscopic system, the dissipative forces are obtained
from the Rayleigh dissipation function, and the fiuctu-
ations of N and Z are predicted using a Fokker-Planck
equation. Since the driving forces are derived using the
Lagrangian, they implicitly contain kinetic terms (angu-
lar momentum, relative kinetic energy).

On the other hand, Tassan-Got's model [18] uses a
Monte Carlo approach and operates in an event-by-event
mode. An event starts with the projectile and target ap-
proaching in a Coulomb trajectory. When the two nuclei
are within range of the nuclear field a window opens and
stochastic transfers can occur. At this stage the rela-
tive motion and the dinuclear potential are solved nu-

rnerically in steps. At each step the neutron and proton
transfer probabilities are calculated. The possibility of
occurrence of a transfer and the type of transfer is de-
termined by random number generation for each step of
the trajectory. If a transfer occurs, the characteristics of
the nuclei are changed accordingly (mass, atomic num-

ber, angular momentum, excitation energy, etc.). The
motion is conservative between transfers and only the
transfers generate dissipation. The kinetic terms are not
included in the determination of the net nucleon flux.

Model calculations for the three experimental systems
were performed using the computer codes created by
Randrup and Tassan-Got. Both codes predict primary
distributions, which are given as a func'tion of energy
loss. To compare with experimental data, corrections for
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evaporation were included using the evaporation code
PACE II [20]. This evaporation code requires as input
the excitation energy and the spin of the excited nu-
cleus. In the case of Tassan-Got's code, the predicted
primary distribution was discrete and every nucleus of
the distribution had an associated excitation energy and
spin that were subsequently used as inputs to the evap-
oration code. Randrup's code, on the other hand, pre-
dicted the primary distribution in terms of parameters
of a two-dimensional Gaussian distribution in the N-Z
plane, along with average values of spin and tempera-
ture. In this case every nuclide with an associated prob-
ability of over 5% in the N-Z plane was used as input
to the evaporation code and the values of spin and tem-
perature were assumed to be equal to the average values.
The yields of the nuclei resulting from the evaporation
simulation, properly normalized to the primary distribu-
tion, constitute the secondary distribution. A moment
analysis was performed on these distributions to obtain
their characteristic parameters as a function of energy
loss. In the corresponding figures, model predictions cor-
rected for evaporation are represented by a solid line in
the case of Randrup's model and by a dashed line in the
case of Tassan-Got's model. The primary distribution
predictions are also included in some of the figures for
reference. They correspond to the dash-dotted line in
the case of Randrup's model and the dotted line in the
ease of Tassan-Got's model.

As seen in Fig. 4, there is a good agreement between
the model predictions of (Z), (N), and their ratio and
the data for the system "Cl on Ca. However, Fig.
7 shows that, as the energy loss increases, the experi-
mental variances become substantially larger than those
predicted by both models. These larger variances are
observed well above the entrance channel Coulomb bar-
rier (EI „-93 MeV). Therefore, it would appear that
there are contributions to the width other than those
generated in the current nucleon exchange scenario. The
experimental correlation coefBcient rises and tends to 1.0
faster than the model predictions.

For the system Cl on Bi, the experimental (Z) and
(N) and their ratio are compared to model predictions in
Fig. 5. Tassan-Got's model shows a good agreement in
(Z) with the experimental data, while Randrup's model
overestimates (Z). For the first 40 MeV of energy loss,
Tassan-Got's prediction of (N) is also good, after that
value of energy loss, it slightly overpredicts (N), but fol-
lows the trend of the experimental data.

Randrup's model predicts an increase of (N) with in-
creasing energy loss, even after evaporation corrections, a
behavior opposite to the trend of the experimental data.
The N/Z values corresponding to the projectile and the
composite system are represented in the figure by hor-
izontal dashed lines. There do not seem to be signifi-
cant differences in the ratio (N)/(Z) between the models
and experiment for the first 40 MeV of energy loss. At
that point, the models predict an increase towards the
composite system value of the (N)/(Z) with energy loss,
while the experimental values remain more or less con-
stant at about 1.24.

The experimental variances and the correlation coeK-

cient are compared to the models in Fig. 8. Randrup's
model agrees very well with the experimental variances
up to about 60 MeV of energy loss. Tassan-Got's model
reproduces very well the Z variance, but it overestimates
the N variance after the first 25 MeV of energy loss. The
experimental correlation coeKcient, as a function of en-
ergy loss, shows a sudden increase to a value of about
0.5, then a slow linear growth towards a value of 1.0.
The models do not reproduce this behavior very well;
they show an overall smooth increase of the coeKcient
with increasing energy loss.

In Fig. 6 the experimental values for (Z), (N), and the
ratio (N)/(Z) are compared to the model predictions for
the system Cl on Bi. Tassan-Got's model gives a
better overall agreement with the experimental (Z) than
does Randrup's. However, both models fail to describe
the evolution of the experimental (N) with energy loss
and the ratio (N)/(Z) is underestimated by both mod-
els. It is interesting to note that, while the experimental
(N)/(Z) increases towards the composite system value
(1.44) for the first 100 MeV of energy loss, both mod-
els predict a nearly constant value around 1.10. This is
in contrast with the predictions for the system s7C1 on
209B1.

The comparison of model predictions to experimental
variances and correlation coefficients for the system ssC1
on zosBi can be found in Fig. 9. The experimental vari-
ances increase up to about 100 MeV of energy loss, where
they reach a maximum and start to decrease slowly, while
both models predict a steady increase of the variances
with energy loss. This is an interesting feature that is
not observed in the other two systems. In the same en-
ergy region where the variances reach a maximum, there
is a sudden change in the slope of the average values of N
and Z as a function of energy loss. These findings could
indicate that a different type of mechanism is necessary
at higher energy losses. A breakup of the projectilelike
fragment is a possible explanation for these observations;
it would explain both the narrowing of the variances and
the sudden negative drifts in (N) and (Z). The exper-
imental p is negative for the first 100 MeV of energy
loss, in disagreement with both models, which predict
a sudden rise followed by a smooth increase towards 1.0.
However, it is not conclusive that there is anticorrelation,
since the negative value could be the effec of the mass
resolution.

For the asymmetric systems, it is instructive to look at
the experimental averages for Z and N corresponding to
different energy losses on the N-Z plane, as shown in Fig.
10 for the system s7C1 on osBi and in Fig. 11 for the
system ssC1 on zosBi. A line corresponding to the ratio
N/Z of the composite system (dash-dotted line), and a
P-stability line (dotted line) are included in the figures to
serve as guides. The P-stability line was obtained using
the mass equation from Ref. [26]. Both systems show a
strong negative charge drift with production of neutron-
rich projectilelike fragments. The evolution predicted by
the models is also shown in both plots. It. is clear that
Randrup's model predictions (solid line) show significant
departures from the experimental data in the N-Z plane.
Tassan-Got's predictions (dashed line) follow more or less
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the trends of the data but fail to reproduce the details.
Using the nuclear exchange model, a linear expression

can be derived [1] linking the variance in Z (or A) with
the square root of the available relative kinetic energy
(T~/~) as defined by

T = (E, —EI„,—V~)1/2 1/2

where E, is the center-of-mass kinetic energy, and V~
is the Coulomb barrier. The theoretical linear depen-
dence between T~/ and o& (Eq. (3.4.15) in Ref. [1]) is
valid only at low-energy losses. However, this representa-
tion presents a difFerent perspective and could help bring
new insights in the interpretation of the data. The linear
relation between T~/2 and o&2 is valid for primary distri-
butions, therefore, to test its validity with experimental
data, the variances should be corrected for evaporation.
However, Figs. 7, 8, and 9 indicate that there are not
significant differences between the variances in Z and N
between model calculated primary and secondary distri-
butions.

For the three systems studied here, the square root of
the available relative kinetic energy was plotted versus

FIG. 10. Evolution of (N) and (Z) in the N Zplane o-f

the secondary projectilelike fragments of the reaction Cl
+ Bi at 270 MeV. The circles represent experimental val-
ues assuming equal excitation energy division, the solid and
dashed lines represent Randrup and Tassan-Got's predictions,
respectively. The dotted line corresponds to the valley of P
stability and the dot-dashed line represents the ratio N/Z of
the compound system,
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FIG. 11. Same as Fig. 10 for the reaction Cl + Bi
at 528 MeV. The direction of the arrows indicate increasing
energy loss for the solid line.

FIG. 12. Square root of the available relative kinetic en-

ergy (T / ) as a function of az for the reactions: (a) Cl +
Ca at 270 MeV, (b) Cl + Bi at 270 MeV, and (c) Cl

+ Bi at 528 MeV. Symbols are the same as in Figs. 4 and
5.
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the Z variance of the secondary distributions for both
the model calculations and the experimental results. For
the system s Cl on OCa, shown in Fig. 12(a), the ex-
perimental T ~ decreases with o& as expected, however,
the models predict a much sharper decrease than that
observed. If the variance is representative of the num-
ber of nucleon exchanges, then the case of Cl on Ca
would suggest that the experimental exchanges are less
effective at dissipating energy than the models predict.

In Fig. 12(b), Ti~2 is represented as a function of cr&2

for the system Cl on zosBi. The experimental data
seem to fall between the two models but is in better
overall agreement with Tassan-Got's model. There is a
sharp change in the slope of the experimental data at
a cr& of about 0.8. Tassan-Got's model predictions ap-
proximately follow this slope; Randrup's predictions are
linear up to a crz of about 2 and follow only the first
points of the experimental data. The same plot for the
system ssC1 on 2osBi can be found in Fig. 12(c). The
experimental data show a linear dependence with o& up
to a value of about 2.4 and then show a dramatic change
from a negative to a positive slope. After that point,
the value of crz changes very little, while Ti~ continues
decreasing. This behavior is inconsistent with a nucleon
exchange mechanism, which predicts increasing variance
with increasing energy loss. The slopes predicted by the
models are in agreement with the experimental slope at
low cr&2. However, the Ti~z values differ more or less by
a constant.

V. COMPARISONS TO OTHER SYSTEMS

In making comparisons between different systems and
bombarding energies it is important to remember that
the deep-inelastic mechanism is a function of the relative
velocity of the ions and, as a consequence, a function
of the total kinetic energy and Coulomb barrier. There-
fore, even at the same bombarding energy, the energy-loss
range would not strictly scale between different systems.
Thus, the comparisons between systems are made on a
qualitative basis.

A negative drift in (Z) of the projectilelike fragments
has been observed in many asymmetric systems in which
the projectile has a lower N/Z ratio than the target [3—
11]. This is evidence of a net flow of protons from the
projectile to the target. Likewise, the increase in the N/Z
ratio of the projectilelike fragments can be assigned to a
net flow of neutrons from the target to the projectile.
On the other hand, observations made on the system
issXe on MFe at 5.9 MeV/nucleon, where the projectile
has a higher ratio N/Z than the target, showed that the
(Z) of the projectilelike fragments increased, while the
(N) decreased [13]. Therefore, one can infer that the
(Z) of the targetlike fragment decreased, while the (N)
increased, in agreement with the other systems.

It is interesting to compare the results of s Ni (N/Z=
1.07) and s4Ni (N/Z= 1.29) on zssU (N/Z= 1.59) at 8.5
MeV/nucleon (see Fig. 5 in Ref. 8) to the results of
the asymmetric systems studied here, ssC1 (N/Z= 1.06)
and s~C1 (N/Z= 1.18) on ~osBi (N/Z= 1.52), since they
have similar N/Z ratios. The products of s7C1- and s4Ni-

induced reactions show a nearly linear and negative drift
in (Z) and (N). On the other hand, the products of ssC1
and s Ni show an almost constant value for (N) for the
first 100 MeV of energy loss and a negative drift in (Z).
This seems to indicate a strong correlation between the
yields of products and the N/Z ratio. A mass asymmetry
parameter can be defined as (A~ —A~) /(Az +A~), where
Az and A~ stand for the mass of the target and the
projectile, respectively. For ssNi and s4Ni on 2ssU, and
s5C1 and ssCl on zosBi the values of this parameter are
0.61, 0.60, 0.71, and 0.70, respectively. Therefore, the
previous observations show no correlation with the mass
asymmetry parameter.

The experimental evidence seems to indicate that
charge equilibrates faster than mass, and this could ex-
plain the evolution of asymmetric systems towards larger
asymmetry. In principle, the mass and charge drifts could
also be understood in terms of the PES gradient around
the injection point. In this scenario, the mass and charge
drifts would be expected to follow, more or less, the di-
rection of the gradient in the N Zplane-. For a series of
four projectiles on zssU, de Souza et al. [14] have shown
that the magnitude of the proton drifts correlate with
the magnitude of the calculated PES gradients. Also,
Planeta et al. [9] have shown that the mass and charge
centroids of the system ssNi on 2s U closely follow the di-
rection of the calculated gradient in the N-Z plane; how-
ever, the system ~4Ge on issHo shows a much stronger
negative charge drift than that expected from the gradi-
ent.

Any experimental observation is based on secondary
distributions from which the characteristics of the pri-
mary distributions are inferred. It has generally been
assumed that the evaporation process occurs mainly via
neutron emission and has a negligible effect on Z. There-
fore, it is implied that the (Z) of the secondary distribu-
tion is very close to that of the primary. But, it can
be argued that charged-particle emission is an impor-
tant evaporation process, especially for lighter systems.
However, the production of neutron-rich projectile-like
fragments, away from the P-stability line, seems to sup-
port the hypothesis on (Z). Since evaporation favors
the formation of stable species, a neutron-rich secondary
nucleus should originate via neutron emission from a pri-
mary nucleus with an even higher N/Z ratio.

Randrup's model predictions have been compared to
the experimental distributions for several asymmetric
system [7—9,11,12,15,16]. The model seems to always pre-
dict higher values for (Z) and (N) than the experimental
ones. Tassan-Got's model is recent, and, hence, it has not
been compared to as many systems as Randrup's. Com-
parisons performed to some of the published data showed
good agreement between the experimental centroids and
Tassan-Got's model predictions [19]. In the systems stud-
ied here, Tassan-Got's predictions reproduced the trends
of the experimental centroids, but failed to account for
the details of the functional dependence.

The variances are related to the number of nucleon ex-
changes in the statistical models, hence, they represent
the nucleonic mobility and should not be very sensitive
to the driving forces. For different systems at F= 8.5
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MeV/nucleon of bombarding energy, the Z and N vari-
ances measured as a function of energy loss were found to
be in fairly good quantitative agreement with each other
[9,14]. The variances measured here for the system s7C1
on 20sBi at 7.3 MeV/nucleon also show good agreement
with those of the systems at 8.5 MeV/nucleon. Since
the systems compared have very different potential gra-
dients on the N-Z plane, this finding supports the idea
that the variances are mainly related to the nucleonic
mobility, which should not differ too much among differ-
ent systems. In general, it is observed that the variance
in Z is smaller than the variance in N, roughly by a
factor of 2.0. Randrup's model reproduced very well the
experimental variances of several asymmetric systems [7—
9,11,12,15,16]. It was also in good overall agreement with
the variances observed here for the system s7CI on ~osBi

(E= 7.3 MeV/nucleon). Tassan-Got's model fairly re-
produces the variances of the latter but exhibits a differ-
ent functional dependence from Randrup's, especially at
high-energy loss.

For the system s7C1 on 40Ca at 7.3 MeV/nucleon, the
variances are much larger than those predicted by the
models and those corresponding to the more asymmetric
systems. The differences become larger with increasing
energy loss and are large even at E~ „well before the
value corresponding to the Coulomb barrier.

Particle evaporation cannot be responsible for the dif-
ferences, since the evaporation applied to the theoretical
distributions leaves the variances practically unaffected,
as shown in Fig. 7. Similar observations have been made
for the heavier symmetric system Fe on Fe at 8.3
MeV/nucleon. '~ This evidence may point to quite dif-
ferent dynamics for the nearly symmetric or symmetric
systems as compared to the asymmetric ones. Under the
light of the nucleon exchange model, the larger variances
suggest more nucleon exchanges. This is compatible with
the idea of the formation of a long-lived rotational dinu-
clear system with both nuclei exchanging nucleons. How-
ever, this would also imply that the nucleon exchanges do
not dissipate energy as efficiently as in the asymmetric
systems.

The correlation coefficient is a measure of the mutual
dependence between neutron and proton transfers. The
general trend in the evolution of the correlation coeffi-
cient as a function of energy loss is a sharp initial increase
followed by a smooth growth towards 1.0. This indicates
that the charge and mass exchanges become more corre-
lated with increasing energy loss and increasing variance
in N and Z. Some systems show negative correlation at
low energy loss. However, it has been pointed out that
at low-energy loss this could be explained as an effect of
reaction Q values, and/or the small number of species
present [5,8,9].

VI. SUMMARY

The deep-inelastic reactions corresponding to the sys-
tems s~Cl on OCa and csBi at E= 7.3 MeV/nucleon,
and ssC1 on 20sBi at E= 15 MeV/nucleon have been
studied. The projectile-like fragments were completely
characterized in terms of mass, charge, and energy. Mass

and charge distributions were determined for all three
systems as a function of energy loss in the N-Z plane.
These distributions were characterized in terms of their
centroids, variances, and coefFicients of correlation.

For the almost symmetric system s7C1 on 4O Ca the evo-
lution of (N), (Z), and variances with energy loss seems
consistent with a stochastic exchange of nucleons. The
drift in the centroids can be explained by evaporative
processes following the production of the primary frag-
ments. The variances increase with energy loss, as would
be expected from an increasing number of nucleon ex-
changes. However, as energy loss increases, the variances
become much larger than those predicted from a nucleon
exchange mechanism. This situation is very similar to
that encountered in the symmetric system Fe on 6Fe
(see Figs. 10 and 11 in Ref. [5]). The behavior of the
ratio (N)/(Z) is indicative of charge equilibration, reach-
ing the value of the composite system (1.08) at about 60
MeV of energy loss. There is a strong correlation between
N and Z, which shows that the exchange is constrained
by Q-value considerations to the valley of P stability.

A very striking feature of the asymmetric systems stud-
ied here is the very low yield of products with Z higher
than the projectile. The strong negative drift in (Z),
accompanied by the formation of neutron-rich nuclei, in-
dicates a net flow of charge towards the target and of
neutrons towards the projectile. It is important to note
that such a trend is an indication of the importance of
the ratio N/Z of projectile and target in determining
the underlying driving forces. A qualitative compari-
son of the evolution of (N) and (Z) with energy loss
for the projectiles s7C1 (N/Z= 1.18) and Cl (N/Z=
1.06) gives additional support to this point. Both cases
show a decrease in (Z) from the very initial values of
energy loss. However, the s Cl products maintain a con-
stant (N) over a wide range of energy losses, while the
(N) of the 7Cl products decrease. These observations
agree with those of the systems Ni and Ni on U at
E= 8.5 MeV/nucleon [8] which, when compared to ssCl
and s7C1 on 20sBi, have similar N/Z ratios, but different
asymmetry parameters. It would appear that the N/Z
ratios of the projectile and target play a major role in
determining the product yields.

The evolution of the variances for the system 37Cl on
2osBi is in good agreement with other asymmetric sys-
tems, and with the predictions from a nucleon-exchange
mechanism. Despite the mass resolution problems, the
variances of the system Cl on Bi seem to indicate
the same trend at low-energy losses. However, after the
first 100 MeV of energy loss, the variances show a sud-
den decrease, contrary to what would be expected from
a pure nucleon-exchange mechanism. The coefficient of
correlation increases with energy loss for the system 7Cl
on ~ Bi, as expected from a correlated nucleon exchange
process. In the Cl on 2 Bi system it is difficult to inter-
pret the negative value of this coefficient in the first 100
MeV of energy loss as anticorrelation, since this could be
an experimental artifact due to the poor mass resolution.
Negative coefficients of correlation have been reported at
very-low-energy losses for other systems [5,8,9], but there,
as here, anticorrelation was not conclusive.
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Stochastic nucleon-exchange models have been rela-
tively successful in reproducing some of the features of
the deep-inelastic reactions. In the case of asymmetric
systems, the good agreement generally found between the
experimental and predicted variances supports the nu-
cleon exchange mechanism for these reactions. However,
the mass and charge drifts are not properly accounted
for. In this type of mechanism, the variances are directly
proportional to the sum of the (large) nucleon currents
between the projectile and target, and the drifts are pro-
portional to their difFerence [13]. As a consequence, the
drifts are more sensitive to the details of the underlying
potential. The two models used here reproduce the mass
and charge drift of the almost symmetric system very
well, but they both underestimate the variances at high-
energy loss. Randrup's model overpredicts (N) and (Z)
for the asymmetric systems, while Tassan-Got's model
gives a better qualitative agreement with the data but
still fails to account for the details. The variances of the
asymmetric systems are in overall agreement with the
predictions of both models.

It is interesting that two models that are very similar
in their physical foundations predict such different trends
for the mass and charge drift of asymmetric systems. Ac-
cording to Tassan-Got, the main difference between the
two models is Randrup's use of the Lagrangian to derive
the driving forces; the inclusion of kinetic terms in the
potential (in particular rotational energy) that are not
present in Tassan-Got's description accounts for the dis-
crepancy. Pal and Chattopadhay [27] concluded that the
inclusion of trajectory fluctuations in their calculations

resulted in a much better agreement with the experiment
than the use of the mean trajectory method (Randrup's
model). It has also been suggested that the consideration
of non-Markovian effects can also give a better descrip-
tion of the experimental data [28]. Overall, this stresses
the need for a more realistic and quantitative description
of the driving forces acting on the dinuclear system.

It is apparent that, while there is a basic understanding
of the deep-inelastic process, there is still a need for more
detailed experiments to be able to reconstruct these re-
actions with a minimum of assumptions. In general, co-
incidence measurements of projectilelike and targetlike
fragments combined with the determination of evapo-
ration products are necessary to provide new insights.
Recent experiments suggest that deep-inelastic processes
also occur at intermediate energies (of the order of the
Fermi energy Ez —37 MeV) [18,19,29]. Hopefully, this
will provide a renewed interest in the study of the deep-
inelastic mechanism.
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