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Projectilelike reaction products from the 2’Bi+ '*Xe reaction were studied at a labora-
tory bombarding energy of 1422 MeV. The fragments were identified by atomic number,
and their kinetic energies and angular distributions were measured using three solid-state
AE-E telescopes. The strongly damped products exhibit features similar to those seen in
two previous measurements of the same reaction at 940 and 1130 MeV. The angular dis-
tribution is peaked near the grazing angle. The minimum kinetic energy is bombarding-
energy independent and 150 MeV. smaller than the Coulomb energy of touching spherical
fragments, indicating a large deformation of these dinuclear systems. The measured ele-
ment distributions for given Q values are found to be Gaussian and centered at the atomic
number of the projectile. At large negative Q values, the centroids of the Gaussian distri-
butions exhibit a small drift towards charge splits more asymmetric than the initial sys-
tem. - Various correlations between experimental observables, including the variances of
the Z distributions, the centroids of the angular distributions, and the Q values, are inter-
preted for, all three bombarding energies in terms of the proximity one-body transport
model. The experimental relations are satisfactorily reproduced by this theory.

NUCLEAR REACTIONS 2°(136Xe HI); E,,, = 1422 MeV; one-particle

inclusive measurement of o(E,Z,0); strongly damped reaction; extract-

ed first and second moments of element distributions and centroids of

angular distributions as a function of Q value; comparison with prox-
imity one-body transport model.

I. INTRODUCTION

The study of damped collisions between heavy
ions at energies a few MeV per nucleon above the
Coulomb barrier has revealed a variety of new
reaction phenomena' intermediate between those
pertaining to direct and compound nucleus
processes. Two experimental methods are current-
ly used to gain further insights into the damped
reaction mechanism: (i) studies of different systems
keeping the ratio of the center-of-mass energy to
the Coulomb barrier fixed; and (ii) investigations of
the bombarding-energy dependence of the reactions
induced by one target-projectile combination.
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It is the purpose of this work to extend the pre-
vious studies!? of the 2Bi+ *6Xe reaction to a
higher bombarding energy of 1422 MeV. Since re-
latively few reactions have been measured in detail
over a wide range of bombarding energies, this
well-investigated system has been chosen for study-
ing the bombarding-energy dependence of the reac-
tion properties. In the previous experiments at 940
and 1130 MeV the observed sideways-peaked angu-
lar distribution can be attributed to a delicate bal-
ance between the attractive nuclear forces and the
repulsive Coulomb forces. Raising the bombarding
energy is expected to alter this balance of forces
and should change the deflection function from a
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focusing to an orbiting type. At the same time the
amount of total kinetic energy (i.e., E=E_,, +Q
value), which can be dissipated in the reaction, is
also increased by more than a factor of 2 as com-
pared to the 940 MeV experiment. With increas-
ing bombarding energy, one expects a deeper inter-
penetration of the two nuclei for the same impact
parameter such that model predictions can be test-
ed in a more interior region of the nuclear poten-
tial. The most interesting feature to be studied is
the correlation between the dissipated energy and
the fragment Z distributions. At the lowest bom-
barding energy a classical one-body dissipation
model’ fails to reproduce this experimental rela-
tion, which has been attributed®” to the neglect of
the fermion nature of the exchanged nucleons.
This quantal effect is predicted to be strongly
bombarding-energy dependent. Hence, the present
work, in combination with the experiments per-
formed at lower bombarding energies, provides a
sensitive test of these model assumptions.

In the following section, measurements and data
evaluation are briefly described. Results on elastic
scattering and the gross features of the one-
fragment inclusive measurements such as angular,
atomic number, and energy distributions for the
Xe-like reaction products are discussed in Sec. IIL
In Sec. IV, various experimental quantities,
transformed into the center-of-mass system, are
compared with theoretical predictions of a one-
body transport model. Included in these compar-
isons are the moments of the scattering angle and
atomic number distributions of the light (Xe-like)
fragment as a function of the negative Q value (=
total kinetic energy loss E,.). Conclusions are
presented in Sec. V.

II. EXPERIMENTAL PROCEDURE

The experiment was performed at the UNILAC
of the GSI laboratory in Darmstadt. Self-
supporting targets of 490 ug/cm? 2Bi were bom-
barded with 1422 MeV 3¢Xe ions. Three AE-E
telescopes, each consisting of two solid-state detec-
tors, were used to identify the atomic number of
the projectilelike fragments measured in the angu-
lar range between 11° and 30° in the laboratory
frame, in steps of about 1°. The telescopes sub-
tended angles of 0.5° in the reaction plane. The
thicknesses of the transmission detectors used were
14.8, 19.0, and 19.3 um, respectively, whereas the
thickness of the stop detectors was 150 um for the
two forward telescopes and 100 um for the third
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telescope. The relative normalization of data taken
at different angles was achieved by using the count
rate of two surface barrier detectors mounted at a
scattering angle of +14° above the reaction plane.
The energy calibration of the system was obtained
by means of an alpha source and a precision pulse
generator. The energy resolution of each telescope
was typically 4.5% FWHM for elastically
scatttered Xe ions.

Standard electronics were used in the experi-
ment, as described elsewhere.! It included pileup
circuitry and a system that allowed a determina-
tion of dead-time corrections. The AE-E energy
signals from the telescopes were recorded by the
GSI PDP-11/45 online computer system and
stored event by event on magnetic tape. The
analysis of the data was performed with the PDP-
10 computer of the University of Rochester.

The particle identification was carried out, event
by event, on the basis of an energy loss (dE /dx)
theory given by Braune and Schwalm.* In this
theory, the energy loss of heavy ions in solids (e.g.,
silicon) is given by a semiempirical formula, thus
avoiding the necessity of an extended tabulation of
theoretical dE /dx (Z,E) values or experimental
AE /Ax (Z,E) values, which would have to be mea-
sured for every transmission detector separately.
The analytical formula, however, underestimates
the experimental energy loss values and the particle
energy corresponding to the maximum of the ener-
gy loss curve, as observed in Ref. 5. For the
present application, these discrepancies can be
corrected, if one parametrizes the specific energy
loss as suggested by Schwalm® according to

O (Vo/ VI ko VIV K5V IV,
d(px)
V<V, (1a)
bV IV eV IV

d(px)
‘ (VZ cht) . (lb)

The quantity p is the density of the stopping ma-
terial (pg;=2.33 g/cm?), ¥V is the velocity of the
moving ion, and V), is the velocity of light divided
by 137. While k, was taken from Warburton
et al.,” k, and k; were chosen to match the two
equations smoothly at ¥V =V_,,. The Z-dependent
parameters a, b, and ¢ were obtained by a least-
squares fit to the theoretical energy loss calculated
as described in Ref. 4. The remaining parameter
V.u has a strong influence on the shape of the en-
ergy loss curve. This fact is used to fit the theoret-
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ical function [Eq. (1)] to eight measured energy
loss curves of AE /Ax versus E,, for ions with

Z =18, 26, 36, 54, and 82 and Ax between 7.9 and
14.8 um in order to determine V. The result
seems to be independent of detector thickness and
can be parametrized by

Vo =5.03240.144Z —4.419X 107422 . (2)

The remaining deviations between experimental
and theoretical AE /Ax values can be eliminated by
introducing an effective thickness for the transmis-
sion detector, which is slightly larger than the
value measured by the energy loss of a particles.

This energy loss formula was applied in order to
convert the experimental AE-E distributions into
Z-E, distributions. The energy deposited in the
E counter of each telescope was corrected for the
pulse height defect using a power-law formula
given by Moulton et al.® The different values of
the intrinsic Z resolutions of the three telescopes
ranging from 2.2 to 4.4 units FWHM were
matched to the latter value by folding the energy-
dependent element distribution with a Gaussian, a
procedure which allowed a combination of all data.

The three measured quantities of the projectile-
like fragment, atomic number Z, final kinetic ener-
gy, and scattering angle, were transformed into the
center-of-mass system assuming two-body kinemat-
ics and a fragment mass-to-charge ratio equal to
that of the combined system, which for this reac-
tion is equal to those of both 2’Bi and *¢Xe indi-
vidually. The effect of neutron evaporation on the
reconstructed Q value was taken into account by
assuming that one neutron is emitted per 12 MeV
of excitation energy. A Q value bin width of 50
MeV, used in the following sections, seems to be
reasonable in view of the experimental energy reso-
lution.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Elastic scattering angular distribution

One of the objects of investigating the elastic
scattering of 13¢Xe from a 2Bi target in the
present experiment was to determine the total reac-
tion cross section, in order to estimate the yield
missing due to the limited angular range of obser-
vation. Using the technique of separating the elas-
tic intensity from the quasielastic component
described in Ref. 9, the ratio of the elastic to the

Rutherford cross section as a function of the c.m.
scattering angle was calculated and the results are
shown in Fig. 1. The errors of the measured dif-
ferential cross sections include not only the statisti-
cal uncertainties, but also estimated systematical
errors due to incomplete separation of the elastic
peak. Since the energy resolution in these mea-
surements precludes a determination of a pure elas-
tic scattering cross section, it should be emphasized
that the events labeled as elastic encompass Q
values in the range from —20 to +20 MeV. It
should be noted, however, that only for this defini-
tion of “elastic” scattering can the onset of the nu-
clear forces be described as a function solely of
bombarding energy, masses, and atomic numbers of
the projectile-target combination. The study of in-
dividual states, e.g., the ground state, requires addi-
tional information about the detailed properties of
nuclear structure.

The quarter-point angle for E,, = 1422 MeV is
found to be 0, /4(lab)=23.2°+0.5° [0, s4(c.m.)
=38.0°+0.9°], where the quoted error is due to the
statistical uncertainty in determining the slope of
doy/dogym from the measured cross sections.
Applying the generalized Fresnel diffraction
model'? to these data, the angular momentum Iy
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FIG. 1. Ratio of the experimental elastic scattering
cross section (including inelastic events with Q values
larger than —20 MeV) to the Rutherford cross section
as a function of the center-of-mass angle 6., . The solid
line is generalized Fresnel model fit (Ref. 10) to the data
with the listed parameters.
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TABLE 1. Characteristic parameters of the 2®Bi+ **Xe reaction at 940, 1130, and 1422 MeV. A number of the list-
ed quantities are derived from the experimental 0, /4(c.m.) angle using the generalized Fresnel model (Ref. 10).

Quantity 940 MeV 1130 MeV 1422 MeV Units
Epy 940 1130 1422 MeV
Ecm. . 569 684 861 MeV
0, ,4(lab) 43.5° 33 23.2° deg
0, ,4(c.m.) 70.1° 54° 38.0° deg
u (reduced mass) 82.4 82.4 82.4 u
k., (wave number) 47.37 51.94 58.26 fm~!
1 (Coulomb parameter) 268.4 244.8 218.2
7" (Ref. 13) 519 400 306
R;,, (Fresnel) 15.5 15.1 15.2 fm
I, (Fresnel) 383 480 633 #
or (Fresnel) 2.06 2.70 3.8 b
orlexp) 2.09 2.80 3.1 b
Vc(Rini) 416 428 423 MeV
To=E:.m —Vc(Riy) 152 256 438 MeV
[Ecm. —Ve(Rin) 1/ 1.86 3.11 5.32 MeV /nucleon
peak in dog/dQ(lab) 39.5° 30° 20° deg
peak in dog/dQ(c.m.) 64.5° 50° 34° deg

for a grazing collision, the interaction radius R;,,,
the corresponding Coulomb barrier V.(R;,), and a
total reaction cross section of og =(3.8+0.2) b are
derived. If systematic uncertainties are taken into
‘account, the error bar of the total reaction cross
section increases to +0.4 b. Values for these and
other parameters are listed and compared in Table
I for the 2Bi+ **Xe reaction at laboratory bom-
barding energies of 940, 1130, and 1422 MeV.

B. Angular distributions
of Xe-like reaction fragments

The differential reaction cross section do /d Q.

for the Xe-like reaction fragments from the
209Bj 4 136X e reaction at 1422 MeV is plotted in

" Fig. 2 versus laboratory angle. The integration of
the angular distribution yields a cross section of
or =(3.140.4) b, deviating only by about 18%
from the value deduced from the Fresnel model
analysis of elastic scattering data. Part of this
difference might be due to the fact that no data
were taken for laboratory angles smaller than 11°.
The above approximate agreement in the measured
and Fresnel total reaction cross section suggests
that nearly all of the Xe-like reaction fragments are
focused into the narrow angular region
(11° < 6y,, < 30°) covered by the three telescopes.

Similar to the results from the 940 and 1130 MeV
experiments, the differential reaction cross section
is observed to be peaked at an angle slightly for-

ward of the quarter-point angle. However, the an-
gular distribution measured at a bombarding ener-
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FIG. 2. Laboratory angular distribution for the Xe-
like fragments. A curve has been drawn through the
data points to guide the eye.
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gy of 1422 MeV shows a slight forward asym-
metry, a result which is not unexpected, in view of
the trend established by the measurements at

E; =940 and 1130 MeV.

In Fig. 3 the angular distribution in the center-
of-mass system is shown for all reaction events
with a total kinetic energy E between 260 and 810
MeV. These events are all Xe-like reaction frag-
ments; contributions from recoiling targetlike frag-
ments are not detected because their grazing angle
in the laboratory system is far out of the observa-
tion range. In addition, fragments resulting from
sequential fission of Bi-like reaction partners are
distinguished from damped reaction products be-
cause of their low kinetic energies in the laborato-

ry.

C. Charge distribution
of the Xe-like reaction fragments

The element distribution of the Xe-like frag-
ments, integrated over the range of total kinetic en-
ergies mentioned above and over all observed
scattering angles (18°< 6., <128, is exhibited in
Fig. 4. A comparison of the present data with
that of two earlier investigations of this reaction
shows that the maximum of the Z distribution
remains centered at approximately the Z of the
projectile for all bombarding energies, while its
width increases with bombarding energy. The
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FIG. 3. Angular distribution in the center-of-mass
system for light reaction products integrated over Q
values in the range —600< Q < —50 MeV. The distri-
bution accounts for a reaction cross section of 2.8 b.

shape of the Z distribution is found to be nearly
symmetric. A pronounced skewness in this distri-
bution, as observed for the °Er +%Kr reaction at
12.1 MeV/nucleon'! and interpreted as due to pro-
jectile fission, is not observed for the present
209Bj 4 136X e reaction at 10.5 MeV/nucleon.

D. Kinetic energy distribution

The large amount of kinetic energy dissipated in
the 2Bi+ **Xe reaction at the three bombarding
energies is illustrated in Fig. 5. The arrows rep-
resent the kinetic energies above the Coulomb bar-
rier that are initially available, as calculated for
spherical nuclei at the interaction radius, i.e.,

E_ .. —Vc(Riy). The considerable fraction of the
cross section below this Q value (= —E,) clearly
demonstrates that entrance and exit channels of the
strongly damped collision process can be very dif-
ferent with respect to nuclear deformation, indicat-
ing the occurrence of very elongated configurations
prior to scission. The degree of fragment deforma-
tion at separation can be estimated from the Q
value. However, it should be remembered that,
above all, the somewhat uncertain multiplicity for
light-particle emission introduces a non-negligible
error for large Q values. Independent of the bom-
barding energy a minimum kinetic energy
E=E_, +Q of (270+30) MeV is observed for the

3
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FIG. 4. Element distribution do /dZ (integrated over
0..m. and total kinetic energy) plotted vs Z. The arrow
indicates the charge of the projectile.
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reaction fragments. This energy corresponds to a
Coulomb energy of charge centers separated by
(24+3) fm. The magnitude of the elongation of the
stretched configuration appears to be similar to
that in the normal fission process and can be ap-
preciated by comparing the above distance to the
interaction radius of R;,; =15 fm, where nuclear
reactions first start to occur in the entrance chan-
nel.

For symmetric fission the available kinetic ener-
gy of the fragments can be calculated using an em-
pirical formula given by Viola.!> An additional
factor 4ZpZ1/(Zp+Z1)? takes account of the fact
that the average charges of the damped reaction
products are close to those of the target and projec-
tile, corresponding more to the case of asymmetric
fission. For the reaction 2®Bi+ *6Xe the above
systematics predicts a minimum kinetic energy of
295 MeV, which is in good agreement with the
measured value.

This result, as well as the observed fragment Z
distribution, is reminiscent of features encountered
in nuclear fission, while the angular distribution,
on the other hand, is similar to that of a direct or

T T T T T T

209Bi +v|36><e

® £.=940 MeV
° E_=1130 MeV
o E|=1422 MeV
ALL Z
18°< 8cm < 128°

- 1 1 1 1 1
100 200 300 400 500 600

-Q (MeV)

FIG. 5. Differential cross section do/d(—Q) in
mb/MeV as a function of the dissipated energy (—Q).
The damped events are integrated over all light frag-
ments and reaction angles for the 2’Bi+ *6Xe reaction
at Ej,, =940, 1130, and 1422 MeV. The arrows indicate
the available kinetic energy in the entrance channel, i.e.,
Ec.m. - VC(Rint)-

relatively fast reaction, which clearly exemplifies
the intermediate characteristics of damped reac-
tions.

E. Wilczyrski and diffusion diagram

A convenient way to visualize the overall experi-
mental results is provided by contour maps of the
differential cross section as a function of two dif-
ferent sets of observables. Figures 6(a) and (b)
show contour plots of the double-differential cross
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FIG. 6.. Gross features of the 2’Bi+ '*Xe collision at
a bombarding energy of 1422 MeV. (a) The double dif-
ferential cross section d20/d Q. dE is plotted as a func-
tion of the center-of mass scattering angle and the total
kinetic energy (Wilczyrski diagram). (b) The double dif-
ferential cross section d20 /dE dZ is plotted as a func-.
tion of nuclear charge (Z) and total kinetic energy (dif-
fusion diagram). The Coulomb barrier of two touching
spheres at the interaction radius V¢(R;,,) is indicated by
the dashed line.
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section d%0 /dE d). , and d’o/dE dZ, respective-
ly. Both these diagrams are constructed from the
same set of experimental data.

From the so-called Wilczynski diagram [Fig.
6(a)], which is obtained by plotting the double-
differential cross section versus total kinetic energy
E and center-of-mass scattering angle 6. ,, , one
can study the evolution of the deflection function
from the elastic (E_ ;, =861 MeV) to the fully re-
laxed component. In agreement with the previous
measurements at lower bombarding energies the
main feature of the E-6. ,, plot is the pronounced
angular focusing of the reaction products. Howev-
er, in the present experiment the distribution
broadens markedly with increasing loss of kinetic
energy and shows the development of a small con-
tribution of an orbiting process. Several at-
tempts'3 !> have been made to describe the gross
feature of Wilczynski diagrams for a wide range of
bombarding energies and systems in terms of a sin-
gle parameter such as the modified Coulomb
parameter 7' or the modified angular velocity &.
While not too much emphasis should be put on
such attempts since the reaction is certainly too
complex to be described by one parameter, it may
be noted that the present experimental result is
more consistent with the 1’ systematics'® (Table I)
than with the £-parameter representation,'® which
predicts a pronounced orbiting type reaction.

The diffusion diagram of Fig. 6(b) is derived
from the same experimental data. However, the
double-differential cross section is now presented as
a function of the total kinetic energy E and the
charge Z of the light fragment. At this high bom-
barding energy the element distribution can be in-
vestigated for Q values ranging from 0 to —575
MeV. The Z distribution develops from a narrow
symmetric distribution and widens monotonically
as the kinetic energy decreases. For a very large
loss of kinetic energy, the centroid of the Z distri-
bution is slightly shifted towards a more asym-
metric fragmentation as compared to the entrance
channel. Figure 6(b) also displays the Z depen-
dence of the Coulomb energy V¢(R;,,) (dashed
curve) calculated for two spheres at a separation

distance equal to the appropriate interaction radius.

Measured kinetic energies much lower than V. in-
dicate large deformations of the intermediate sys-
tem prior to breakup which become even larger for
symmetric Z splits. ’ ’
Following the above somewhat qualitative
description of the data, Fig. 7 gives a quantitative
representation of the element distribution. In this
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FIG. 7. Charge distributions are plotted for different
values of the total kinetic energy as indicated in the fig-
ure. The width of each energy bin is 50 MeV. The
solid curves are Gaussian least-squares fits to the data.

figure the double-differential cross section

d’o/dE dZ, integrated over center-of-mass scatter-
ing angles from 18° to 128°, is plotted versus Z as a
function of the final total kinetic energy E. Re-
markably, the Z distributions remain Gaussian at
all energies as evidenced by the solid lines
representing Gaussian fits to the data. The cen-
troids (Z ) and the variances 022 of the Z distri-
butions as determined from the fits are collected in
Table II as functions of the total kinetic energy.
The variances o,* have been corrected for the fin-
ite Z resolution (4.4 units FWHM for Z =54) for
elastic scattering.

The difficulty in comparing measured differential
element distributions with predictions of a classical
trajectory calculation is that it requires a quantity
which is correlated with the unmeasurable impact
parameter. For this purpose the negative Q value,
or as it is also known, the total kinetic energy loss
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TABLE II. For the *°Bi+4 !*Xe reaction at Ej,,= 1422 MeV, the centroid angle (8, ,, ) of d%0/dQ, , dE, the dif-
ferential cross section do /dE, the centroid (Z ), and variance o;? of the fragment Z distribution are given for 12 bins

of the total kinetic energy E =E_, +Q in the center-of-mass system. The variance oz is corrected for the experimen-
tal Z resolution. The cross section integrated over energy bins between 261 and 811 MeV accounts for 2.8 b.

E —-Q do/dE (Oem.)
(MeV) (MeV) (Z) oz’ (mb/MeV) (deg)
786 75 53.4+0.1 1.7+ 0.3 11.5 34.0
736 125 53.8+0.1 2.6+ 0.3 5.7 342
686 175 53.4+0.1 34+ 03 4.6 34.4
636 225 53.5+0.1 57+ 0.5 44 344
586 275 53.3+0.1 8.9+ 13 4.9 33.0
536 325 52.940.1 11.4+ 1.1 5.1 32.8
486 375 52.7+0.1 16.1+ 11 5.3 32.4
436 425 52.2+0.1 25.2+ 1.6 52 31.0
386 475 51.7+0.2 40.6+ 2.7 4.4 28.8
336 525 51.1+0.3 82.4+ 5.5 3.1 28.1
286 575 51.1+0.5 152 +16 1.6 28.9
E)s, has been used. Evidence has been presented sponding negative Q values is illustrated in Fig. 8
earlier indicating that the total kinetic energy loss for the three bombarding energies. The error bars
‘has a nearly linear dependence on the angular reflect the uncertainties in fitting Gaussian curves
momentum,’? at least on the average. The correla- to the Z-distribution data. The variance increases
tion between the measured variances of the Z dis- smoothly with decreasing Q value and reaches the
tribution for various energy bins and the corre- largest value when the kinetic energy is damped
T T T T T T T T T T T T T T T T
600} .
-
9R: , 136
500 F 209 +1%%xe 1
® £, =940 MeV
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FIG. 8. The Q value vs 02 correlations are shown for the 2®Bi+ '**Xe system at Ej,, =940, 1130, and 1422 MeV.
The solid lines (uncorrelated nucleon exchange) and dashed line (correlated nucleon exchange) are results of dynamical
calculations based on the proximity one-body transport model (Ref. 20).
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down to fissionlike energies. For the present exper-
iment the broadest element distributions of the
209B; 4 136X e reaction are observed, which is ex-
pected from the systematical behavior at the lower
energies.

IV. COMPARISON WITH ONE-BODY
TRANSPORT MODEL

A. Classical trajectory calculations

In Fig. 8 the experimental data for the .
209Bi 4 136X e reaction are compared to classical tra-
jectory calculations, which have been very success-
ful in the past both for the study of fusion'®!” and
strongly damped collisions.>!”~!° In the present
calculations use is made of a recently proposed nu-
clear potential?® calculated from the surface energy
of a dinuclear complex approximated by two
spheres connected by a cylindrical neck and the
proximity energy of surfaces outside the neck re-
gion. The nuclear one-body proximity friction
form factor is modified?® accordingly. The
Coulomb potential is calculated with a phenomeno-
logical formula suggested by Bondorf et al.?! The
model ascribes energy dissipation and mass trans-
port to the exchange of individual nucleons be-
tween two interacting nuclei approximated by two
Fermi-Dirac gases. The current of exchanged nu-
cleons depends on the occupancy of the single-
particle orbits. Thus the Pauli blocking effect® has
to be taken into account especially for reactions
close to the Coulomb barrier. Further details of
the calculations are described elsewhere.!%1%20

The one-body mechanism gives rise to finite
widths of mass and charge distributions, due to the
statistical nature of nucleon exchange. Regarding
the nucleon exchange process as a random-walk
process, the total number N of exchanged nucleons
is related to the variance 0,2 of the mass distribu-
tion according to o42=N. Since in the present ex-
periments only the variance o 42 of the Z distribu-
tion is measured, the ratio o 42/0 2> must be in-
ferred. If the probability for a given transfer is in-
dependent of whether the nucleon is a proton or a
neutron, 042=(4/Z)o % where the factor A /Z re-
flects the relative abundance of protons and neu-
trons. Experiments in which mass and charge are
measured simultaneously, however, show that un-
correlated nucleon exchange does not occur and
that the underlying potential energy surface has to
be taken into account.”2~2% This leads to a more

complex relation between 0,2 and 0% Calcula-

tions for both correlated and uncorrelated particle
exchange are shown in Fig. 8 for the present exper-
iment at E,, =1422 MeV. The data for the three
bombarding energies are well represented by the
theory for Q values down to the initially available
kinetic energy, i.e.,, —Q=F_, —Vc(R;y). How-
ever, systematic discrepancies remain between
theory and experiment for large negative Q values
which are not surprising in view of the various
simplifications of the model.

In Fig. 9 the centroids of the c.m. angular distri-
butions for different energy bins are plotted against
negative Q values for the three experiments at
E ), =940, 1130, and 1422 MeV. Since the Q
value is presumably related to the initial angular
momentum, >3 these diagrams are closely related
to the experimental deflection functions. As can be
seen from Fig. 9, the one-body transport model
(full curve) gives a reasonable reproduction of the
experimental data, except for large negative Q
values. It should, however, be pointed out that for
an incident energy of E,;, = 1422 MeV the model is
unable to describe the dependence of the Q value
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FIG. 9. Centroids of the angular distributions are
plotted as a function of the Q value for the 2®Bi+ !**Xe
reaction at E),;, =940, 1130, and 1422 MeV. The experi-
mental data are compared with predicted values (solid
curve) of classical trajectory calculations at each energy
(see text).



and the c.m. scattering angle on initial angular
momentum if the latter is derived with the pro-
cedure outlined in Refs. 1 and 15. Possible reasons
for this discrepancy could be that the conservative
potential is in reality more repulsive for E},, = 1422
MeV than for the two lower bombarding energies
or that energy dissipation associated with the neck
motion is overestimated in the calculation. The
agreement between theory and experiment in Fig.
9, which shows only the correlation between direct-
ly measurable quantities, is achieved because both
discrepancies cancel in this diagram. Hence, if the
method"'> of angular momentum decomposition is
accepted, one is led to the conclusion that the three
experiments cannot be reproduced with the unique
set of conservative and dissipative forces assumed
by the model. Further investigations are required
in order to determine whether (i) the way the angu-
lar momentum is extracted from the data or (ii)
unjustified model assumptions are responsible for
the significant deviation between the predicted and
derived correlations of the experimental observables
with initial angular momentum.

B. Correlation between energy dissipation
and nucleon exchange

A characteristic feature of the dynamical calcu-
lations, the Pauli blocking effect, that has been
found? to play a crucial role in the 2°Bi+*6Xe
reaction at 940 MeV, will be discussed in some de-
tail in the following. This quantal effect is expect-
ed to be less important at E,, = 1422 MeV than at
lower incident energies. Hence, the availability of
data for one system at three different bombarding
energies allows a crucial test on the presence of
this effect. In a phenomenological approximation
based on the one-body transport model,' the
dissipated energy E) is correlated with the vari-
ance o2 of the element distribution. It is given by

ElossE _Q
] , (3)

=(Ecm. —Vc)
where E_ , is the incident energy, V¢ is the
Coulomb energy of two spherical nuclei in the en-
trance channel, m and p are the nucleon mass and
the reduced mass of the system, respectively, and
x =1 and x =2 represent assumptions of uncorre-

x
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lated and correlated proton and neutron exchange,
respectively. The quantity 4 /Z corresponds to the
average fragment mass-to-charge ratio minimizing
the potential energy, in the present case well ap-
proximated by that of the combined system. The
coefficient a contains information on the character
of the dissipation mechanism. It has been observed
in the previous measurements at Ey,;, =940 and
1130 MeV that a decreases from 3.0 to 1.4 (if

x =2) as the bombarding energy is increased. In a
recently discussed quantal transport model® the
Fermi-Dirac nature of the nucleons is taken expli-
citly into account. The Pauli principle restricts the
exchange of nucleons between the colliding nuclei
to transfer from occupied to unoccupied single-
particle orbits. Therefore, at slow relative motion
of the nuclei the exchange of nucleons is limited to
the surface region of the Fermi spheres, since the
volume of momentum space simultaneously occu-
pied by both nuclei cannot contribute to the nu-
cleon exchange. The flux of nucleons through the
window that opens up in the neck between the two
nuclei is reduced by a factor 1/a <1 as compared
to the value derived on the basis of a classical-gas
picture. For higher bombarding energies, the rela-
tive velocity of the two collision partners displaces
the Fermi momentum spheres of the two nuclei
and hence reduces the overlap region in momen-
tum space. Therefore, the a parameter measuring
this overlap region should be larger for bombarding
energies close to the Coulomb barrier and decreases
towards the classical limit a=1 as the bombarding
energy is increased, a trend observed in previous
measurements. Figure 10 shows an experimental
plot of InT, /T versus o2 for the 2’Bi+ *¢Xe
reaction at E},;, =940, 1130, and 1422 MeV, where
To=E.n —Vcand T=E_, —Vc+Q. Asone
can already see from this diagram, the results of
the 940 MeV measurement clearly deviate from
those at the two higher bombarding energies which
nearly agree with each other within their experi-
mental error bars. The observed linear relationship
is expected from Eq. (3) with a slope given by
(m/uXA/Z)Ya. The straight lines are least-
squares fits to the data and the experimental slopes
are listed in Table III. They are compared to
predicted ones, where the a parameter is calculated
as suggested by Wilcke.? As was demonstrated
from the earlier experiments the bombarding-
energy dependence of the slope can be reasonably
well reproduced with the assumption of correlated
nucleon exchange (x =2) and the introduction of
Pauli blocking.
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FIG. 10. The quantity In(T,/7T) is plotted as a function of the variance oz for the 2®Bi+ **Xe reaction at three
bombarding energies. The quantity T is the initial available energy above the Coulomb barrier, while T is the available
energy for each Q value. The straight lines are least-squares fits to the data.

V. CONCLUSIONS

The 2Bi+ '*6Xe reaction studied in this work at
a bombarding energy of 1422 MeV has provided, in
connection with two previous experiments at 940
and 1130 MeV, detailed information on the
bombarding-energy dependence of the damped
reaction mechanism. The angular distribution of
the Xe-like fragments is sideways peaked with its
maximum near the quarter-point angle. Such an
angular distribution consisting of a wide range of Q
values indicates a delicate balance between repul-
sive and attractive forces as was found in previous

experiments. The distributions measured in the
three experiments can be characterized by
Wilczynski plots which change remarkably little
over a bombarding energy range from 1.9 to 5.3
MeV/nucleon above the Coulomb barrier in the en-
trance channel.

The maximum amount of energy damped in
these heavy ion collisions is found to be approxi-
mately equal to the difference between the initial
kinetic energy and the Coulomb barrier for a de-
formed system estimated from systematic studies of
fissioning nuclei. For the investigated 2%Bi+ 36Xe
reaction, independent of the bombarding energy, a

TABLE III. Comparison of experimental and theoretical slopes (m /u)(4 /Z Y« from the
linear relation of In(T, /T) vs 2> for the *Bi+ '*Xe reaction at Ey;;=940, 1130, and 1422
MeV. This slope measures the dissipated energy per nucleon exchange. the quantity p/m is
the reduced mass of the dinuclear system divided by the nucleon mass, To=E;m —Vc(Rin)
and T=E, , —Vc(Rin)+Q. For the extreme assumptions of uncorrelated and correlated
proton and neutron exchange the values of x are 1 and 2, respectively. The quantal a
parameter is calculated as suggested by Wilcke (Ref. 2).

Ey Experimental slope Classical slope (a=1) Quantal slope
(MeV) (see Fig. 10) x=1 x =2 x=1 x=2
940 0.23%4% 0.03 0.08 0.09 0.23
1130 0.11+0.02 0.03 0.08 0.07 0.18
1422 0.1215:%3 0.03 0.08 0.05 0.14
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minimum final total kinetic energy of ~270 MeV
is observed. This energy is 150 MeV below the
Coulomb barrier for spherical nuclei, indicating the
occurrence of elongated dinuclear configurations in
the exit channel.

The most striking observations made in the
present experiment pertain to Gaussian-shaped ele-
ment distributions which are studied down to a Q
value of —575 MeV. Hence, these experimental
data, as well as the results at lower bombarding en-
ergies, can be discussed in the framework of a sim-
ple diffusion model. Indications of a projectile
splitting as inferred!! from the asymmetric Z dis-
tributions of fragments from the '®Er+ 3Kr reac-
tion at 12.1 MeV/nucleon are not seen in the
present experiment.

Correlations between measured quantities such
as final total kinetic energy, scattering angle, and
charge of the projectilelike fragment are compared
with theoretical predictions of a one-body transport
model and are found to be in reasonable agreement
with calculations, except for the largest Q values
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where the deformation of the intermediate system
is underestimated. The Pauli blocking effect, ob-
served to be significant for an understanding of the
correlation between Q values and variances of the
Z distributions for the 940 MeV data, is not quite
as important at the highest bombarding energy, but
its energy dependence is reflected in the three mea-
surements.
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