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Target-like reaction products corresponding to the transfer of one or several nucleons have been
measured as a function of the total kinetic energy loss in the reactions *Pb+**Ni (1215 MeV) and
208pb 464N (1107 MeV) with a focusing time-of-flight spectrometer which provided a unique mass
and charge separation and good energy resolution. The analysis of the experimental data covered
the range from elastic scattering to deep-inelastic collisions. In the quasielastic region, neutron
transfer dominates. The transfer probabilities as a function of the distance of closest approach can
be described by a semiclassical theory of tunneling. Quasielastic transfer from the Ni targets to the
*%Pb projectile is strongly inhibited by the reaction Q values. For the intermediate and deep-
inelastic collisions, the mean values and variances of the mass and charge distributions as a function
of the dissipated energy, as well as the correlations between neutron and proton transport, are dis-
cussed in a statistical diffusion theory. The important influence of the static potential energy sur-
face on nucleon transport in the deep-inelastic region is demonstrated. Deviations from the simple

diffusion model, observed at small to medium energy losses, are discussed.

I. INTRODUCTION

Nucleon transfer reactions between heavy nuclei have
been investigated for a wide range of projectile energies
and impact parameters, corresponding to reactions rang-
ing from quasielastic to deep inelastic collisions, because
differing mechanisms of nucleon transfer can be studied
in the various reaction processes.

In the quasielastic region of collisions with compara-
tively large distances of the nuclear surfaces, one- and
few-nucleon transfer is observed, which can be envisaged
as a tunneling through the potential barrier between the
colliding partners.’? At these distances the Coulomb
force plays an important role because it leads to an appre-
ciable excitation of the reaction partners.

In intermediate and deep-inelastic collisions, where the
nuclear force becomes dominant, many reaction features
such as fragment distributions in A4,Z and energy loss
have been successfully interpreted in terms of classical or
quantal transport models, including frictional forces.3—!’
Important quantities for the description of the reaction
are the mean values and variances of mass and charge of
the residual nuclei and their excitation energy, which is
representative of the energy dissipated into intrinsic de-
grees of freedom.

For a detailed experimental study of the reactions in the
whole range of quasielastic to deep-inelastic collisions it is
clearly required to use methods which allow a unique
identification of the residual nuclei and a determination of
the dissipated energy.

We present data for the systems 2%Pb 4+ *®Ni and
208pp 4 54Ni at energies slightly above the Coulomb bar-
rier taken with unique mass and charge identification for
the target-like residual nuclei and good energy resolution.
The measurements were performed with the focusing
time-of-flight spectrometer at the accelerator UNILAC of
Gesellschaft fiir Schwerionenforschung (GSI), Darmstadt.
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Elastic scattering, quasielastic neutron transfer, and the
mass and charge transport in intermediate and deep-
inelastic collisions as a function of the dissipated energy
were analyzed for the target-like products measured in the
angle region of 37.5° to 45°(50°) around the grazing angle
(37.8° for recoils).

The investigation was originally begun in order to study
the mass and charge transport in deep-inelastic collisions.
In the diffusion model of nucleon transport’~% simple
predictions can be made for the direction of the average
mass and charge drift from the shape of the dinuclear po-
tential energy surface of the colliding and residual sys-
tems. For asymmetric reaction systems a mass drift to-
wards symmetry is expected, i.e., that in a deep-inelastic
collision the heavier nucleus on the average loses more nu-
cleons to the lighter nucleus than it receives from it.

In contrast to this expectation earlier investigations of
the system “°Ar + 2%Pb (e=5.9 MeV/nucleon) (Refs. 18
and 19) had shown a drift towards mass asymmetry at
low to medium effective energy losses (— Q* < 50 MeV).

In particular with respect to this phenomenon the
present investigation was undertaken. The main interest
was put to the region of small to medium energy losses up
to about 50 MeV. At larger energy losses many systems,
especially at bombarding energies, appreciably exceeding
the Coulomb barrier (E;/Ep >1.2) show a more or less
uniform behavior.?°

The energies in the entrance channel, 5.9 (*®Ni) and 5.4
MeV/nucleon (%*Ni), respectively, were in both cases
about 30 MeV above the Coulomb barrier. This relatively
small energy was chosen because under these conditions a
sensitive dependence of the nucleon transfer on the dinu-
clear potential energy surface was expected. Moreover,
because of the correspondingly small excitation energies
of the reaction partners in this energy region, the secon-
dary evaporation of nucleons—which would falsify the
determination of the primary nucleon transfer—plays a
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TABLE 1. Data of the reaction systems.

208Pb + SSNi 208Pb + 64Ni

Beam energy (center of targets)
(MeV)

Center of mass energy
(MeV)

Coulomb barrier
(MeV)

Sommerfeld parameter

Grazing angular momentum (#)

Grazing angle:
in the center of mass system
in the laboratory system
(recoil)

Laboratory angle of the
measurements

1215 1107
265 260.5
234 230
149 156
138 142
104.0° 104.4°

38.0° 37.8°
37.5%40° 37.5°%,40°,
(45),50° 45°

minor role. Nevertheless, an evaporation correction was
applied to the data.

The use of 2®Pb as a beam and °*%Ni as targets
allowed—for the purpose of the investigation of the
charge equilibration—to vary the ratio of protons to neu-
trons in a comparatively wide range (N /Z=1.07—1.29).
The use of nickel as a target was favored for technical
reasons because it is stable under bombardment condi-
tions. In the preceding Ar + Pb experiment'®!® lead as a
target material had proved to be problematic because of
its low melting point.

Relevant data for the two reactions are presented in
Table I. Preliminary investigations with the Pb-Ni system
had shown that the reaction products are focused on the
grazing angle in the laboratory system. Therefore the
measurements were concentrated on this angle region.

II. EXPERIMENTAL SETUP

The measurements were performed with the focusing
time-of-flight spectrometer?! —2* at the heavy ion accelera-

Quadrupole Doublets

tor UNILAC of Gesellschaft fiir Schwerionenforschung
(GSI), Darmstadt. The spectrometer combines a good en-
ergy and Z resolution with an A resolution, which allows
a unique separation of masses up to 4=100. The mag-
netic focusing of the reaction products on the detector re-
sults in an enlargement of the effective solid angle by a
factor of 7 to 30, and therefore permits the use of the
unusually long flight path of almost five meters with a
detecting solid angle of 0.5—2 msr. Figure 1 shows a
schematic view of the spectrometer.

A. Targets

Great care was spent to employ targets of high isotopic
enrichment. The ®Ni targets, with an enrichment of
99.8%, were self-supporting, rolled metal foils of 280 and
400 pug/cm?. They were supplied by the target laboratory
of GSI. The ®Ni targets (100 and 400 pug/cm?) were
prepared at the isotope separator of the Institute de Phy-

AE~E~-lonization Chamber

Position sensitive
Stop Detector

im

FIG. 1. Schematic view of the time-of-flight spectrometer.
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sique Nucleaire at Orsay with material of initially 96.5%
enrichment. As a catcher foil carbon of 50 ug/cm? was
used, on which the ®*Ni was deposited on both sides. In
the %Ni targets no impurities could be found in the mea-
surements with the time-of-flight spectrometer. In the
58Njj targets very small traces of 2Cr (1X10~*) and *°Fe
(5 10~*) were observed, which could be neglected in the
analysis.

B. Detectors

The time-of-flight tube, Fig. 1, was rigidly connected to
the scattering chamber at an angle of 30°. The flight tube
and scattering chamber could be moved by +30° with
respect to the beam by use of a metal bellows. A Faraday
cup and two surface barrier detectors, used as monitor
counters, were mounted in the scattering chamber on
movable arms. The monitor counters had a solid angle of
0.03 msr each and were positioned at angles of 7° and 10°
or 10° and 13°, respectively. The number of lead ions
elastically scattered into these detectors was used to nor-
malize the data on the product of target thickness and in-
tegrated beam current.

The time of flight of the recoiling ions was measured
with two foil detectors with secondary electron detection
in channel plates, which were placed at distances of 30 cm
(start detector) and 475 cm (stop detector) from the target.
The specific energy loss of the reaction products and their
residual energy were measured with an ionization
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chamber. The detector system has been described in detail
in Ref. 22. Some characteristic data of the detectors are
presented in Table II.

C. Focusing

The magnetic focusing system of the time-of-flight
spectrometer has been described in detail in Refs. 21 and
23. In consideration of the large range of A4, Z, and ener-
gy of the ions to be detected, a one-dimensional focusing
was chosen, because in this mode the transmission curve
has a plateau of about twice the width of that in the mode
of two-dimensional focusing. A gain in solid angle by a
factor of 8.5 is obtained, resulting in an effective solid an-
gle of 0.53 msr.

The transmission curve, which has to be known to
correct for the different solid angles of reaction products
of different magnetic rigidity, was determined in a preced-
ing experiment with argon ions of 4.75 MeV/nucleon. In
addition, the position of the plateau was verified at a
number of significant points with *®Ni ions of 3.8 and 7.6
MeV/nucleon. Figure 2 shows the measured transmission
curve: solid angle as a function of the magnetic field gra-
dient for ions of constant average magnetic rigidity. In
the lower part of Fig. 2 the spectrum of the magnetic rigi-
dities of the reaction products, transformed to the abscis-
sa, i.e., field gradient, is shown for the system
208pp 4+ 8Ni and 6, =9=37.5°. This transformation
was used to correct the data for the effective solid angle.

TABLE II. Technical data.

Start and stop detectors

Start detector

Stop detector

Active area
(width X height) (mm?)

Channel plates
(mm?)

Magnetic field
(Gauss)

Bending radius
(mm)

Position resolution
(FWHM) (mm) -

Time resolution
(FWHM) (ps)

Ionization chamber

Entrance window
(width X height) (cm?)
Total length of anode
(cm)
Length of AE plates
(cm) each
Gas pressure (argon-methane)
(Torr)
Energy resolution for Ni ions

of 5—8 MeV/nucleon (FWHM) (%)

Z resolution for Ni ions

1845 90X 19
2050 2X(50x20)
58 41
25 35
0.6 0.45
150 120

8x4

65

10

150—250

0.45-0.4

of 5—8 MeV/nucleon (FWHM) (%) 1.3
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Transmission curve for “Ar ions
MeV /nucleon) and one-dimensional focusing. In the lower part
of the figure the spectrum of the “effective field gradient” for
the products of the reaction °Pb + *®Ni is shown.

FIG. 2. (e=4.75

If (Bp)eyp is the magnetic rigidity of an ion registered in
the experiment, k.., is the field gradient, which is con-
stant during the experiment, and (Bp)rg is the magnetic
rigidity of the ion with which the transmission curve has
been measured, an effective field gradient is obtained as

keff:kexp(Bp)TK/(Bp)exp ’

which, together with the measured transmission curve was
used to determine the correction factor Kr:

KT=Smax/S(keff) .

The magnetic rigidities were calculated with average
charge states according to Nikolaev and Dmitriev.?* It
should be noted that only the ratios of the average charge
states and not their absolute values enter into the calcula-
tion of the effective solid angle correction, so that possible
influences of the charge distribution, which were not tak-
en into account in the formula of Nikolaev and Dmitriev,
will drop out in first order.

The measured data covered a region of Z from 19 to 45
and an energy region from 150 to 520 MeV. Nevertheless,
the ko of most fragments lay within the plateau of the
transmission curve, so that larger corrections (Ky up to
2.5) were only necessary for a minor part of the data.

III. DATA RECORDING AND EVALUATION

A. Data recording

For data registration the standard data recording sys-
tem of GSI (Ref. 25) was used. The data were written
event by event on magnetic tape. The dead time losses in
the recording system were determined by comparing the
real count rate, measured with a scalar, with the recorded
number of counts.

B. Measurements

The measurements were performed at laboratory angles
of 9=37.5°, 40°, and 45° (°®Ni and ®Ni targets) and

¥ =50° (only for the **Ni target). The laboratory angle of
¥=37.5° in both systems approximately corresponds to
the grazing angle. Partly due to kinematic reasons, a
strong focusing of the reaction products was observed in
the laboratory system in the angle region around the graz-
ing angle. Therefore the measurements were concentrated
in this angle region.

C. Data evaluation
1. Determination of A, Z, and E

In the off-line evaluation of the data the mass number,
nuclear charge, energy, and angle were obtained for each
event from the detector signals. Because the detectors
provided a position measurement (the time detectors in
the reaction plane and the ionization chamber in the
direction perpendicular to it) and because these signals
were also recorded on tape, a significant improvement of
the mass resolution could be obtained by an off-line
correction of nonideal detector properties. Corrections
were applied for the position dependence of the ionization
chamber signals and the dependence of the time deter-
mination on the amplitudes of the channel plate signals.
The mass and charge resolution was A/dA =180—190
(FWHM) for both 4=58 and 64, and Z/dz =75—80
(FWHM) for Z=28.

The mass resolution was practically independent of en-
ergy, because the decrease with increasing energy of the
relative time of flight resolution was compensated by an
improvement of the energy resolution in the ionization
chamber signals. Figure 3 shows typical 4 and Z spectra
for the %Ni system; Figure 4 shows contour plots of the
A-Z distributions measured at O =37.5°. It is seen that a
practically unique separation of masses and nuclear
charges was obtained. .

An inspection of the contour plots of Fig. 4
indicates—in particular in the case of **Ni—a strongly
preferential transfer of neutrons from the projectile 2°°Pb
to the nickel target nuclei and an inhibition of transfer in
the opposite direction. This finding will be discussed in
detail in Sec. IV B.

The energy resolution is mainly determined by target
effects and by the energy and angle uncertainties of the
beam. Making use of a time measurement between the
signal of the start detector and the high frequency signal
of the accelerator, the influences of the uncertainties of
the beam energy on the energy resolution could be reduced
(see also Refs. 22 and 23). The Q value resolution ob-
tained, depending on scattering angle and target thickness,
was 3—6 MeV. This resolution did not suffice to uniquely
determine the cross section for elastic scattering.

The data were transformed to the center of mass system
under the assumption of a two-body reaction. At a given
laboratory angle the range of masses and energies of the
observable recoiling reaction products is limited for
kinematic reasons (minimal energy for a given mass, and
maximal mass for a given energy). In order to avoid er-
rors in the mean values and variances of mass and charge
(Sec. IV C) originating from this restriction, mean values
and variances were only analyzed up to energy losses for
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FIG. 3. (a) Mass spectrum for the reaction 2%*Pb + **Ni. (b)
Charge spectrum for the reaction 2°Pb + *®Ni.
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FIG. 4. Contour plots of the measured A-Z distributions
(9=37.5°). The injection points are marked by arrows.

which no kinematic limitation occurred for the largest
masses observed. For ¥=37.5°, 40°, and 45° the data
could be used up to Q values, corrected for the potential
difference of the entrance and exit channel, of
— Q*=—100, —90, and —70 MeV, respectively.

2. Correction for nucleon evaporation

The observed excitation energies were in part high
enough to allow the evaporation of light particles, espe-
cially neutrons, from the primary reaction products. In
this case the distribution of the secondary residual nuclei
after evaporation is measured in the spectrometer, from
which the distribution of the primary products has to be
determined. This transformation cannot be carried out
with a high degree of accuracy, which is a general prob-
lem in the analysis of heavy ion reactions. The considera-
tion of this difficulty was one of the reasons why we
chose comparatively small energies in the entrance chan-
nel. Nevertheless an evaporation correction was applied
to the data.

The following assumptions were made:

(1) The thermal excitation energy is divided between the
reaction products in the ratio of their masses. This as-
sumption was considered to be valid on the ground of ex-
perimental evidence,?®~3 until recent experiments indicat-
ed that at bombarding energies well above the Coulomb
barrier and at small energy losses the excitation energy is
distributed rather equally between the reaction partners,
reaching a mass proportional distribution only after a cer-
tain energy loss E,.31 =3¢

These experiments were carried out at beam energies
appreciably higher than the energy in our experiment.
From friction models** it can be deduced that the initial
energy dissipation rate is proportional to the energy above
the Coulomb barrier. The same dependence is expected
for E, if a constant characteristic time for the thermal
equilibration is assumed. This expected behavior is con-
firmed by more sophisticated calculations of Toke et al.®
in which the temperature ratio of the reaction partners
was calculated for the %Kr + ®Er system as a function
of the energy loss for different beam energies. Combining
this behavior with the experimental data of the system
SFe + 'Ho,>! we estimate a value of approximately 8
MeV for the energy loss E, after which thermal equilibri-
um is expected in our system. This value results in excita-
tion energies which are below the nucleon emission
threshold. Therefore, we consider the assumption of a
mass proportional energy division justified for the purpose
of calculating an evaporation correction for our system.

(2) Only the evaporation of neutrons is considered be-
cause in the systems investigated the emission of charged
particles is less probable. It was assumed that at most two
neutrons are emitted from the lighter (nickel-like) frag-
ment. In consideration of the mass-proportional distribu-
tion of the excitation energy, the latter assumption is ex-
pected to be valid up to a total thermal excitation energy

of about 80 MeV.

(3) The mean velocity of the fragments is not changed
by the neutron emission.
For a nucleus of given excitation energy the probability
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for the emission of 0, 1, or 2 neutrons ( Wy, W, W,) can
be calculated with the statistical model.>® To solve the in-
verse problem, it was assumed that the probability w; to
obtain a residual nucleus (A4,E*) after evaporation of i
neutrons (i=0,1,2) is proportional to the primary yield of
the emitting nucleus N (A4 +i,E;) and the emission proba-
bility W;(4 +i,Ef):

N

1)
N' =Nsec >

N*+D(4)=

>

i=0,1,2 Jj=0,1,2

The N and W were in each iterative step taken at the cor-
responding excitation energies, comprised in steps of 1
MeV. The sum in the denominator was used for normali-
zation so that

w0+w1+w2=1 .

In general, ten iterative steps were enough to give no fur-
ther significant changes in the distributions. The iteration
was performed separately for each element.

The corrected Q value, Q;, was obtained from the un-
corrected value Qg under the assumption that the neutron
emission does not change the velocity of the reaction
products:

Qi =[Qo(As+)A5+iAdze]/[A4(A5—D)],

where e represents beam energy, i represents the number
of neutrons emitted, A, represents target mass, and 43,
Ay represent fragment masses.

3. Determination of cross sections

The efficiency of the time detectors was in each
measuring run determined by comparing the registered
number of counts with the number of ions recorded in the
ionization chamber. The number of elastically scattered
lead nuclei, registered in the monitor counter, divided by
the Rutherford cross section, was used to obtain a relative
normalization to the product of beam current times target
thickness. For an absolute normalization the elastic
scattering of the nickel ions by the lead projectiles at the
smallest center of mass angle (6=80°") for the **Ni experi-
ment was used. At this angle the elastic scattering
predominates strongly. Only a few inelastic channels con-
tribute, mainly one-neutron transfer into states of low ex-
citation energy, with a contribution of about 6%. The
sum of these channels and the elastic scattering should in
a good approximation correspond to the Rutherford
scattering cross section. The error in this procedure will,
among other influences, depend on the interference be-
tween electromagnetic and nuclear interactions, i.e., de-
pend on oscillatory effects in the Fresnel diffraction. In
order to investigate this question calculations in the “gen-
eralized Fresnel model”®’ were carried out. The result
was that the amplitude of the oscillation of the ratio
o/og at the angles under consideration is below 1%. The
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- w;~N(A +i,EfYW{(A +i,EF) .

The primary yield N,n, being unknown, was in the first
step approximated by the measured secondary yield N
and counted back in an iterative procedure in the follow-
ing way:

Noo(d —DONOOW(4)/ S NRA—i+)Hw;4) |,

I

statistical error for the measurement at J=50° is about
1%. Considering all influences, the overall error of the
normalization is estimated to be smaller than 5%.

IV. RESULTS AND DISCUSSION

In this section the measured data are discussed. The
different reaction processes are classified, as usual, ac-
cording to the reaction Q value and the transferred mass.
This classification leads to the following distinctions:
elastic scattering; quasielastic transfer; and intermediate
and deep-inelastic reactions.

A. Elastic scattering

The energy resolution of a few MeV did not suffice to
separate the elastic scattering from inelastic channels with
small Q values, for instance Coulomb excitation. Even
though the determination of the elastic scattering had not
been the primary aim of our investigation, it was attempt-
ed to extract the elastic scattering cross section from the
data, because information on the reaction cross section
can be inferred from it.

In order to describe the influence of the short-range,
strongly absorbing nuclear forces on the reaction cross
section, it is under certain conditions adequate to use an
extended definition of “elastic scattering.” In doing so, of
course, the problem arises that elastic scattering and “re-
action cross section” are no longer unambiguously de-
fined.*%

In the following we designate as elastic scattering the
sum of the purely elastic scattering and the experimentally
not resolved exit channels with small Q value (— Q <3—5
MeV), however without a nucleon transfer.

The cross sections for this “elastic scattering” were ob-
tained by a Gaussian fit to the high energy halves of the
quasielastic peaks in the energy spectra of the isotopes
¥Ni and %Ni. This procedure did not raise problems in
the case of ®Ni. However, for %Ni, due to the shapes of
the energy spectra, differences in the cross section
(~10%) resulted when the energy window used in the fit
was varied. Therefore only the scattering of 2°Pb on *®Ni
is discussed in the following.

Figure 5 shows the differential scattering cross section
obtained in this way, normalized on the Rutherford cross
section og. The error bars include the error of the fit,
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FIG. 5. Differential cross section for “elastic scattering” and
optical model calculations for the system °*Pb 4 5¥Ni.

which was estimated by varying the energy window. The
statistical error was smaller than 1% and gives only a
minor contribution to the overall error.

For comparison with the measured data, calculations
with the optical model were performed. In view of the
definition of elastic scattering given previously, the long
range Coulomb force, which for the heavy nuclei under
consideration leads to an absorption from the purely elas-
tic channel even at relatively large distances,’®° and
which can be simulated in the optical model by an addi-
tional “dynamic polarization potential,”*® was not includ-
ed in the calculations.

It is interesting to compare the results with the scatter-
ing of “°Ar on 2®Pb (E,, =198 MeV), which has been
investigated earlier.'”3® It is seen that in the Pb + Ni sys-
tem an appreciable reduction of the ratio do/dog occurs,
even at small scattering angles, whereas in the Ar 4+ Pb
system such a reduction is not observed, if the same defi-
nition for the elastic scattering is used. The reason for the
reduction of the elastic scattering in the system
208pp 4 38Njj is the quasielastic neutron transfer, which
will be discussed in detail in Sec. IV B.

A set of potential parameters (set 1 in Table III), which
was determined with the condition that the absolute value
and the derivative of the Woods-Saxon potential
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V(r)=—Vy/ |1+exp

r—R
a

coincide with the corresponding values of the Bass fusion
potential*! at the interaction distance (7, =R;+R, + 3
fm=13.8 fm), had for the scattering of “°Ar on 2°*Pb re-
sulted in good agreement between the calculation and the
experimental sum of truly elastic scattering and excitation
of low energy states.!” For the system 2Pb + 5¥Ni the
absorption from the elastic channel is underestimated for
small center of mass angles (curve 1 in Fig. 5). The
reason for this deviation cannot be found in an inadequate
consideration of excited states in the experimental deter-
mination of the “elastic scattering,” because the inclusion
of Q values up to — 10 MeV does not raise the experimen-
tal cross section to the calculated curve at small scattering
angles (=280 and 90°). The discrepancy can, however, be
explained by the neutron transfer into energetically low
lying states, which leads to an absorption from the elastic
channel. Even at a scattering angle of §=80°, where in a
classical calculation the nuclear surfaces approach each
other not closer than 5 fm, the measured neutron transfer
probability to *Ni is still 4.6%.

A somewhat better fit of the optical model calculations
to the experimental data is obtained with a set of potential
parameters published by Birkelund et al.,** which was
used to fit the elastic scattering of “°Ar + Bi (E; =240
MeV) measured with a comparable energy resolution of
about 5 MeV. The set differs from the one used previous-
ly mainly in the depth of the imaginary potential. To
reproduce the strong neutron transfer at small angles
however, the diffuseness parameter had to be enlarged
from 0.529 to 0.645 fm (set 2 of parameters, Table III;
curve 2 in Fig. 5).

Without a change of the diffuseness parameter a good
agreement between calculation and experiments is ob-
tained, if in addition to the elastic scattering defined pre-
viously, neutron transfer channels with Q values larger
than — 10 MeV are included in the experimental cross sec-
tion. This is not unexpected, because in the cited experi-
ment *°Ar + 2°Bi no mass determination was made, and
therefore the neutron transfer channels were not separated
from the elastic scattering. From the cross section for
elastic scattering we deduce a reaction cross section, ex-
cluding inelastic excitations with — Q<5 MeV of
or=1035+45 mb for the system 2%Pb+ **Ni and
or=1042+70 mb for **Pb + ®Ni. The relatively small
error in the reaction cross section, compared to the error
bars in do/doy, is due to the steep slope of do/doy at
the grazing angle, as calculations with varied optical

TABLE III. Parameters of the Woods-Saxon potential used in the optical model calculations. For
the Coulomb potential in both cases #¢c=1.20 was used.

Vo FRr ar Wy rr ar

(MeV) (fm) (fm) (MeV) (fm) (fm)

Set No. 1 27.3 1.29 0.61 9.1 1.33 0.51
Set No. 2 43.2 1.196 0.645 56.0 1.196 0.645
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model parameters have shown.
In the “sharp cut-off model” the maximum angular
momentum follows from the reaction cross section

liw=(or /7T k , ,

it amounts to l;,, =138 3% (*3Ni) or 142 *5% (%Ni),
respectively.

B. Quasielastic transfer

In transfer reactions with medium mass nuclei ( 4 <20)
and at energies near the Coulomb barrier, transfer ampli-
tudes for well-defined channels can be investigated (for re-
view see Refs. 43 and 44). For reactions between heavy
nuclei (A4 >40), in contrast, the description of nucleon
transfer in quasielastic and deep-inelastic reactions is in
many cases limited to the first and second moments of the
charge and mass distributions of the reaction products
(for review see Refs. 6 and 44—46). The reason for this
limitation is in part of technical origin: individual exit
channels cannot be separated experimentally for mass
numbers A4 >40, except for the elastic scattering of sys-
tems with energetically high lying first excited states.’®3°
In addition, the total reaction cross section in the heavy
systems is distributed among many individual exit chan-
nels, which in general can be reached in several different
intermediate steps. Even at relatively large distances of
approach the nuclei are excited with high probability by
the Coulomb force, so that even the entrance channel for
the transfer reaction may contain a number of states.

Therefore, no significant effects of spectroscopic prop-
erties of individual levels on the overall reaction are usual-

208py , 58y
9=45°

101

COUNTS

101
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ly considered. Theoretically, the nucleon exchange be-
tween the nuclei is then treated as a transport process®~!”
justifying the description of the reaction by the average
values and variances of the mass and charge distributions
as relevant measuring quantities.

It is however also possible that information on the
properties of transfer can be obtained by a more detailed
study of transfer probabilities for certain ‘“channels” of
residual N and Z, as will be shown below. The channels
can be defined to include a sum of states of an individual
nucleus within a certain region of energy.

Compared to the large number of experiments on reac-
tions with heavy ions, investigations of this kind have
only rarely been performed with heavy systems,*”*® where
in the case of Siekmann et al.*’ individual isotopes have
not been separated experimentally.

1. Definition of the quasielastic channel

In the measured A-Z-E distributions a few neutron
transfer channels stand out in intensity and in the form of
their energy spectra from the rest of the quasielastic and
deep-inelastic reactions. Therefore the investigation of
the quasielastic transfer was concentrated on the nickel
isotopes, corresponding to the neutron transfer channels.

The energy spectra of these isotopes, Fig. 6, show a pro-
nounced peak at a reaction Q value of Q~0 with a width
of about 10 MeV. This peak in each case contains a num-
ber of individual states of the participating nuclei, which
however were not resolved experimentally. Because of
this form of the spectra, the experimental energy resolu-
tion of a few MeV and theoretical expectations (see the

103 +
102
107 4

100
107 1

COUNTS

100
101

100 4
102

101

100
101

100 LS 1Y -

-50 _-40 30 -20 -10 0

Q(MeV)

FIG. 6. Energy spectra of individual nickel isotopes. The ground state Q values are indicated by arrows.
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following), a window of Q =0+10 MeV was set on the
energy spectra to determine the cross section for the
quasielastic channel. For the product nuclei ®Ni and %°Ni
in the case of the ®Ni target an additional window up to
Q = —14 MeV was used in view of the negative ground
state Q values.

The remaining inelastic channels (Q < —10 MeV) for
reactions not fully relaxed in energy, which are often
called “quasielastic” in literature, will be termed ‘“inter-
mediate” in the following, in order to distinguish them
from the quasielastic channels defined already.

2. Q value window

Direct transfer reactions between medium and heavy
mass nuclei possess a kinematic selectivity with respect to
the reaction Q value (“Q value window”) (see for instance
Refs. 43 and 44). In a classical description of the transfer
the optimal Q value is given by the condition that the in-
going and outgoing trajectories have to join smoothly at
the time of transfer for which appropriate model assump-
tions have to be made. Because in the heavy systems
under consideration the transfer of a neutron has only a
minor effect on the trajectory, an optimal Q value Q.
near zero is expected. With the different model assump-
tions summarized in Ref. 44 we obtain Q. =—0.5 to
+ 1.0 MeV for the investigated range of angles
(6=80°—105°) and the neutron transfer from 2%Pb to a
*®Ni nucleus. A comparison with the ground state Q
values of Table IV explains the experimentally observed
hindrance of a direct neutron transfer from >Ni to 2°%Pb,
which is also seen clearly in Fig. 4.

For medium mass systems the width of the Q value
window is 5—10 MeV.* A distorted-wave Born approxi-
mation (DWBA) calculation for the heavy system
8831 (86K r,28S1)8Kr (Ref. 47) shows that a reduction in the
cross section by about an order of magnitude is expected
within an energy region of +10 MeV. This result is also
in qualitative agreement with the measured energy spectra
of Fig. 6.

3. Transfer probability, normalization

A normalization of the quasielastic cross section to the
Rutherford cross section, for the purpose of determining a
transfer probability, did not appear to be meaningful, be-
cause the elastic scattering is strongly reduced by absorp-
tion into the intermediate and deep inelastic channels at
the grazing angle. A normalization on the elastic scatter-
ing cross section was also ruled out, because the transfer
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cross section could not be considered small with respect to
the elastic scattering cross section. Therefore, a normali-
zation on the sum of the elastic scattering and the quasi-
elastic transfer channels was used. Their trajectories can
be regarded as Coulomb-type orbits because of the small
Q values and the small mass transfer.

The transfer probability is then obtained as

/35

where x is the number of neutrons transferred to the
lighter nucleus (x = —2 to + 3).

d aqe d oqe

P, =

b

4. Transfer in a semiclassical approximation

In a semiclassical approximation and the case of orbits
in which the nuclei overlap only weakly, an essentially ex-
ponential decrease of the transfer probability with the dis-
tance of closest approach D is expected:*

P ~sin(6/2)exp[ —2«D (0)] ,
where D (8), assuming a Coulomb trajectory, is given by
D(8)=e’Z,Z,/(2E;){1+[sin(6/2)]7} .

The slope depends on the reduced transferred mass p and
on an effective mean binding energy B

k= (2uB g /#)? .

With this simple ansatz the experimentally observed
transfer probabilities are well reproduced qualitatively.

5. Measured transfer probabilities

Figure 7 shows the connection between P /sin(6/2) and
D(6). In the *Ni system the expected exponential de-
crease is seen for D > 14.4 fm (6 <100°). The exponential
slope of P /sin(6/2) was fit with the formula

P, /sin(6/2)=exp[ —c (D —D,)]

(full lines in Fig. 7). For the determination of the parame-
ters ¢, and D, the measuring point at the grazing angle
(6=105°, D=14.1 and 14.4 fm, respectively) were not in-
cluded in the fit.

In both systems the neutron transfer from the heavier
to the lighter nucleus (x> 0) shows a comparable depen-
dence of the transfer probability on the distance of closest
approach. The straight lines, extrapolated to smaller dis-
tances, cross each other in each case at P~1 and D=13.4

TABLE IV. Ground state Q values Qgg for the transfer of neutrons (n) and protons (p) in the reac-

tion 2%%Pb + S%%*Ni.

x= —2n —1n + In + 2n + 3n —1p + 1p

58Ni 56Ni 57Ni 59Ni 60Ni 61Ni 57C0 59Cu
Qg (MeV) —13.3 —8.3 + 1.6 + 6.3 + 6.0 —4.4 —4.6
54N 2Ni S3Ni %5Ni 65N S7Ni 8Co Cu
Qg (MeV) —7.4 —5.7 —1.3 + 1.0 —1.6 —8.7 —0.6
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FIG. 7. (a) Reduced transfer probability P;/sin(6/2) for the
system 2®Pb + ¥Ni as a function of the distance D(8). Crosses
are experimental points; full lines are exponential fits [not in-
cluding the points at the grazing angle (14.1 fm)]. (b) Same as
(a) for the system 2%Pb + %Ni. The squares for *Ni and **Ni
were obtained with energy windows expanded to — 14 MeV.

fm. This distance corresponds to an approach of the nu-
clear surfaces, calculated with the half-density radius of
the Bass fusion potential,*! of about 2.6 fm (*®Ni target)
and 2.5 fm (%*Ni target), respectively. The parameter c,,
which determines the slope of the exponential, is listed in
Table V. For both systems the following relation holds
(for x > 0) in a good approximation:

Cx =XC1 .

This relation, together with the common intersection at
P~1, strongly suggests the interpretation that the proba-

TABLE V. The parameter c,, which describes the slope of
the transfer probability with the distance D.

x= —2n —1In + In + 2n + 3n
208pp 4 BN 1.04 1.96 3.2
208pb + 54Ni 1.04 1.01 1.21 2.33 3.4

bility for the transfer of several neutrons can be viewed as
the product of a corresponding number of independent
transfer steps. Because of the comparable size of the
ground state Q values and the similar structure of the nu-
clei, the individual transfer probabilities will not differ
much from each other, so that we can assume

P,=P% .

An enhancement of the multinucleon transfer, which
has been reported by Siekmann et al.*’ for the proton
transfer in the systems *Kr + #¥Sr, °°Zr, and °*Mo and by
Himmele et al.*® for the neutron transfer in the system
238U + 184W, was not observed in our investigation.

The neutron transfer from nickel to lead (x <0) shows
a different behavior. The probability for the quasielastic
transfer of a neutron from ®Ni to the 2°®Pb nucleus is
smaller by a factor of 4, for ®Ni to 2°®Pb smaller by two
orders of magnitude than the transfer in the opposite
direction. This effect is mainly due to the unfavorable
ground state Q values originating from the closed shell
neutron structure in 2%Pb,.

The probability for the transfer of two neutrons from
%Ni to 2®Pb does not decrease more strongly with the dis-
tance than the probability for the transfer of one neutron
(c_,=~c_,), in contrast to the situation for the transfer in
the opposite direction, where a doubling of the slope was
observed (c;~2c;). This relatively small slope of the
transfer probability for x = —2 can possibly be attributed
to a significant contribution of a simultaneous transfer of
a neutron pair to the cross section. It cannot be explained
by a transfer into states of higher excitation energy, be-
cause it is seen from the measured Q value spectra, Fig. 6,
that the neutron transfer from %Ni to 2Pb leads to states
of comparably low excitation energy as the transfer in the
opposite direction.

A calculation of the excitation energy from the slope of
the straight lines (parameters c, or «, respectively) by
which the effective binding energy B¢ is determined, and
from the average neutron separation energy—a procedure
which has been used by Himmele et al.*®*—results in a
value of 10 MeV for the excitation in the exit channel
%2Njj + 2'°Pb. On the other hand, from the experimental
spectra an average excitation energy of only 2.3 MeV is
deduced. Therefore, the excitation energy cannot correct-
ly be determined from the parameter c, in our experiment
so that the general applicability of the procedure has to be
considered questionable.

6. Transfer probability at the grazing angle
The reduction of the transfer probability P at the graz-

ing angle, Fig. 7, which has also been observed in other
heavy systems (3Kr + *8Sr, Zr, ®>Mo, and 2Si + 3°Te)
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(Refs. 47 and 49), corresponds to a relative reduction of
the quasielastic transfer channels compared to the (quasi-)
elastic scattering.

In the following text, possible explanations for this ef-
fect are discussed. A certain saturation of the transfer
probability P can be expected if the backward transfer
(°8Ni-*Ni-*®Ni) is taken into account in the calculation of
an effective transfer probability. This assumption does
not suffice to explain the magnitude of the reduction, as a
calculation of the transfer probability P, showed, using
the macroscopic model of Brosa and Gross®® and parame-
ters fitted to the experimental data. The backward
transfer, which can be important if P, is not small com-
pared to unity, was taken into account in the following
way:

Pyg=P,—P}+P}— -+ =P,/(1+P,),

where P is the effective transfer probability. The reduc-
tion of the transfer probability at the grazing angle ob-
tained in this calculation is appreciably smaller than ob-
served in the experiment. The neglect of the nuclear po-
tential in the calculation of D(6) cannot explain the
reduction either, because with the inclusion of attractive
nuclear forces the observed reaction angle corresponds to
a smaller distance of approach than for purely Coulomb
forces, so that even a higher value of P would be expected.
Such an effect is indeed observed in the two-neutron
transfer (x = —2) to ®*Ni for the *Ni target. Also, for
®Ni (x = — 1) practically no reduction of P at the grazing
angle is seen.

The significantly stronger reduction of P in the cases
where neutrons are transferred to the lighter nucleus, sug-
gests that this effect can be attributed to the competition
of the deep-inelastic channel. In a classical description of
transfer in which the transferred particle is situated be-
tween the two mass cores and is in the first instance cou-
pled to the donor core and then—without changing the
geometry—coupled to the acceptor core, the distance be-
tween the centers of the two nuclei decreases, if a nucleon
is transferred from the heavier to the lighter nucleus.'® In
this case, moreover, the sum of the two nuclear radii and
the fusion radius becomes larger so that an absorption
into the deep-inelastic channel becomes more probable. In
the opposite case, when at first one or more neutrons are
transferred from the lighter to the heavier nucleus, the
probability increases that the two nuclei separate with a
relatively small loss in kinetic energy. This interpretation
can also—at least in part—explain the drift to mass asym-
metry observed at corrected energy losses of —10 to —30
MeV (Sec. IV C).

C. Intermediary and deep inelastic reactions

1. Corrections for the reaction Q value

The kinetic energy dissipated into thermal degrees of
freedom in intermediary and deep inelastic reactions,
AE g, is an important quantity of the experiment, be-
cause in the theoretical description of the nucleon trans-
port it is closely correlated to the number of transferred
nucleons and the time of interaction. It is not identical

with the measured (negative) reaction Q value; a correc-
tion has to be applied for the nuclear potential difference
of the entrance and exit channels:® AV =V,—V;.

The dissipated energy is given by the difference of the
kinetic energies at the points of contact and scission

AE=(E;— Vi) —(Eg 10— V5) »
= —(Q +AV)E —Q* >

where E; and Ek . are the center of mass energies in the
entrance and exit channel. Accordingly, the corrected ki-
netic energy in the exit channel is

E;é,tot :Ei +Q* .

The potential energy AV is composed of the Coulomb
and nuclear potential, for which the Bass fusion poten-
tial*! was used. For the distance of the nuclear surfaces a
constant value of s=1 fm was assumed. A deformation
of the nuclei at the scission point could have been simulat-
ed by a larger distance of the nuclear surfaces in the exit
channel. However, different values of the surface dis-
tances in the entrance and exit channels would have re-
sulted in problems at small energy losses, where the nuclei
are not appreciably deformed. Therefore, a deformation
was not taken into account.

2. Energy and angle region of the data

In comparison with measurements with large ionization
chambers or parallel plate counters, and nuclear chemistry
methods for the determination of the reaction products, it
is not practicable to measure complete angular distribu-
tions of heavy ion reactions with a high resolution instru-
ment like the time-of-flight spectrometer, which has a
detecting solid angle of only a few msr. In contrast, the
practically unique determination of nuclear mass and
charge, and the good energy resolution of this instrument
allow the investigation of some aspects of the reactions,
which cannot be studied if one of these quantities is not
resolved in the experiment. Moreover, for some properties
of the measured quantities no strong dependence on angle
is expected. The different measuring methods should
therefore be regarded as complementary.

A comparison of the energy and angle region covered in
our measurements with the Wilczynski plot of the similar
system °Fe + 298Pb (E; =267 MeV) (Ref. 53) shows that
the data taken at laboratory angles of 4 =37.5° and 40° lie
on the maximum of the distribution of the cross section
up to corrected energy losses of 80—90 MeV. The reason
for this fact is that the kinematic decrease of the center of
mass angle at constant laboratory angle coincides with the
energy-dependent deflection to smaller center of mass an-
gles, caused by the nuclear forces. Therefore, the data
measured at d=237.5° and 40° can be considered represen-
tative of the reaction.

In both systems the maximal energy loss, corrected for
the potential difference of spherical nuclei, is — Q* =130
MeV, and therefore appreciably higher than the kinetic
energy which is available at the point of contact (s~3 fm)
in the entrance channel (30 MeV). The considerable
reduction of the potential energy in the exit channel is
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usually explained by a deformation of the nuclei. The
minimal energies in the exit channel (Eg (145 and 155
MeV, respectively) are near the fragment energies of about
170 MeV predicted from the systematics of fission ener-
gies,’? if the 4 and Z asymmetry is taken into account.
Corresponding energy values have also been observed in
other systems.?®

3. Diffusion

The transfer of nucleons in intermediary and deep in-
elastic reactions can be described as a diffusion pro-
cess.>~%%* To compare with experimental average values
of A and Z the one-dimensional diffusion in the discrete
coordinate x is considered, where x is for example the
number of nucleons in one of the fragments. As a solu-
tion of the Fokker-Planck equation

AP (x,0) /3t = — 2 [d, (x, 0P (x,1)]
ox
2
dx?
with P(x,?) equal to occupation density, d, equal to drift

coefficient, D, (x,t) equal to diffusion coefficient, and
with the initial condition

P(x,0)=08(x —xq),

+ [Dxx (x,0)P(x,1)] ,

one obtains for constant values of the drift and diffusion
coefficients the well known result>*

P(x,1)= (47D 1)~ % exp — (x —xo—dx1)* /4Dy 1] .

This solution corresponds to a Gaussian distribution, the
center of which moves from the initial value with con-
stant speed d,, while at the same time the variance of the
distribution increases monotonically. The drift coefficient
d, essentially depends on the gradient of the potential en-
ergy (“driving force”). If the diffusion coefficient is a
constant, and if the usual assumptions are made for the
level densities, the relationship between the drift and dif-
fusion coefficients can be expressed with the “Einstein re-
lation™

dy = —(3Epo /3x)Dyy /T ,

where T is the nuclear temperature.

For equal transition probabilities in both ' directions
(“random walk”’), the variance of x is directly correlated
to the number of independent diffusion steps nggr. If x is
an integer, then

2
Ox =Ngiff -

A problem of the model is that the interaction time can-
not be measured directly. In general it is assumed that the
reaction angle’ and the energy loss®® are (measurable)
quantities correlated to the interaction time.

In the following discussion the corrected energy loss is
used as an independent variable. We first discuss the
average values of the mass and charge distributions
which, according to the preceding relations, should be
correlated to the potential energy.
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4. Mean values of the mass and charge distributions

In order to study the dependence of the average values
of A and Z and their variance on the energy loss (— Q*),
the latter quantity was divided into windows of 10 MeV
width. The center of the first window lies at — Q*=0.
Even at this low energy the strong quasielastic transfer
(see the preceding text) leads to a significant departure
from the target mass by 0.6 (®Ni) or 0.4 (%*Ni) mass
units, respectively. Figure 8 shows the mean values of 4
and Z, which have been averaged over the laboratory an-
gles (°®Ni: 37.5° and 40°; %Ni: 37.5°, 40°, and 45°). In the
averaging procedure the cross sections were used as
weights.

The statistical errors of the mean values can be neglect-
ed at small energy losses. At the largest energy loss they
correspond to 0.2—0.4 units of mass and 0.1—0.2 units of
charge.

5. Charge equilibration

If the two systems are compared, the striking difference
is the substantially lower minimum of (Z) in the **Ni
system. This difference is due to the different neutron ex-
cess in the targets. In the neutron rich ®Ni the ratio
N/Z=1.29 lies near the most favorable value of 1.37
with respect to the static potential, whereas in the ®Ni
system (N /Z=1.07) in the first instance an equilibrium
of the N /Z ratio has to be established. As a consequence,
the charge equilibration, which is known to be a “fast”
degree of freedom>®>7 in comparison to the mass asym-
metry degree of freedom, dominates the direction of the
drift up to energy losses of — Q*~40 MeV in the >*Ni
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FIG. 8. Mean values of 4 and Z as a function of the reduced
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energy loss — Q™.
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system. This behavior is obvious in Fig. 9, in which the
evolution of the mean values is shown in a contour plot of
the potential energy surface as a function of N and Z.
The measured values, shown as points in the figure, differ
in energy loss by 10 MeV. The energy difference in the
contour lines is 1 MeV (*®Ni) and 0.5 MeV (%Ni), respec-
tively. The static potential energy E,, was calculated
with respect to the target-like reaction product and is
given by the ground state Q value Q, corrected for the
pairing energy and the potential difference AV of the en-
trance and exit channels:

—(Qgg +8+AV),

with 8=0 for even-even nuclei, §=2 MeV for odd-even
and even-odd nuclei, and § =4 MeV for odd-odd nuclei.
For the calculation of AV a distance of the nuclear sur-
faces of s=1 fm was assumed for the entrance and exit
channels. An enlargement of this distance to s=3 fm in
the exit channel, in order to take into account a nuclear
deformation, essentially results in a shift of the potential
by about 0.3 units in the Z direction, because the
Coulomb potential gives the major contribution to the to-
tal potential. An equally small change results if the cen-
trifugal potential is included in the calculation, because
only potential differences enter. Therefore, no attempt
was made to take the centrifugal potential into considera-
tion. Otherwise additional assumptions for the ‘angular
momenta and their dissipation would have had to be
made. Nevertheless it has to be pointed out that the po-

Epot =

208py, S8\

294

284

27

26

1Y

o) —+

29 30 3 32 33 34 3B 3B 37 38 N
4

304
29 T
28

27+

26 f
35 36 37 38 39 40 41 N

FIG. 9. Evolution of the mean values of N and Z in a con-
tour plot of the potential energy. The measured points differ in
energy loss by 10 MeV. The distance of the contour lines is 1
MeV (*®Ni) and 0.5 MeV (%Ni), respectively.

tential energy surfaces shown cannot be considered valid
for the largest energy losses.

Due to the ground state Q values, the potential energy
for constant mass has the shape of a parabola. In a direc-
tion perpendicular to constant mass it slowly decreases to-
wards mass symmetry, i.e., towards higher masses of the
lighter nucleus.

The injection points (N and Z of the target) are indicat-
ed by crosses in Fig. 9. In the ®Ni system the injection
point lies almost in the minimum of the potential valley;
in the *®Ni system, however, 12 MeV above the minimum.
This fact explains the different evolution of (Z) for the
two systems. In addition, it is seen that with respect to
the static potential energy surface the charge equilibration
is not complete. The bottom of the valley is not reached
by the average values. For a given 4, (Z) only ap-
proaches the minimum up to 0.3 units (**Ni) and 0.6 units
(5*Ni) for energy losses of — Q*=40—50 MeV. For
larger energy losses it even starts to deviate again from the
minimum. This behavior can be explained by the defor-
mation of the nuclei in the exit channel. As was pointed
out already, the inclusion of the nuclear deformation in
the calculation of the potential energy surface results in a
shift of the valley which has about the same order of mag-
nitude. In addition, an absorption into the fusion channel
at constant A is favored for the neutron rich isotopes be-
cause the fusion radius at constant mass increases with
the number of neutrons. However, it can also not be ex-
cluded that at large energy losses and high excitation ener-
gies the evaporation correction applied to the data, which
did not include the evaporation of charge particles, does
not suffice to determine the 4 and Z distributions with
sufficient accuracy.

6. Mass drift

As has already been described, the static potential ener-
gy surface exercises an important influence on the evolu-
tion of the mean values of N and Z. However, the reac-
tion cannot be fully explained in a static potential picture.
At energy losses up to — Q* =30—40 MeV a drift toward
an asymmetry in the masses is observed, in contradiction
to the expected close dependence on the potential energy
surface. In this respect the two systems are quite similar.
The effect shows up more distinctly if the mean values are
presented in a coordinate system in which the charge
equilibration and the mass drift are essentially decoupled.
For this purpose an orthogonal transformation!®®® was
performed, which was also proposed by Berlanger et al.:>

u=a(N —No)+B(Z—Zy)+uy ,
v=—B(N —No)+a(Z —Zy)+Av ,

where a’+B2=1, a/B=(dN /dZ) at the bottom of the
valley. Nq,Zj are equal to neutron and proton number at
the injection point.

Figure 10 shows a schematic view of the coordinates u
and v within the N-Z plane. The coordinate u is parallel
to the line of the potential minima and v is perpendicular
to it. It should be noted that the coordinate u is equal to
the mass coordinate A4 in the case when the bottom of the
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FIG. 10. Schematic diagram of the u-v coordinate system in
its relation to the N-Z plane. The injection point is marked by a
Ccross.

potential valley has a direction of 45° in the N-Z plane.
For a practical application in our systems, the curve of
the minima of the (interpolated) potential energy for con-
stant A can in each case be approximated by two straight
lines in the N-Z plane. Therefore, the N-Z plane was di-
-vided into two regions with different transformation pa-
rameters a,3. The constant u, serves to set u=0 at the
injection point. The constant Av was necessary for the
54Ni system to close a gap between the two straight lines,
caused by the shell closure at Z=28. Figure 11 shows the
mean values of u and v averaged over the observation an-
gles. In both systems the drift towards mass asymmetry
is seen by the negative values of (u ) at energy losses up
to about 30 MeV. A comparison of the systems, includ-
ing the system “°Ar + 2°°Pb,! for which this effect had
also been observed, indicates that the drift towards asym-
metry decreases with decreasing mass asymmetry in the
entrance channel. At larger energy losses the expected
drift towards mass symmetry is observed.

The incomplete charge equilibration and the drift to-
wards mass asymmetry contradict the simple theoretical
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FIG. 11. Mean values of u and v as a function of the reduced
energy loss — Q*.

expectation based on the static potential energy surface,
that the transfer in the first instance proceeds fast to a
complete charge equilibration in a direction perpendicular
to the equipotential lines ({u ) remaining constantly at
zero, (v ) decreasing to zero from its value at the injection
point), and then along the minimum of the potential val-
ley in the direction of the potential gradient, i.e., towards
mass symmetry ({u ) increasing, (v) remaining constant-
ly at zero). Of course, it cannot be expected that the
course of the reaction can be completely described by a
purely static potential without the inclusion of dynamical
effects. As-a consequence of the excitation and increasing
deformation of the nuclei the actual potentials will be sub-
ject to continuous changes during the reaction. )

Merchant and Dhar® have performed dynamic, time-
dependent Hartree-Fock calculations. They show a drift
towards mass asymmetry in systems of high beam energy
(E;/Ep > 1.5). However, for a system comparable in mass
to our systems, 2%°Pb + “Ge (e=7.5 MeV/nucleon), the
asymmetry is only obtained for high energy losses (> 110
MeV), and a drift towards symmetry is predicted for
lower energy losses, in contrast to our experimental re-
sults. At lower beam energies, corresponding to the situa-
tion in our experiments (E;/Ey~1.1), a drift to mass
symmetry is predicted for all energy losses. Obviously,
the drift towards mass asymmetry at medium energy
losses, observed in our experiments, cannot be explained
by these dynamical calculations.

We regard the absorption into the deep-inelastic chan-
nel or even the fusion channel, which has already been
discussed in its connection with the quasielastic transfer
(Sec. IV B), as the main cause for the observed effect.

In addition, the direction of the drift has been qualita-
tively explained by thermodynamical arguments.®!!%6263
The lighter reaction partner has the smaller heat capacity
and is therefore heated by the initial nucleon transfer to a
higher temperature than the heavier partner. This fact re-
sults in an enhanced transfer of nucleons from the lighter
to the heavier nucleus. After a certain reaction time a
temperature equilibrium is obtained so that the energeti-
cally more favorable drift towards mass symmetry sets in.
However, as has been pointed out in Sec. III C2, this ef-
fect should only play a minor role in our experiment.

7. Variances of the mass
and charge distributions

In the description of the diffusion model we have as-
sumed that the drift coefficient has a constant value. This
follows from the Einstein relation under the assumption
of a constant diffusion coefficient and a constant potential
gradient, neglecting the influence of the mobility of the
transferred nucleons on the transport coefficients. In this
case the variances are predicted to increase monotonically
with the energy loss.

To a certain approximation this behavior can be expect-
ed for the diffusion along the valley of E . In the direc-
tion perpendicular to it, however, the potential energy sur-
face shows a parabolic dependence

Epo(0)=Eq+5Cv? .
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For this relation we use a drift coefficient which is pro-
portional to the coordinate v:

d,=—CvD. /T .

(C=2 and 2.4 MeV in the *Ni and the *Ni + 2%*Pb sys-
tems, respectively.)

If again a Gaussian distribution is assumed for the solu-
tion of the Fokker-Planck equation, a variance is ob-

tained, which reaches at a given nuclear temperature 7 a .

saturation value of T /C:

02=(T/C)[1—exp(—2D,,Ct/T)] .

The measured variances of u and v are presented in Fig.
12. The statistical error is 1% at the smaller energy losses
and rises up to about 7% for the highest energy losses.
The dashed lines represent the course of the variances o2
in the case of pure thermal fluctuations (o2 =T /C).

Whereas the variances o2 rise monotonically up to en-
ergy losses of —Q*=80 MeV, the variances o rapidly
reach a rather temperature-independent value, which is
distinctly above the curve of T/C. This behavior has al-
ready been observed in other experiments for the similar
representation of o2 at constant mass 4.%%%~% It was
attributed to quantal fluctuations,”%~% but could also
be reproduced by a transport model based on a statistical
exchange of individual nucleons.!! 1617

In our systems the measured saturation values of 03
(1.0 and 0.8, respectively) reach half the value that would
be expected for pure quantal fluctuations (2.0 and 1.6,
respectively).

8. Correlations between mass
and charge transfer

In order to investigate correlations between the indi-
vidual variances, the simple diffusion model has to be ex-
tended to two dimensions (x and y). The Fokker-Planck
equation then takes the form

10 —— T3
F I 64, . 3
F ¥ 28 4N ]

10' ¥ 3
C I ]
C 1 ]
L 4 4

100 E 3
+ 4

Y L S e
0 30 60 90 0 30 60 90

-Q* (MeV)

FIG. 12. Variances of u and v as a function of the reduced

energy loss — Q*.

aP/at=~j—(d P)mi(d P)—%““a2 (D, P)
ax ay ” ax2
32 d?
+2 axdy (Dyy, P)+ gy*z(Dny) .

The variances are
do} /dt =2(Dy, +033d, /3x +0,,3d, /3x) ,
doy, /dt=2(D,, +0,3d, /3y +0,,0d, /dy) ,
doy, /dt =2D,, +0%3d, /3x +039d, /dy
+0,,(3d, /0x +03d,, /3y) .

In a simplified picture of the potential energy surface
the differential equations are decoupled by the choice of
the coordinates u and v, because for instance

9d, /du ~d%E o /Oudv =0

and therefore mixed terms in the equations vanish. If the
coupling in D is neglected (D,, =0), the solution for the
mixed width vanishes because of the initial condition
(auv )OZO,

Ouw=0.

Therefore the diffusion can be assumed to be decoupled in
the coordinates u and v.

The correlation between the neutron and proton
transfer is described by the correlation coefficient pyy.
This coefficient is defined by the equation

oy =0N+0z+20802pNz ;
expressed in u and v it takes the form

pnz=aBy /[(aBy ) +(0,0,)’1'%,
where y =02 —02.

From these relations it is seen that there are two cases
for which pyz=0: the isotropic diffusion in N and Z
(02 =0?) and the diffusion which is not correlated with
respect to N and Z (0%4 =0% +0%). In the latter case the
diffusion is not determined by the potential energy. Then
the coordinates N and Z are primary axes and (af8=0).
If in this case the transfer rates are in each case propor-
tional to the total number of protons and neutrons, the ra-
tio of the variances is®

0% /0y =A4/Z, o%/05=N/Z .

In the limit of a “linear diffusion” along the valley of the
potential energy, corresponding to a strong correlation of
neutron and proton transfer, the variance of v is o2=0.
From this it follows that py, =1 and

oy /0% =(a/BP?=(dN /dZ)*

in the valley, 0% /0% =(14+dN /dZ)*. This limit is ap-
proximately reached in the later stage of the reactions
(—Q* >80 MeV), as the behavior of 0% /0% and py in
Fig. 13 shows. The correlation coefficient for both sys-
tems reaches values of 0.95. At small energy losses
(—Q* <10 MeV), pyz is near to zero. At these energy
losses the ratios of the N and Z variances reach high
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FIG. 13. The ratio 0% /0% and the correlation coefficient as a
function of the reduced energy loss.

values (5.8 and 14.6 for —Q* <5 MeV), indicating a
strong hindrance of proton transfer by the Coulomb bar-

er’® and the influence of closed proton shells for lead
and nickel (compare Ref. 70). The smaller enhancement
for the *®Ni system can eventually be explained by the fact
that *®Ni, with a neutron number of 30, is not far from
the shell closure at N=28, whereby the shell effect for the
protons is partly compensated.

In the region of medium energy losses a significant
difference in the ratio of the variances of N and Z is ob-
served for both systems, in spite of the equal dependence
of the correlation coefficient. Whereas the ratio in the
8N system—similar to the *°Ar + 208Pb system!®—arises
from a value of uncorrelated diffusion (0% /05~N/Z)
gradually to the adverse limiting case [a,zv /O'ZZ
~(dN /dZ)*] for correlated diffusion, this ratio in the
64Ni system reaches the value of correlated diffusion
along the value very fast. The reason for this difference is
probably to be seen in the different injection points of 54Ni
and N, for the latter of which initially a charge equili-
bration has to take place.

V. SUMMARY

We have measured target-like reaction products in the
reactions 2%*Pb + *®Ni and 2°*Pb + ®Ni near the reaction
barrier as a function of the total kinetic energy loss. The
experimental data covered the whole region from elastic

scattering to deep-inelastic collisions and charges and
masses of the residual nuclei of 19<Z <45 and
40 < A < 100. ‘

An important feature of the collisions is that even at
comparatively large distances of the nuclear surfaces an
absorption into quasielastic transfer channels occurs. In
the quasielastic region (— Q* < 10 MeV) neutron transfer
dominates. The magnitudes and slopes of the transfer
probabilities as a function of the distance of closest ap-
proach can be described by a semiclassical theory of tun-
neling. The probability for the transfer or more than one
neutron from the 2%Pb projectile to the **%Nij targets is
characteristic of an independent sequential transfer.
Quasielastic transfer of neutrons from the Ni targets to
the 2°8Pb projectile is strongly inhibited because of the un-
favorable reaction Q values.

The different behavior of the transfer probabilities at
the grazing angle for the transfer from lead to nickel com-
pared to the transfer in the opposite direction is explained
by a competition of the deep-inelastic channels.

For the intermediate and deep-inelastic region the mean
values, variances, and correlations of the mass and charge
distributions as a function of the total kinetic energy loss
are discussed within the diffusion model. The important
influence of the potential energy surface is evident in the
charge equilibration and to some extent in the behavior of
the variances of the mass and charge distributions. As ex-
pected, the variances increase monotonically with the en-
ergy loss in the direction parallel to the potential valley,
but show a rather constant value in the direction perpen-
dicular to the potential valley over a broad range of ener-
gy losses which cannot be explained in the simple dif-
fusion model.

Nevertheless, the strong correlation of the nucleon
transport with the potential valley in the deep-inelastic
collisions is demonstrated in the neutron-proton correla-
tion coefficients which for both systems reach values of
0.95.

At small to medium energy losses (— Q*~30—40 MeV)
a drift towards mass asymmetry is observed, in contrast to
the expectations of the diffusion model based on a static
potential energy surface. The asymmetric drift can be ex-
plained qualitatively by a competition of the deep-inelastic
channel. This explanation is supported by the behavior of
the transfer probabilities of distinct neutron transfer chan-
nels at the grazing angle.
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