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Heavy-ion transfer reactions as a diffusion process
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The transfer reactions induced by "Si on ' Te at E&,b
= 140 MeV exhibit properties which can be

explained with the picture of classical Coulomb trajectories (angular distributions, limited mass transfer,
average 0 values). However, several characteristics such as strongly decreasing average Q values at forward
angles can be understood only in terms of multiple interactions. Presentation of the data as a function of
angle, energy loss, and transferred mass reveals the two aspects: the domain of one-step character and the
region of multistep processes. Applying a diffusion model, the mass and energy transport coefficients
are deduced. They agree well with those obtained from deep inelastic collisions.

NUCLEAR REACTIONS 2 Si+ Te; E= 140 MeU; transfer reactions; mea-
sured (Q)' and QA); deduced drift and diffusion coefficients for energy dissipa-

tion and mass transport.

I. INTRODUCTION

Since heavy-ion beams have become available,
several studies have dealt with gross properties of
heavy-ion induced transfer reactions above the
barrier. ' ' Due to the strong Coulomb repulsion
between the nuclei on one hand, and the strength of
the absorption at small impact parameters on the
other, only a rather limited range of impact pa-
rameters can contribute to these reactions. The
large Sommerfeld parameter g justifies in most of,
the cases the picture of classical trajectories
leading to bell- shaped angular distributions. The
most probable Q values can be expla. ined in this
picture too. Even details like the angular depend-
ence of the average Q values can be described by
taking into account the exact geometry of the tra-
jectories. '

The reaction "Si on '"Te (ri = 51) seems to follow
this simple picture. Nevertheless, several obser-
vations are in conflict with this idea and the aim of
this article is to show two aspects of quasielastic
reactions, one which agrees with the known class-
ical behavior and one which indicates a different
mechanism. At higher energies or between very
heavy partners, new phenomena like deep inelastic
collisions arise. The "Si on '"Te reaction al-
ready exhibits at a rather low energy (E/Vc = 1.2)
the connection between the two domains.

II. EXPERIMENTAL TECHNIQUE

A "Si beam of 140 MeV was delivered by the up-
graded Strasbourg MP tandem equipped with
doubl. e-foil stripper. The target consisted of a
200 p, g/cm' layer of enriched '"Te (99.5%) evap-
orated onto a 15 p.g/cm' carbon backing. The light

reaction products were identified by a time-of-
flight setup. At 50 cm from: the target, the parti-
cles traversed a 10 p, g/cm' thick carbon foil in-
clined at 45' and the emerging secondary electrons
were focused onto a. double channel plate (chevron
assembly) to give a fast start signal. After a
flight path of 108 cm, the particles were stopped
in a solid-state detector, which provided a stop
signal and energy information. A time resolution
of 250 ps was obtained under beam conditions. No
separation for the different Z was provided as the
Q values allow in nearly all cases a distinction be-
tween the isobars and for most of the conclusions
the Z information is not needed. Figure 1 shows
on the left side a two-dimensional energy-m'ass
spectrum. On the right, three energy spectra of
mass 27 demonstrate the variation of the shape
with angle (this effect will be discussed in Sec. III
8). Relative normalization was done to the dead-
time corrected counting rates of two monitor
counters situated at 28 left and right of the beam
axis. Absolute values to an accuracy of 5% were
obtained by normalizing to el.astic scattering at
forward angles. The closelying individual states
in the final nuclei were not resolved and the low-
lying inelastic excitations were not separated from
the elastic scattering.

III. RESULTS AND DISCUSSION

The angular distributions of the elastic scatter-
ing and the transfer reections of Si on ' Te, as
displayed in Fig. 2, show the usual behavior. The
Fresnel-type elastic scattering can be well fitted
with a %'oods-Saxon potential. The solid curve
represents the results of the optical-model code
GENOA with the following set of parameters:
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FIG. 1. (a) Two-dimensional spectrum of the reaction Si on Te showing that the cross section of the quasielastic
processes is concentrated in the transfer of a few nucleons and a limited energy loss. Polygons set with the computer
are separating the masses. (b) The energy spectrum of mass 27 at several angles exhibits the broadening at the for-
ward angles.

V=54 MeV, y„=1.212 fm, a„=0.52 fm, 8"„=25
MeV, x&=1.362 fm, and a&=0.3 fm.

The sum of all transfer channels (crosses and
thick line in Fig. 2) exhibits a bell-shaped angular
distribution with the maximum (at 63') close to the
rainbow angle (at 61'). The individual mass-trans-
fer channels show similar distributions with max-
ima varying slightly in angle because of the differ-
ing Coulomb forces in the exit channels.

The magnitude of the cross sections for the dif-
ferent channels decreases with increasing mass
transfer. Not more than foup nucleons are trans-
ferred in the stripping reactions, and in the pickup
reactions only the transfer of one and two neutrons
is observed.

It can be assumed that the reaction products
have the same temperature and therefore the ex-
citation energy is divided according to the mass;
i.e. , it is nearly completely taken by the heavy

partner. ' Therefore, a possible particle decay of
the light product can be excluded.

A. Average Q values

The observed average Q values at the maxima of
the angular distributions are compared with pre-
dictions in Table I. The indicated Z values result
from comparison between ground-state Q values,
optimum Q values (Q„t), and the experimental ob-
servations. The experimental (Q) values of all
the exit channels are lower than the predictions by
the relation for continuous Coulomb trajectories"

Q„=E (. —1)

where E,' denotes the c.m. energy, z and Z the
charges in the entrance (i) and exit (f) channels,
respectively. A more refined formula' which
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takes the displacement at the instant of interaction
into account gives

where a and p (defined in Ref. 5) contain the shift

FIG. 2. Angular distributions of the elastic and quasi-
elastic reactions of 288i on ~30Te. An optical model fit to
the elastic scattering is represented as the thick line in
the upper part of the figure. The curves through the data
points of the transfer reactions are to guide the eye. The
stripping reactions are displaced by one decade in the
cross section. Statistical uncertainties are given when-
ever they exceed point size.

in the centers of gravity. The angular dependence
will be discussed later on. This formula gives lo-
wer Q, , values than the simple Q, t formula at the
maxima of the angular distributions, but the ex-
perimental quantities are still lower. The differ-
ent values for the Mg isotopes resulting from the
formula are in the same sequence as found in the
experiment.

The excitation energy of the Mg isotopes is high-
est for the largest number of transferred nucleons.
A similar observation is made for the Si isotopes
which are reached by pickup reactions. %e elimi-
nate the possibility that a considerable number of
the events with mass 30 originate from the ("Si,
"P) reaction which has a Q, , of -3.9 Mev be-
cause the observed Q values start at higher values
and show no threshold, and because the cross sec-
tion of mass 30 amounts to 30%%u() of that of mass 29.
This would be far too high for such a badly match-
ed reaction. Two possible explanations will be
discussed in the following paragraphs. The first
is in the frame work of direct processes; the sec-
ond is in terms of deep inelastic collisions.

It is highly probable that the multi-nucleon-
transfer reactions take. place at smaller distances
than the one-nucleon transfers. This causes lower
(Q) values if the other matching conditions are
equal, and this may be the reason why the (Q)
values of the outgoing Si and Mg isotopes are de-
creasing with increasing number of transferred
nucleons.

The other interpretation concerns the energy
balance. The total amount of energy which can be
converted into internal excitation (E;,",'„,», in Ta-
ble f) is the energy above the barrier in the exit
channel plus the difference in the binding energies.
For grazing collisions, a large fraction of this
available energy is energy of relative rotation,
which can only be converted into internal excita-
tion by tangential friction. If we assume the re-
action to be fully relaxed in the radial degree of
freedom and only partly in the tangential one, the

TABLE I. Summary of predicted and experimental Q values and related quantities (all values are given in MeV).

Outgoing
particle
A. Z

Predicted values

&e=es @g.s. at f)max

exp.«.).te,
„

in

avail.

30 14
29 14
27 13
26 12

24 12

0
0

-6.2

—12.7

+ 7.7
+' 3.7
—8.0

-15.6
-18.3
-20.7

+ 4.58
+ 0.09
-4.19
-3.34
-7.91
-6.78

34.0
29.3
29.1
34.6
29.8
30.7

—4.5
-3.3
—9.6

—17.0
-22.4
-23.8

9.1
3.4
5.4

13.7
14.5
17.0

0.86
0.90
0.82
0.73
0.53
0.47

aReferences 1 and 2.
bReference 5.
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teresting to note that experimentally, only up to
four nucleons are transferred and this limit coin-
cides with the rolling condition.

Whether the arguments of complete relaxation in
the radial degree of freedom and a partial relaxa-
tion of the tangential motion are appropriate must
be examined with other transfer reactions at low
energies with well chosen ground-state Q values.
For multi-nucleon-transfer reactions well above
the barrier, where one expects deep inelastic col-
lisions, similar arguments gave a consistent pic-
ture '

B. Diffusion-model analysis

FIG. 3. The energy of relative rotation in the exit chan-
nel (E~ &

—(E„)~~) vs transferred mass 4A. The limit
of tangential friction for several configurations are
shown: rolling condition as the dashed line. and sticking
condition as horizontal bars (p and s refer to pickup and

stripping). No more than four nucleons are transferred
and this limit coincides with the rolling condition.

value E,'"„,'„minus the experimental excitation en-
ergy represents the remaining energy of relative
rotation in the exit channel.

In Fig. 3 this value is plotted vs the transferred
mass &A. The energy of relative rotation de-
creases by about 3.6 MeV or 13%%uo per transferred
nucleon. The trend in the pickup processes is
very similar, and it can be seen that the gain from
the binding energies in the "Si exit channel of+4. 5

MeV is fully converted into internal excitation.
The one-neutron pickup to "Si has a Q, , of ap-
proximately zero.

In Fig. 3 the limits of the relaxation in the tan-
gential. mode are also indicated. In the case of a
rigid connection between the nuclei (sticking con-
dition) the ratio between the relative angular mo-
menta is given by

l~/f, = 8„1/(8„, + 8, +8,),
where l, and l& are angular momenta in the en-
trance and exit channels, respectively. 8„,rep-
resents the relative moment of inertia (gB'), and

8, and 8, the internal ones. In a rolling condi-
tion l&/ft equals —,

' and consequently, E&'I "t'
7 i= (5 )2E ' 0 ' As g el.tot' ls takell fl'0111 elastic

scattering, the final energies are calculated on the
basis of the grazing angular momentum. It is in-

Studying the angular dependence of the (Q) val-
ues may give some insight into the mechanism.
For example, the correct treatment of the concept
of classical trajectories shows that the contribu-
tions vary with angle. ' At very backward angles
and at much higher energies, the decreasing Q

values are also interpreted as being due to the in-
fluence of radial friction. ' For angles around the
grazing angle and for larger angles, the observed
tendency is reproduced by the classical formula as
shown in Fig. 4(a). The strongly decreasing Q val-
ues at forward angles both for the stripping and
the pickup reactions mark a clear deviation from
the assumption of classical nondissipative tra-
jectories. Only minor deviations could be explain-
ed by taking the nuclear attraction into account in
the deflection function. Distorted-wave Born- ap-
roximation (DWBA) calculations' for this reaction
using an average form factor' exhibit (Q) values
decreasing with increasing angle. This trend has
also been reported in Ref. 10 and is similar to the
semiclassical results. Yet the absolute values ob-
tained by these calculations are very sensative to
'the strength functions, which are unknown at pre-
sent. The (Q) values do not seem to be influenced
by the transferred angular momentum. "

An explanation for the strongly decreasing (Q)
values at the forward angles may easily be seen
from Fig. 4(b). The contour plot of the double dif-
ferential cross section vs c.m. energy and c.m.
angle shows the maximum of the cross section
around the grazing angle with some extension to
backward and forward angles. In addition, a frac-
tion of the cross section follows a line from the
maximum to forward angles and to smaller kinetic
energies. The similarity with deep inelastic reac-
tions, is evident and we interpret this part as the
onset of strong friction. " A part of the reaction
proceeds via multiple interactions corresponding to
a longer contact time. As the two nuclei rotate to-
gether, the ejectile is bent to forward angles and a
larger fraction of kinetic energy above the barrier
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ferent windows in the excitation energy showing the evo-
lution to the multistep interactions.
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FIG. 4. (a) Experimental (Q) values vs c.m. angle for
all the transfer reactions. The pointed lines represent
calculations based on the matching of Coulomb trajecto-
ries including "recoil effect" (Hef. 5). (b) Contour plot
of the one-nucleon transfer.

is converted into internal excitation. This inter-
pretation can also be seen from Fig. 5 where the
variation of the angular distributions for different
slices in the excitation energy demonstrates the
evolution to multistep processes. For the small-
est excitation energies the usual belL-shaped angu-
lar distributions are obtained. With higher excita-
tion energies the distributions broaden and the
maxima are shifted to forward angles. Finally,
one reaches rather flat distributions with a sl, ight
forward peaking at the highest excitation energies.
This forward peaking is known from experimental
and theoretical studies, done mostly for individual
states, to be due to multistep processes. " Similar
observations are made in the transfer reactions
induced by "0 on Ca isotopes. " There this varia-
tion of the angul. ar distributions is also shown as
a function of the number of transferred nucleons.
Yet one has to remember that these studies were
made at higher energies (E/Vc =1.4) where one can
expect multistep processes to take place;"

As there is evidence for multiple interactions,
we applied a diffusion model to anal. yze the trans-
fer reactions. The characteristic broadening of
the Q value distribution as a function of angle and

energy loss for the one-nucleon stripping reaction
had been studied in a recent letter. " In the simple
assumption of two nuclei rotating together, the de-
flection angle serves as a time scale." Figures
6(a) and 6(b) show the experimental variance of
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again the two regimes, the "one-step character"
around H„„andthe "diffusion" at forward angles.
A possible contribution from particle evaporation
can be ruled out as already mentioned. This is
emphasized by the observation of the same behav-
ior in the pickup reactions. Using the Fokker-
Planck equation with time-independent coeffi-
cients, "the values extracted from the one-nucleon
transfer are for the diffusion coefficent"

Dg ——2.9 &10"MeV' s-'.

O'

X
50—

O

I I I I

—4 -2 0 2

transferred nucleons 6, A

FIG. 6. (a), (b) Dependence of the variance in the ener-
gy distribution on the deflection angle for all tbe exit
channels. (c) The values of the variance obtained around

vs the transferred mass ~.

the energy distribution for all the transfer reac-
tions. The trend of the one-particle stripping re-
action [crosses in Fig. 6(a) and discussed in Ref.
12], . a constant width around the grazing angle and
for larger angles, and an increasing width at the
forward angles, is seen for all ca.ses. It shows

The diffusion coefficient was corrected for quan=
tal fluctuations. '"" The slightly different slope in
o'z vs 8, [Figs. 6(a) and 6(b)] at forward angles
are not considered in the following.

The variance observed around the grazing angle,
as displayed in Fig. 6(c) is quite different for the
several channels and is strongly increasing as a
function of &A. It has been stated" that the width
of the '

Q window" depends on the transferred ang-
ular momentum, or, more precisely, on the shell-
model state used in the form factor. As in all the
transfer channels, a complicated mixture of dif-
ferent form factors "contribute"; it is not evident
how this varies with the number of transferred
nucleons. Yet this effect seems not sufficient to
explain the slope.

The next point concerns the distribution of the
cross section among the individual transfer chan-
nels, which is shown in Fig. 7. It is character-
ized by a smooth envelope as commonly seen in
deep inelastic rea.ctions.

In order to study the diffusion in the mass trans-
fer, the angle is no longer a good time scale,
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since the different Coulomb fields in the exit chan-
nels shift outgoing particles with the same impact
parameter to different angles. Therefore we have
chosen the energy loss as a time scale. For sev-
eral angles the mean value 4A and the variances
a'~ as a function of energy loss are shown in Fig.
8. The results extracted at different angles coin-
cide nicely. The values for elastic scattering
mark the origin in the two figures and lie on the
line through the experimental points, in agree-
ment with the model of a simple diffusion mech-
anism. These two figures represent the mass
drift coefficient v„.t versus v~ ' t, and the mass
diffusion coefficient D„t versus v~ t, respectively.
Using the energy drift coefficient, we obtain a
mass drift of

v =-2.4&1022 s '

and a diffusion of

D„=2.1~10"s '.
The observed shift to the many-nucleon stripping

reactions with increasing energy loss is, of
course, not at all restricted to a diffusion mech-
anism. Such behavior is expected from optimum
Q value arguments too. But the two models are
not exclusive and the fact that the results for dif-
fe'rent angles coincide indicates a difference from
a pure one-step character. Preliminary studies'

4—
CV Q
O +~

(l ~s I I

ELoss (MeY} 40

using the code DWUCK and an average form factor'
multiplied by the square root of the level density
to calculate the equivalent double differential cross
section with one-step character, show a stronger
shift in &A with increasing energy loss and the
lines for different angles are displaced parallel.
These calculations show bell-shaped angular dis-
tributions very similar to the experimental ones,
but their maxima lie close to the grazing angle,
whereas the experimental curves are shifted by
more than 10' to forward angles. A simil. ar ob-
servation was made by Baltz" for the r'eac-
tion Ar + Th, using the optical-model parameters
obtained from elastic scattering.

According to the Einstein relation, ' the drift of
the mass transport is dominated by the derivative
of the contact potential" &U, (A, )/&A, . The value
obtained from the experiment has the same sign
as the calculations, but indicates a steeper slope
of the contact potential U, . In respect to this dis-
cussion, the present simple diffusion analysis
should not be overstressed as several effects are
neglected. "

The diffusion constants can be related to a coup-
ling strength y, a mean energy loss per step &, an
excitation energy E„,and geometrical factors n
and P to take into account phase-space argu-
ments'""

and

y = 2.5

~ =3.6 MeV.

These values can be compared to y=2.07 and
~ =4.3 MeV obtained for the reaction "Ar on '"Th.
The extracted coupling strengths y for the two re-
actions agree nicely. Both reactions have been
analyzed with the same simple assumption of a ro-
tating dinuclear system. The rather high values
for the mean energy loss per step 4, indicate that
one has mainly radial friction. Thus the above
mentioned assumption of y~ =y~ is doubtful. Yet
we would like to stress the close similarity of the
extracted values for the two reactions, the present
transfer and the typical deep inelastic process.

In general, one could object to the use of the dif-

DA rAY ~A x

In order to have a complete comparison between
the present reaction and a typical deep inelastic
reaction, e.g. ,

' Ar+"'Th which had been analyzed
by Norenberg, "we assume the same mechanism
for the energy loss and the mass transfer. This
allows extraction of unique values for y and 4
from our data which are
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fusion model in the case of a reaction which pro-
ceeds by only a few steps. We are sure that this
is a lower limit but we feel that the diffusion mod-
el is justified by the linearity observed in several
figures (6 and 8), the fact that the lines pass
through the origin, and by the magnitude of the ex-
tracted values.

IV. SUMMARY

The quasielastic reaction of "Si on '"Te at 140
I

MeV incident energy shows some features which
are similar to those observed in other light heavy-
ion induced transfer reactions and others which
are in contrast to these. We like to point out that
no clear distinction between a "one-step region"
and a "diffusion region" can be made demonstrat-
ing a continuous evolution. The onset of multiple
interactions is seen in this reaction at a relatively
low energy (E/V, = 1.2).

The most interesting effect is seen in the angu-
lar dependence of the observed Q values. While
the decreasing Q values at the backward angles
agree with a one-step character, the strongly de-

creasing values at the forward angles are inter-
preted as being due to the onset of strong friction
and multiple interactions. They are accompanied
by a broadening which suggests the application of
a diffusion model. To circumvent the distortion
due to the differing Coulomb fields in the exit
channels, the coefficients for the mass transfer
were extracted by using the energy loss as a time
scale. The derived coefficients and the deduced
coupling strength agree very well with ones ex-
tracted from the deep inelastic collision Ar+ Th.

This paper presents an analysis in the frame-
work of a diffusion model. A one-step-interaction
model could probably explain several of the exper-
imental results, but certainly not all. For exam-
ple, the observed enhancement of the stripping re-
actions is a common feature of semiclassical op-
timum Q values, of DWBA calculations, and of the
contact potential. These models are closely re-
lated (Coulomb force) even if they start from
physically very different grounds. They are not
necessarily contradictory (see e.g. Ref. 20), but
complementary.
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