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Few-nucleon transfer reactions have been measured for the systems ' Ni+' 'Pb and ' Se+ 'Pb
at energies slightly above the Coulomb barrier. Together with previous data, heavy-ion-induced
transfer reactions on '"'Pb have now been studied with projectiles in the mass range A =12-86.
The experimental total reaction cross sections and the yields for quasielastic processes are compared
with various theoretical predictions. For the one- and two-nucleon transfer reactions a systematic
behavior of the energy- and angle-integrated cross sections is observed. This behavior can be under-

stood within a simple semiclassical model. A comparison of the cross-section ratios between one-

and two-neutron and the one- and the two-proton transfer reactions indicates that the two-proton-
transfer process shows an enhancement with respect to the one-proton transfer reaction.

I. INTRODUCTION

The magic numbers %=126 and Z=82 have made
Pb an ideal target nucleus for nuclear reaction studies.
Pb has previously been used in a large number of

light-ion-induced reactions, but relatively little is known
about its interactions with heavier projectiles. Recently,
transfer reactions with Pb targets and projectiles in the
mass range between Si and Kr have been investigated
at energies slightly above the Coulomb barrier' and it
was observed that for these systems quasielastic channels
give considerable contributions to the total reaction cross
sections. Quasielastic reactions also strongly influence
heavy-ion-induced fusion reactions at low bombarding
energies. It has been observed in a large number of sys-
tems that the experimental fusion probability at energies
below the Coulomb barrier is much larger than expected
on the basis of one-dimensional barrier penetration calcu-
lations. ' This enhancement is generally attributed to
channel-coupling effects with inelastic scattering being
the strongest channel ~ In several cases transfer reactions
are also found to be of importance. Experimental values
for the cross sections of quasielastic channels are avail-
able only for a few systems. On the other hand, a
knowledge of the transfer strength would be helpful in or-
der to estimate the effect of coupled-channel calculations
on the fusion probability. While the strength of inelastic
scattering can in most cases be reliably predicted by
distorted-wave Born approximation (DWBA) or
coupled-channel (CC) calculations, predicting the
strength for transfer reactions is more complicated. Reli-
able calculations of one-particle transfer reactions can
usually be performed within the framework of the
DWBA. These calculations, however, are often quite
time consuming because of the many different channels
involved in the calculations. In addition, in general, not
all spectroscopic factors are known for the states in-
volved in the transfer process. Two-particle transfer re-
actions, which in some cases are predicted to be impor-
tant for the fusion enhancement, are even more difficult

to calculate since at low bombarding energies these reac-
tions occur mainly via multistep processes. ' The pur-
pose of this paper is to investigate if a systematic picture
for heavy-ion-induced transfer reactions can be obtained.
We have therefore extended our measurements of
transfer reactions to the heavier systems Ni+ Pb and

Se+ Pb. Together with previous experiments involv-
ing lighter projectiles (' C, ' 0) (Refs. 11 and 12) the
strength of quasielastic transfer reactions can therefore
be studied in more detail covering a large range both in
projectile mass and in Q value.

II. EXPERIMENTAL DETAILS

The experiments were performed with beams of 380
MeV Ni and 525 MeV Se, obtained from the Argonne

super conducting linac accelerator ATLAS. Typical
beam currents were about 1 particle nA. The targets con-
sisted of 200-pg/cm Pb evaporated on 15-pg/cm C
backings. The outgoing particles were momentum ana-
lyzed in a split pole spectrograph and detected in the fo-
cal plane by a position-sensitive ionization chamber. '

Details of the data analysis have already been given else-
where. ' For Ni a complete separation of the outgoing
particles with respect to their mass and charge was
achieved. For Se particles only mass identification was
obtained (see Fig. 1), since the AE resolution of the ion-
ization chamber did not allow a separation of the various
elements around Z =34. While this has no inhuence on
the conclusions for the neutron-pickup reactions, one-
nucleon-stripping reactions are affected by this deficiency
(see Sec. III). The energy resolution (limited by the ener-

gy straggling in the thick Pb targets) was about 3 MeV
for the Ni beam and 4 MeV for the Se beam. A sepa-
ration of individual states was therefore not possible.

III. EXPERIMENTAL RESULTS

Angular distributions for elastic scattering [including
inelastic scattering to low-lying states below 3 MeV
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FIG. 1. Mass spectrum as measured with the focal plane
detector in the split pole spectrograph for the system
' Se+ 'Pb at E~,b =525 MeV. The full drawn curve is the re-
sult of a least-squares fit to the data assuming a Gaussian distri-
bution.

( Ni) or 4 MeV ( Se) excitation energy] and for energy-
integrated one- and two-nucleon transfer reactions are
shown in Fig. 2. The solid lines in the angular distribu-
tions for "elastic" scattering are the result of coupled-
channel calculations with the code PTOLEMY, using po-
tential parameters ( V = 100 MeV, W =40 MeV,

ro=r, o=1.28 fm, and a =a; =0.5 fm for Se and
V=100 MeV, 8'=40 MeV, ro=r, o=1.25 fm, a =0.35
fm, and a; =0.60 fm for Ni, respectively). In order to
keep the calculations as simple as possible only the cou-
pling to the lowest states in both projectile and target
have been taken into account. The B(EL) values used
were B(E2, Ni)=0. 065 e b, ' B(E2, Se)=0.498
e b, ' and B(E3, Pb)=0. 611 e b . ' The dashed lines
in Fig. 2 are the calculated angular distributions for pure
elastic scattering, which show a gradual falloff from the
Rutherford values at the most forward angles. In addi-
tion, an increase in the cross section at angles of about
60' can be observed for the Se+ Pb reaction. This be-
havior, which is caused by backfeeding from the strongly
excited 2+ state in Se, has already been predicted in
Ref. 19. The sum of elastic and inelastic scattering is in
reasonable agreement with the measured angular distri-
bution, considering that no least-squares fit has been
made.

The angular distributions for one- and two-particle
transfer reactions are generally bell shaped with a max-
imum at an angle which is slightly forward of the quar-
terpoint angle obtained from the angular distributions for
"elastic" scattering. The integrated cross sections for
one- and two-particle transfer reactions are summarized
in Table I. In both systems the strongest channel is the
one-neutron-pickup reaction ( Ni, Ni) and ( Se, 'Se),
respectively.

While Ni has clearly been identified with respect to
its mass and charge for the Ni+zospb system, only the
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FIG. 2. Top: Angular distributions for elastic scattering including inelastic excitation of low-lying states for the two systems
Ni+ Pb and Se+ Pb. The solid and dashed lines are the results of CC calculations as explained in the text. Bottom: Angular

distributions for one- and two-nucleon transfer reactions as measured for Ni+ Pb and ' Se+ Pb. The solid lines serve to guide
the eye.
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TABLE I. Cross sections for one- and two-neutron reactions measured in the systems Ni+' 'Pb
and Se+ Pb.

Projectile

Ni
SDS a

1-n-pickup
3~3+1

(mb)

160
194

2n-pickup
3~3+2

(mb)

1-n-stripping
A~A —1

(mb)

60
104

'Transfer cross sections measured with ' Se include contributions from both neutron and proton
transfer.

mass has been uniquely determined for the system
soSe+2osPb. Based on the systematics for heavy-ion-
induced transfer reactions (Refs. 1 —4) and on the more
favorable Q matching (Qss = —0.667 MeV) it can be as-
sumed that for the one-nucleon-pickup reaction
( Se, 'Se) is the dominant reaction mode. The compet-
ing ( Se, 'Br) reaction has a ground-state Q value of
Q = —0.512 MeV, while the optimum Q value is calcu-
lated to be +6.1 MeV. The same argument holds for
the two-nucleon-pickup reaction, which is very likely
dominated by the ( Se, Se) channel.

The situation is less clear for the stripping reactions.
In these cases previous studies with lighter projectiles
(

6' s' Ti) on Pb targets have revealed that a large
fraction of the one-nucleon-stripping cross section has to
be attributed to the one-proton-stripping reaction. This
again can be understood by the more favorable matching
conditions. Recent data for the system Ge+ ' W,
where a good Z separation was achieved, ' also show that
the cross sections for one-neutron-stripping reactions are
considerably smaller than those for one-proton stripping.

As observed in previous studies, ' it is found that
these few-nucleon transfer reactions are associated with
small energy losses (quasielastic reactions). Processes
with more negative Q values are mainly dominated by
more complex multiparticle (in particular, charged-
particle) transfer reactions. Figure 3 shows the cross sec-
tions associated with quasielastic and deep-inelastic reac-
tions as a function of the scattering angle. As discussed

in Ref. 3 no clear distinction between the two processes
exists. Similar to our previous analyses, processes with

Q & —30 MeV have been labeled as "quasielastic" and
processes with Q & —30 MeV as "deep-inelastic" col-
lisions. From the measured angular distributions for
"quasielastic" scattering integrated cross sections can be
extracted for both systems. For deep-inelastic scattering
an integrated cross section can only be quoted for

Se+2osPb. For 64Ni+zosPb the angular range of the
data does not allow for an extrapolation of the cross sec-
tions to smaller angles. The cross sections associated
with quasielastic and deep-inelastic processes are
trq, ( Ni) =420 mb, o'z, ( Se)=410 mb, and

hard;( Se)=1500 mb. The sum of quasielastic and deep-
inelastic cross sections for the Se+ Pb system is then
1910+150mb in good agreement with the total reaction
cross section of 2045 mb obtained from the CC calcula-
tion mentioned above. For the case of Ni+ Pb one
can estimate the deep-inelastic cross section from the to-
tal reaction cross section cr( Ni) = 1430 mb and the mea-
sured quasifission contribution o f( Ni) =115mb to be

ad;( Ni)=895 mb.

IV. CROSS-SECTION SYSTEMATICS

A. Total reaction cross sections

Table II summarizes the total reaction cross sections
measured for Pb targets with various projec-
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FKJ. 3. Angular distributions for quasielastic (Q & —30 MeV) and deep-inelastic (Q ( —30 MeV) processes measured for the two
systems Ni+ Pb and ' Se+' 'Pb. The solid lines serve to guide the eye.
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TABLE II. Total reaction cross sections for heavy-ion-

induced reactions on Pb.

Projectile

12C

16O

28si

37Cl

48Ti

"Ni
Ni

80Se

'Kr

Elab
(MeV)

96.0
104
225
250
300
375
380
525
695

1/4
(deg)

56
78
53
65
78.5
82
84.5
68
46.5

~react
(mb)

1806
1160
2260
1830
1460
1450
1430
2050
3300

Ref.

11
23
8

7
9
7

This work
This work

4

The energy above the Coulomb barrier was calculated
from the measured quarterpoint angle 0, &4 with the rela-
tion

E =0.5[ 1 +csc( 8 i y4/2 ) ]

The radii for the reaction cross sections extracted for the
various systems using Eqs. (1}and (2} are plotted in Fig. 4
as functions of X=( A '~ + A,'~ ). Also included are the
results obtained from the system Kr+ Pb (Ref. 4}.

tiles. ' "" Comparing these values it has to be kept in
mind that for the lighter projectiles ( A (48) inelastic ex-
citations have been separated from elastic scattering and
the total reaction cross sections therefore contain contri-
butions from inelastic scattering, transfer, fission, and
fusion reactions. For the heavier projectiles (A 48) no
separation between elastic and inelastic scattering has
been achieved and the total reaction cross sections there-
fore do not contain contributions from inelastic scatter-
ing, but are all due to transfer reactions and fusion-fission
processes. In order to compare the reaction cross sec-
tions which were measured at di8'erent energies they were
parametrized with the equation

tT=mR (1—V/E) .

The data follow a linear relation as a function of the sum
of the two radii for projectile and target over the mass
range from A =12 to 86. The solid line is the result of a
least-squares fit to the data using the relation 8 =roX
with a value ro = 1.519+0.009 fm.

B. Cross sections for deep-inelastic processes

As mentioned in Ref. 3 there is no clear distinction be-
tween quasielastic and deep-inelastic reactions. Similar
to our previous studies an arbitrary energy cut at
Q= —30 MeV was chosen for all cases. No data for
deep-inelastic reactions are available for the lighter pro-
jectiles (' C, ' 0, Si). Since not very much is known
about the energy dependence of the strength for deep-
inelastic scattering, only the ratio between the deep-
inelastic reaction strength and the total reaction cross
sections will be discussed in the following. For the
heavier systems this ratio is plotted in Fig. 5 (solid dots).
One observes an increase from about 27% obtained for

Cl to 70% for the heaviest system ( Se) studied so far.
Also included in Fig. 5 are the ratios between the fusion-
fission cross section (including the quasifission process}
and the total reaction cross sections (open squares). They
decrease from about 70% for ' 0+ Pb (Ref. 23)to 8%
for Ni+ Pb (Ref. 22). It is interesting to note that the
sum of the two contributions which represents a measure
of the total reaction strength for close collisions is found
to be of the order of 70% at these energies independent of
the mass of the projectile. It is only the partition of this
strength going either to fusion-fission (for lighter projec-
tiles) or into deep-inelastic scattering that changes with
increasing mass of the projectile. It should also be noted
that this value of about 70% is strongly energy depen-
dent. It is known that the relative contribution of qua-
sielastic processes to the total reaction strength, which
from these measurements is estimated to be around 30%,
increases strongly such that quasielastic scattering be-
comes the dominant reaction mode at lower bombarding
energies.
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FIG. 4. Interaction radii extracted from the measured total
reaction cross sections using Eqs. (1) and (2) plotted vs

A~ '+ A, ' . The solid line is the result of a linear least-squares
fit to the data. See text for details.
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FIG. 5. Ratio of the deep-inelastic (Q ( —30 MeV} to the to-
tal reaction cross section for various systems, plotted versus the
mass of the projectile (solid dots). The open squares are the ra-
tio between fission (including quasifission) processes and total
reaction cross sections as measured for various systems involv-

ing Pb targets.
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Similar percentages (40% for the quasielastic reactions
and 60% for more central collisions) have been previous-
ly found for the lighter system Ni+ ' Sn (Ref. 24).

C. Quasielastic processes

As seen in Fig. 5 about 30% of the total reaction
strength (excluding inelastic scattering) is available for
grazing collisions in the reaction systems investigated in
this study. This corresponds to cross sections of about
300—500 mb. As was pointed out earlier (Ref. 1) the neu-
tron transfer dominates the quasielastic reactions for
heavier projectiles. In Fig. 6 the relative contributions of
the quasielastic neutron transfers to the total quasielastic
(Q ) —30 MeV) cross section are plotted as functions of
the mass of the projectile. This contribution increases
from about 40% for ' 0+ Pb to about 70% for

Se+ Pb making neutron transfer (in particular, one-
neutron transfer channels) the most dominant quasielas-
tic transfer channel for reactions induced by medium-
weight projectiles.

Various semiclassical models have been developed to
predict the strength of quasielastic reactions. In the
model of Frahn quasielastic reactions are associated
with an I window of width b, located around the grazing
angular momentum A, where 6 is obtained from the
falloff of the transmission coefFicients from 1 to 0 with in-
creasing l. %hile in Ref. 25 no comparison with experi-
mental values has been made, a later study in lighter
systems found good agreement between theory and exper-
iment. In a more recent model by Brosa et al. (Ref. 27)
the quasielastic reactions are distinguished from deep-
inelastic collisions by a different width of the transfer
window between the two colliding nuclei. In Ref. 27 the
theory was compared to selected experiments in which
the elastic and quasielastic (especially neutron-transfer)
channels were not well separated in most cases. In addi-
tion to quasielastic cross sections, both models are also
able to predict values for the total reaction cross sections.
Figure 7 summarizes the results from Ref. 25 (solid lines)

3000

2500-
E

~ 2000—

b
I 500—

Ax 208p

and Ref. 27 (dashed lines) together with the experimental
values for total reaction and quasielastic cross sections.
The values for 6 used in calculating the cross sections in
the model of Frahn were interpolated from the numbers
given in Ref. 25 or taken from the transmission
coeScients in actual optical-model calculations. They
are typically between 3 (for ' 0) and 4.5 (for Se). The
radius parameter ro was chosen to be 1.44 fm. As can be
seen from Fig. 7(a) the total reaction cross sections of
Ref. 25 are in very good agreement with the experimental
results, while the prediction of Ref. 27, which has no ad-
justable parameter, underpredicts the cross sections for
the heavier systems by 200-300 mb. Neither of the two
models works well for the quasielastic cross sections.
While the model of Frahn is in reasonable agreement
with the data for lighter systems (' C, ' 0) it under-
predicts the cross sections for heavier projectiles by a fac-
tor of about 3. Contrary to this behavior the model of
Brosa et al. predicts too small cross sections for light sys-
tems with an increase for heavier projectiles. Most of the
experimental values are larger than the theoretical pre-
diction by about a factor of 2. It should be mentioned
that changing the borderline between quasielastic and
deep-inelastic reactions from Q = —30 MeV to —20 MeV
does not change the experimental quasielastic cross sec-
tions significantly since they are mainly dominated by
neutron-transfer cross sections, i.e., processes which have

Q values larger than —15 MeV.
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FIG. 6. Relative contribution of neutron-transfer channels to
the total quasielastic reaction strength for reactions induced by
various projectiles on Pb targets.

50
0

I

20 40
A (u)

I

60 80

FIG. 7. (a) Total reaction cross sections calculated using
equations from Ref. 25 (solid lines) or Ref. 27 (dashed lines) in
comparison with experimental values (dots) for systems involv-
ing various projectiles on Pb targets. (b) Same as (a) but for
the quasielastic cross sections.
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V. SYSTEMATICS OF
NEUTRON- TRANSFER REACTIONS

A. One-neutron transfer

500 I I I

2osPb( X A+iX)207Pb

500-

200-

l00-

In the following we will discuss to what extent the
strength of quasielastic neutron transfers, which are the
dominating contributions to quasielastic scattering (see
Fig. 6}, can be understood within various theoretical
models. In Fig. 8 angle- and energy-integrated cross sec-
tions for one- and two-neutron transfer reactions induced
by projectiles heavier than ' C on Pb targets are plot-
ted as functions of the mass number of the projectile (see
also Tables III and IV}. As can be seen from Fig. 8(a)
there is a general increase of the one-neutron-pickup
cross sections in going from light (' C) to heavier projec-
tiles ( Ni, Se). While the cross section is only 30 mb for
the (' C, ' C) reaction it increases to about 250 mb for
( Ni, Ni). But there are also large fluctuations for the
strength of these reactions, with neutron-deficient projec-
tiles ( Si, Ni) usually showing larger pickup cross sec-
tions than neutron-rich projectiles ( Ni, Se). The cross
sections for two-neutron-pickup reactions [Fig. 8(b)] seem
to follow a similar trend. For the one-neutron-stripping
reactions [Fig. 8(c)] even larger fluctuations, as functions
of the projectile mass, can be observed.

The strength of neutron-transfer reactions induced by

i F pro]ectlle
j &target

S, (projectile )SJ ( target )a;~, (3)

where S; and Sj are the spectroscopic factors for the vari-
ous single-particle states in projectile and target, respec-
tively, and 0; is the DWBA cross section involving the
states i and j. DWBA calculations with the code
PToLEMY (Ref. 15) have shown that at energies in the vi-

cinity of the Coulomb barrier only the absolute magni-
tude but not the shape of 0.

;J depends on the angular mo-
menta of the states involved in the interaction. If many
states are involved in the sum in Eq. (3), a;~ can be re-
placed by an average value (a(8) ) which is independent
of i and j. Equation (3) can then be replaced by the ap-
proximate equation

light heavy ions can be reasonably well reproduced by
DWBA calculations as shown, e.g. , for (' C, ' C) (Ref. 11)
and (' 0, ' 0) (Ref. 12), where transitions to individual
states have been resolved. Even for heavier systems such
as Ni+ Pb, ~here individual states could not be
resolved, DWBA was able to account for the measured
transfer strength quite well. ' For these heavier projec-
tiles, however, the calculations are very complex and
time consuming because of the larger number of states in-
volved. While for the lighter systems only about six
states in projectile and target have to be taken into ac-
count, this number increases to 48 for Ni+ Pb. In
many cases, in particular for states at high excitation en-
ergies, no spectroscopic factors are available to obtain a
good estimate for the transfer cross section. It is there-
fore of interest to investigate whether a simpler method
for the determination of energy- and angle-integrated
cross sections can be found.

The energy- and angle-integrated cross section can be
written as

I50—
208Pb(AX

A+ 2
X )206Pb

a =g S,.( projectile) g SJ (target ) ( a( Q ) ) . (4)

l00-

b 50-

I50—
208 A A-t 209

Pb( X, X) Pb

IOO—

50—

0
0

I 1 J ~ l I

20 40 60 80 l00
A

FIG. 8. (a) Energy- and angle-integrated cross sections for
one-neutron-pickup cross sections induced by various projec-
tiles on Pb targets plotted as a function of the projectile mass.
(b) Same as (a) but for two-neutron-pickup reactions. (c) Same
as (a) but for one-neutron-stripping reactions.

The accuracy of this approximation was tested for the
systemsssNi +~Ni and 5sNi +2osPb, by performing
DWBA calculations involving 20( Ni) and 24( Pb)
different spin combinations for projectile and target, re-
spectively. Equations (3) and (4) were found to agree
within 15% ( Ni) or 7% ( Pb).

As already outlined briefly in Ref. 29, an important in-
gredient determining ( o ( Q) ) for heavy-ion-induced
transfer processes is the ground-state Q value Qg and the
binding energy of the last bound neutron E„. Q-
matching conditions constrain the population to states lo-
cated in a certain Q window. The shape of this Q win-
dow, as obtained from a DWBA calculation for the reac-
tion Pb( Ni, Ni( —,

' )) Pb( —,
'

) at E&,b =375 MeV, is
shown in Fig. 9. For neutron transfer this window is lo-
cated in the vicinity of Q =0 with a width of about 6
MeV. This width is known to increase with increasing
bombarding energy. Also shown in Fig. 9 are the various
combinations of single-particle states in Ni and Pb
plotted on a Q-value scale for excitation energies below
E =3.5 MeV. The energy-integrated cross sections for
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FIG. 9. "Q window" obtained from DWBA calculations for
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correspond to the various known single-particle states which
can be populated in the outgoing nuclei. See text for details.
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FIG. 10. Number of low-spin (1~4) single-particle neutron
states as a function of the mass number. The function was nor-
malized to 1 at A =58. See text for details.

(o(Qgg)) =N 1+erf (6)

where N is a normalization constant and 8' the width of
the Q window. Several corrections have to be made to
improve the validity of this simple model.

(i) Describing the number of states by a continuum as-
sumes that the level density for single-particle states is
large. This is justified for reactions involving even-even
projectiles and targets, which lead to even-odd nuclei in
the outgoing channel (see Fig. 9). Reactions involving
targets with an odd neutron number leading to an even-
even residual nucleus with a smaller level density wi11 re-
sult in an overprediction of the cross sections. This was
shown to be the case for the ' Sm( Ni, Ni)' Sm reac-
tion (Ref. 29).

(ii) As already mentioned in Ref. 29, transfer cross sec-
tions involving weakly bound neutrons are generally
larger than those involving larger binding energies. To
compensate for this effect the transfer cross sections are
multiplied by a factor (B,Bf)",where the e-xponent was
determined from D%"BA calculations. It is these
binding-energy-corrected ("reduced" ) cross sections
which are then described by Eq. (6).

(iii) The level density for low-spin (I (4) single-particle
states, which carry the largest weight for the one-neutron
transfer reactions at low bombarding energies, varies as a
function of the mass of the nucleus. For the (' 0, ' 0) re-
action only the s, &2 and the d»2 states in the projectile
contribute to the cross section while for the ( Se, 'Se)
case four states (p, /2 g9/p p3/p and f, /2) have to be

neutron-transfer reactions will, in general, be given as the
integral

(o(Qsg)) = f o(Q)dQ

Approximating the shape of the Q window with a Gauss-
ian distribution o -exp( —

Q /W ) the Q dependence
of the one-neutron transfer cross sections is given by

considered. The number of terms in the sums of the spec-
troscopic factors in Eq. (4) will therefore depend on the
mass of projectile and target, respectively. This correc-
tion is especially important when cross sections for pro-
jectiles with different masses are compared. The sum of
the spectroscopic factors for the projectile S~( A) is plot-
ted as a function of the mass number in Fig. 10. Since
the parameters for Eq. (6) were obtained from a least-
squares fit to data involving mainly Ni beams it was
normalized to be 1 at A =58. A similar curve describes
the single-particle level density for the target Sr( A ).

Correcting for the mass dependence of the single-
particle states the binding-energy-corrected angle- and
energy-integrated cross sections for one-particle transfer
reactions are then given by

cr(Qgg)=S (A)Sr(A)N 1+erf

with the parameters N=1.73X10", %=5.8 MeV, and

Q.t,t
=o.

The cross sections for a variety of one-neutron transfer
reactions calculated from Eq. (7) are summarized in
Table III. Also included are the cross sections measured
for the systems Pb+ Kr (Ref. 4), 0 Pb+' Sm, and

Pb+ Th (Ref. 30). In general, the agreement be-
tween experiment and model prediction is better than
20%. Exceptions in this list involve the lightest projectile
' C, where because of the small number of states in-
volved, the applicability of this macroscopic model is
questionable. The reason for the disagreement in the sys-
tem Pb+ ' Srn, where the neutron-transfer cross sec-
tions were obtained using y-ray techniques, is not under-
stood.

The good agreement between experimental and
theoretical cross sections obtained for many systems indi-
cates that Q matching, binding energy of the transferred
nucleons, and phase space are the dominant factors
governing the one-neutron transfer cross sections. Nu-
clear structure effects, however, are completely neglected
and might explain the discrepancies found in some cases.
With this caveat in mind Eq. (7) appears to be quite reli-
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TABLE III. Energy- and angle-integrated cross sections for one-neutron transfer reactions induced

by various projectiles on Pb targets.

Reaction

(12C 13C)

( 16Q 17Q)

(28Si 27Si}

(28Sj 29Sj)

(37Cl 38C1)

(37C1 36Cl)

( Tj, Tj)
( Ti, Ti)
( 'Ti, 'Ti)
(4'Ti, 4'Ti)
("Ti,"Ti)
(' Ti, ' Ti)
(' Ni, ' Ni)

(64N' 65N')

(64Nj, Nj)
(80Se 81Se)

{8 Kr Kr)
("Sm, "Sm)
( 152Sm 151Sm)

(232Th 231Th)

Elab
(MeV)

97.9
104
225
225
250
250
297
297
300
300
303
303
375
375
380
380
525
695

1311
1311
1314

&gg
(MeV)

—2.422
—3.227

—13.240
1.105

—1.259
—6.374

1.506
—9.259
—0.775
—7.690
—0.992
—7.010

1.631
—8.265
—1.273
—5.722
—0.667
—1.858
—1.502
—4.330

0.307

~exp
(mb)

22
100
(0.5
214
160
38

210
7

225
17

205
28

265
11

160
60

194
200

80
43

370

o [Eq. (7)]
(mb)

101
106

0.2
174
169
30

205
5

204
15

191
23

225
11

208
54

216
200
218
121
367

Ref.

11
12
8

8

7
7
9
9
9
9
9
9
7
7

This work
This work
This work

10
30
30
30

able for predicting the gross properties of one-nucleon
transfer reactions.

B. Two-neutron transfer reactions

For one-neutron transfer reactions DWBA calcula-
tions, with spectroscopic factors obtained from light-ion
data, can be used to obtain reasonable estimates of the
transfer cross sections. Similar calculations for the two-
neutron transfer reactions, however, fail by several orders
of magnitude, particularly at bombarding energies close
to the Coulomb barrier. ' A macroscopic model, similar
to the one mentioned above, would be very helpful for
predicting the cross sections for such reactions.

The cross sections for two-neutron transfer cross sec-
tions measured with various projectiles on Pb targets
are summarized in Table IV. They are also shown in Fig.
11 as a function of the ground-state Q value together with
the results obtained for other targets (see Refs. 1, 3, 14,
and 32). When compared to the data for one-neutron
transfer, these cross sections seem to saturate at 0.=50
mb for large values of Q g. This behavior can be under-
stood from Fig. 9, since for large positive ground-state Q
values one always integrates over the whole Q window.
In absolute terms the cross section for a two-neutron
transfer is, for the same Q value, smaller than the corre-
sponding value of the one-neutron transfer by about a
factor of 4—5.

Similar to the one-neutron transfer reactions a
binding-energy correction should be made for the two-
neutron case. Since multiparticle transfer reactions at
low bombarding energies have been found to proceed
dominately via multistep processes, the average binding

TABLE IV. Energy- and angle-integrated cross sections for
two-neutron transfer reactions induced by various projectiles on

'Pb targets.

Reaction

{ Sj Sj)
( 30Sj 32Sj)

( Cl, Cl)
(4'Ti, 4'Ti)
(4'Ti, "Ti)
("Ti,"Ti)
('8Ni, 60Ni)

( Ni, Ni)
(80Se 82Se)

('"Th "Th)

El.b
(MeV)

225
225
250
297
300
303
375
380
525

1314

(MeV)

4.974
1.694
0.074
6.394
4.982
0.070
6.278
0.985
1.864
2.547

~exp
(mb)

60
40
38
52
54
45
61

47
98

Ref.

8
8
7
9
9
9
7

This work
This work

30

energy for each of the two transfer steps was used for cal-
culating 8; and Bf in Eq. (5). These binding-energy-
corrected cross sections are shown in Fig. 12 together
with data involving other target nuclei. Also included in
Fig. 12 are the reduced cross sections for one-neutron
transfers and one case for a three-neutron transfer reac-
tion Pb( Ti, 'Ti) Pb (Ref. 3) where a full angular
distribution for this process has been measured. The
solid lines are the result of Eq. (6) fitted to the case for the
one-neutron transfer reactions and scaled down by fac-
tors of about 4 or 16 for the two- and the three-neutron
transfer reaction, respectively. The overall agreement of
the solid lines with the data is quite good.

Two observations can be made from Fig. 12. Each step
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FIG. 11. Energy- and angle-intergrated two-neutron transfer
cross sections induced by various projectiles on ' 'Pb, Sn, and
Ni targets as a function of Q«. The solid line serves to guide
the eye.

in a multistep neutron-transfer reaction seems to reduce
the cross section at a given Q value by about a factor of
4-5. From the data shown in Fig. 12 the same cross-
section ratios between energy-integrated one- and two-
neutron transfer reactions are observed for reactions in-
volving Ni, Sm, and Pb as well as Sn nuclei, where in
two-neutron transfer reactions (for distant collisions)
large enhancement factors have been observed.

VI. SYSTEMATICS OF
CHARGED-PARTICLE TRANSFERS

A. One-proton transfer

tiles have been obtained so far. In Fig. 13(a) one-proton
transfer cross sections are plotted as a function of the
ground-state Q value Q . All of these cross sections cor-
respond to one-proton-stripping reactions on Pb tar-
gets, e.g., ( Ni, Co) (Ref. 33), ( Ti, " Sc) (Ref. 9),
( Si, Al) (Ref. 8), and ( Cl, S) (Ref. 31). Also included
are two data points from ( ' Si) induced reactions on

Pb (Ref. 34). It should be mentioned that all these
proton-stripping reactions are generally well Q matched.
Proton pickup reactions induced by medium-weight pro-
jectiles and populating low-lying states are mostly Q
mismatched. Therefore only upper limits can be quoted.
It is interesting to note that the absolute strength for the
one-proton-stripping reaction is comparable to the
strength of the two-neutron transfer reaction. Figure
13(b) shows the same data [including the upper limit for
the ( Si, P) reaction from Ref. 2] plotted as a function
of Q

—Q, „where Q, , was calculated according to
Ref. 20 as Q, , =E, [(z'Z')IzZ —1], where zZ and
z'Z' are the charges in the entrance and exit channels, re-
spectively. The same binding-energy corrections as for
neutron-transfer reactions have been applied to the data,
using the binding energies of the transferred proton in
projectile and residual nucleus, respectively. The solid
line is the result of a least-squares fit to the data using Eq.
(6). Although the data follow a similar systematics as ob-

200

150-

An extension of this model to charged-particle
transfers is more complicated since the optimum Q value

Q,„, entering Eq. (7) is both system and energy depen-
dent. Furthermore, charged-particle transfers have
smaller cross sections than neutron-transfer reactions and
therefore only few data involving medium-mass projec-

100—
b

50- ~ '

-10
I r

-8 -6
Q (MeV)

IO =

I ~ ~ I
[

I ~ ~ I

(
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)

I I P I
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O

b
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gg

FIG. 12. Binding-energy-corrected one-, two-, and three-
neutron transfer cross sections induced by various projectiles
plotted as a function of the ground-state Q value Q«. The solid
lines are explained in the text.

I -l5 - IO -5 0
Q —Q (Mev)

gg opt

FIG. 13. (a) Angle- and energy-integrated cross sections for
one-proton transfer reactions induced by various projectiles on

'Pb targets, plotted as a function of the ground-state Q value

Q«. (b} Binding-energy-corrected one-proton transfer cross sec-
tions plotted as a function of Q —Q, , The solid line was cal-
culated using Eq. (6). See text for details.
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10-

c

IO

b

lp

2p

corresponding neutron transfers. This difference might
be caused either by a reduction of the one-proton transfer
probability or by an increase of the two-proton transfer
probability similar to the observation in Ref. 35. A com-
parison of one-proton-stripping reactions induced by Si
ions on Ca, Ca, and Pb with DWBA predictions
(Refs. 2, 36, and 37) has shown that in all cases where
spectroscopic factors are known the one-proton-stripping
strength is well accounted for.

IO I

0
I I

5 IO

Q —Q (MeV)
gg opt

l5

served for the one- and two-neutron transfer reactions, it
is clear that more data points, in particular for Q-
mismatched one-proton-pickup reactions, are needed.

B. Two-proton transfer

In some cases the two-proton transfer strength has
been determined as wel1. The binding-energy-corrected
cross sections from these measurements are shown as
solid points in Fig. 14 together with the data from one-
proton transfer reactions. They correspond to the two-
proton-stripping reactions ( Si, Mg) (Ref. 2), ( Cl, P)
(Ref. 34), ( Ti, Ca) (Ref. 3), ( Ni, Fe) (Ref. 33), and
( Se, Ge). [The latter reaction includes also contribu-
tions from the ( Se, As) reactions. ] As for the one-
proton transfer reactions these processes are usually we11

Q matched and do not show a large variation as a func-
tion of Qsg

—Q,~, . Compared to the neutron-transfer
case, however, it is evident that the ratio between one-
and two-proton transfer cross sections is only about 2 (see
the two solid lines in Fig. 14) while it is about 4—5 for the

FIG. 14. Binding-energy-corrected one- (dots) and two-

(squares) proton transfer cross sections plotted as a function of
the Q«

—Q,~, . The solid lines are explained in the text.

VII. SUMMARY

Transfer cross sections for the systems Ni and
Se+ Pb have been measured with good mass resolu-

tion at 380 and 525 MeV bombarding energy, respective-
ly. Similar to the observations from other systems the
quasielastic cross sections are dominated by the one-
neutron transfer reactions ( Ni, Ni) and ( Se, 'Se). In
contrast to lighter systems, however, deep-inelastic reac-
tions are becoming more important for these heavier sys-
tems. The energy- and angle-integrated one-neutron
transfer cross sections are found to follow a simple sys-
tematic trend which is based on Q matching and includes
corrections for binding-energy and phase-space (single-
particle level-density) effects. Two-neutron transfer cross
sections also follow the same behavior but with a strength
which is smaller than the one-neutron strength by a fac-
tor of about 4—5. These systematics can provide esti-
mates for energy- and angle-integrated neutron-transfer
cross sections for other systems. The systematics has
been found to work with projectiles in the mass range
A =16—80 and with target nuclei between 60 and 232.
The few data available so far involving proton-transfer
reactions indicate that this semiclassical description is
applicable for charged-particle transfer reactions as well.
A comparison of the ratios between one- and two-particle
transfer cross sections indicates that the two-proton
transfer reaction is somewhat enhanced relative to the
two-neutron case.
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