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Neutron transfer reactions at large distances
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"Ni-induced one- and two-neutron transfer reactions have been measured on ' Th at E~,b =500 MeV.
The transfer probabilities at large internuclear distances measured for the deformed ' Th target are

compared with similar data on spherical 'Pb. For one-neutron transfer reactions good agreement be-
tween experiment and the prediction from the tunneling model is observed in both cases. The transfer
probabilities for two-neutron transfer reactions deviate from the semiclassical predictions. The disagree-
ment increases at higher bombarding energies. These deviations can be explained by the inAuence of
diffractive effects which become more important at higher bombarding energies.

PACS number(s): 25.70.8c, 24.50.+g

I. INTRODUCTION

The study of nucleon transfer reactions at large inter-
nuclear distances has been an active field of research
since it was first discussed by Breit, Hall, and Gluckstern
40 years ago [1]. At large distances, the inAuence of the
distorting nuclear potential is generally small and the ex-
change of particles occurs via a quantum-mechanical tun-
neling process. In a plot of cross section vs distance of
closest approach the transfer reactions exhibit an ex-
ponential falloff toward large distances, which, for neu-
tron transfers, are governed by the binding energy of the
transferred particle or particle clusters. A first compar-
ison with experimental data for the ' N(' N, ' N)' N sys-
tem [2,3] showed good agreement between theoretical
prediction and experiment.

In the following years a large number of heavy-ion-
induced transfer reactions have been investigated and
compared with the predictions of the tunneling theory
[4—19] and, for the majority of cases, good agreement be-
tween experiment and theory has been observed. In some
cases, however, serious deviations were found, which
could not be explained within simple semiclassical
theories. These deviations [6—8, 11—14, 17—19], which
have been termed "slope anomalies" by some authors,
can be grouped into three categories: (i) A large number
of two-neutron transfer reactions exhibit exponential
falloffs, which are not consistent with the predictions of
the simple tunneling picture [6—8, 11,13—18]. (ii) Oscilla-
tions in the cross section for two-neutron transfer reac-
tions have been observed for Dy nuclei [12,17]. (iii) In
one case involving one-neutron transfer reactions on de-
formed Sm nuclei, deviations from the theoretical slopes
have been found [19].

While the first type of deviations has been observed in
a large number of reactions, the other two seem to
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represent more complicated phenomena, since similar re-
actions on neighboring nuclei do not exhibit anomalous
behavior [17,20].

It is the purpose of this paper to investigate some of
these anomalies in more detail. For that purpose we have
studied Ni-induced one- and two-neutron transfer reac-
tions on deformed Th and compared the results to
similar reactions on spherical Pb at different bombard-
ing energies.

II. EXPERIMENTAL DETAILS

Nucleon transfer at large distances can be studied by
employing two different techniques. Since the influence
of the nuclear potential is small, the distance of closest
approach is given by the Rutherford value

Z)Z2eD=
2E,

01+csc
2

where Z&, Z2 are the nuclear charges of the colliding nu-
clei, E, the center-of-mass (c.m. ) energy, and 9 the
c.m. scattering angle. For a given system D can thus be
varied either by changing the incident energy with a
detector located at a fixed angle 0 (excitation function) or
by varying the scattering angle 0 at a fixed bombarding
energy (angular distributions). In all these measurements
it has to be kept in mind, however, that Eq. (1) is valid
only if the influence of the nuclear potential can be
neglected. Conditions for the validity of Eq. (1) will be
discussed in Sec. IIIA. In the experiment described
below, measurements of angular distributions were used
to study nucleon transfer at large distances.

The experiments were performed with Ni beams from
the superconducting accelerator ATLAS. A 400-pg/cm
rolled Th target mounted in the scattering chamber of
the Enge split-pole spectrograph was bombarded by 500-
MeV Ni' + ions. The outgoing particles were analyzed
according to their magnetic rigidity and detected in a hy-
brid focal-plane detector consisting of a position-sensitive
parallel-plate avalanche counter backed by a large
Bragg-curve detector allowing single mass and Z resolu-
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III. EXPERIMENTAL RESULTS

A. Elastic scattering

To determine the internuclear distance at which the as-
sumption of pure Rutherford trajectories breaks down,
the cross section for elastic scattering in the system

Th+ Ni (including inelastic excitation and normal-
ized to the Rutherford cross section) is plotted in Fig. 1(a)
(solid dots) as function of the radius parameter do, where
do is calculated by D =do( A I~ + 3 ~~ ). Also included
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tion for particles up to Se [21]. Six charge states could be
measured simultaneously with a given magnetic field set-
ting, corresponding to about 90% of the total yield for re-
action products with Z =26—30. For reaction products
with Z (26 only a smaller part of the atomic charge state
distribution was detected. The energy resolution of 2.5
MeV was determined mainly by the energy straggling in
the thick Th target. Inelastic scattering to low-lying
states, which is expected to be strong for Th could
therefore not be separated from purely elastic scattering.
Angular distributions for "elastic scattering" referred to
in Sec. IIIA thus include contributions from inelastic
scattering to excited states up to E =5 MeV.

are data obtained with Ti, Ni, and Se projectiles on Pb
and ' ' Sm [22,23]. As can be seen from Fig. 1(a), these
systems exhibit a universal behavior with o.,&

remaining
at its Rutherford value up to dp values of about 1.55 fm,
followed by an exponential falloff at smaller radii. This
indicates that the influence of the nuclear potential be-
comes important for distances corresponding to radii
smaller than 1.55( A I + A z~ ).

It is interesting to investigate whether similar sys-
tematic behavior is observed also for lighter systems.
Figure 1(b) shows a similar plot for three systems, involv-
ing ' 0, Si, and S projectiles [18,24,25] on Mo and

Pb, respectively. To be consistent with the data of Fig.
1(a), inelastic excitations (which could be separated for
these systems) were included in the definition of elastic
scattering. As can be seen from Fig. 1(b) the radius pa-
rameter at which absorptive processes set in increases to
about 1.65 fm for these systems. This means that for
lighter systems the assumption of pure Rutherford trajec-
tories breaks down at even larger distances.

An analysis of elastic scattering along the same lines
has been performed previously by several other authors
[9,26,27] with qualitatively similar results. For the very
heavy system U+ U deviations from Rutherford scatter-
ing are observed for radius parameters do (1.55 fm [9].
In the analysis of Ref. [26] the falloff from the Ruther-
ford cross sections for the systems Ca, Ar+ Pb
occurs at the radius parameter dp =1.5 fm. In this case,
however, quasielastic transfer channels were included in
the definition of the elastic cross sections, which leads to
a shift of the distribution towards smaller dp values by
about 0.1 fm [22].
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B. Transfer reactions

The good particle identification of the detection system
permitted measurement of angular distributions for a
variety of reaction products ranging from Ti to Ni. The
angular distributions for reaction products with different
nuclear charges Z are given in Fig. 2. As observed previ-
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FIG. 1. (a) Cross section for elastic scattering (including in-
elastic excitation up to 5 MeV) normalized to the corresponding
Rutherford value plotted as function of the reduced radius pa-
rameter do for the systems 'Ni+ Th, Se, Ti+ Pb, and
"Ni+' "Sm. (b) Same as (a) but for the systems 'Si+ Pby
and ' 0,' S+ Mo.

FIG. 2. Angular distributions for Ni-induced transfer reac-
tions on Th at E&,b = 500 MeV leading to ejectiles with
diA'erent nuclear charge Z. The solid lines serve to guide the
eye.
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TABLE I. Angle-integrated reaction cross sections for reac-
tion products with different nuclear charge Z. The values quot-
ed for Z(26 are not corrected for eSciency and represent
lower limits only. The total reaction cross section was taken
from the measured quarterpoint angle and the cross section for
quasifission events was obtained from an interpolation of the
data from Ref. [29].
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FIG. 4. do. /dD plotted as function of the reduced radius pa-
rameter do for the one-neutron transfer reaction

Th("Ni, ' Ni) "Th (solid points) in comparison with ' Se-,
Ti-, and S-induced one-neutron pickup reactions on various

spherical nuclei.

ously for other systems the maximum of the distributions
shifts to more forward angles for reactions involving
large charge transfers. The angle-integrated cross section
for these transfer reactions (not corrected for the reduced
efficiency for Z (26) are summarized in Table I together
with the total reaction cross section obtained from the
quarter-point angle 8, &4 [28] and the cross section for
quasifission, which was interpolated from a systematic
study of U on various ljght and medjum mass nuclej jn
Ref. [29]. The measured yield for the sum of transfer and
fusion-fission processes is smaller than the total reaction
cross section because of the reduced particle detection
efficiency for nuclei further away from Z =28.

The large cross sections for the neutron transfer reac-
tions ( Ni, ' ' Ni) allowed an analysis of the mass

300—

separated Z =28 reaction products. The resulting angu-
lar distributions are shown io Fig. 3. The angle-
integrated cross sections of 26+5 mb ( Ni), 250+30 mb
( Ni), 63+12 mb ( Ni), and 20+5 mb ( 'Ni) agree well
with the systematics of Ref. [30].

It is interesting to compare the shape of the angular
distribution for the one-neutron transfer reaction ob-
tained in this experiment with the results of the same re-
actions on spherical Pb. In Fig. 4 der IdD is plotted vs
the reduced radius parameter d=oD/( A ', + A z ) for
the one-neutron transfer reaction Th ( Ni, Ni) 'Th
(solid points) and three other one-neutron transfer in-
duced by S [18], Ti [31], and Se [30] on Mo and

Pb, respectively. For the reactions involving heavier
projectiles and targets the maximum of the transfer cross
section occurs at a radius parameter dp = 1.5 fm, whereas
the maximum for the lighter system S+ Mo is shifted
to dp = 1.6S fm. These observations for the transfer reac-
tions are consistent with the results obtained from the
data for elastic scattering, which also show a larger criti-
cal radius parameter for the lighter system.
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IV. DISCUSSION

A. Transfer probabilities
for spherical and deformed nuclei

The transfer of nucleons at larger distances is best dis-
cussed by introducing the so-called transfer probability
P, . P, can be defined as

0
40 45' 50' 550 60

0 tr
P, =

2~b db
(2)

FIG. 3. Angular distributions for the neutron transfer reac-
tions Th(' Ni, ' 'Ni) ' ' ' Th at E =500 MeV.lab

The solid lines serve to guide the eye.

where do.„is the transfer cross section at a given scatter-
ing angle t9 and b is the impact parameter associated with
this scattering angle. Using the Rutherford values for the
impact parameter b, P, can be transformed into
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do t~
P, =

Rut&
(3)

Since at large distances the overlap of the two nuclei is
small, the wave function of the transferred nucleon can
(for neutron transfer) be approximated by a Hankel func-
tion resulting in a semiclassical expression for P, [32]:

0P —sin —exp( —2aD ) . (4)

(5)

In Eq. (5) p is the reduced mass of the neutron in nucleus
A. The solid points in Fig. 5 show P, /sin (8/2) plotted
vs the distance of closest approach D for the one-neutron
transfer reaction Th( Ni, Ni) 'Th. The arrow indi-
cates the critical radius calculated with a radius parame-
ter do = 1.55 fm. The solid line for larger distances is ob-
tained from a least-squares fit to the data and the slope
parameter agrees quite well with the value calculated
from Eq. (5).

In some cases different definitions of the transfer prob-
ability have been used:

In Eq. (4) D is the classical expression for the distance of
closest approach [see Eq. (1)]. For a transfer reaction
A (a, a + 1)A —1 a can be calculated from the binding
energy B~ of the neutron in nucleus 2:

obtained from the fallofF' of the angular distribution for
elastic scattering. The results of using Eq. (6) for the cal-
culation of P, are shown as open points in Fig. 5. It can
be seen that the transfer probability now exhibits two
contributions with a much shallower falloff observed for
distances below about 15 fm. It is obvious that if no data
would have been available at large distances, the wrong
slope would be obtained using Eq. (6). Although Eq. (6)
has been used in a larger number of experimental studies,
there are several difficulties. (i) In many cases the
definition of cr,l inclUdes inelastic channels that effect the
slope parameter extracted from data at smaller distances.
(ii) At larger nuclear overlaps the distance of closest ap-
proach cannot be calculated from Eq. (1). Calculations
I33] of the distance of closest approach D for the system
6Kr+ Pb including the inAuence of the nuclear poten-

tial which, because of its imaginary part is mainly repul-
sive, showed that the actual distance is larger than the
Rutherford value by up to 1 fm. This effect thus leads to
an additional uncertainty in the slope determination for
data obtained at distances smaller than the ones calculat-
ed with do=1. 55 fm. In the following we will therefore,
only consider data that are measured at internuclear dis-
tances where the assumption of pure Rutherford trajec-
tories is well justified.

The transfer probabilities P, /sin(8/2) for the strongest
neutron transfer reactions Th ( Ni, ' Ni) ' Th
plotted as function of the reduced radius parameter do
are shown in Fig. 6 together with similar data measured

d cT t~ d cT tf
P,=, P, =

duel d~Ruth( 1 0 )
(6) 1

(a)

where either the Rutherford cross section has been re-
placed by the cross section for elastic scattering or an ab-
sorption function P, has been introduced. P, is usually
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FICx. 5. Transfer probability P, /sin(0/2) plotted as function
of the distance of closest approach for the reaction

Th(' Ni, Ni) "Th at E&,b =500 MeV (solid points). The open
circles are obtained using a difFerent definition of the transfer
probability P, (see text for details). The solid lines are obtained
from least-squares fits to the data and correspond to slope con-
stants of 0.36+0.03 fm ' (for D ( 15.2 frn) and 1.15+0.06 fm
(for D ) 15.5 frn), respectively.
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FIG. 6. (a) P, /sin(0/2) plotted as function of the radius pa-
rameter do for the one-neutron transfer reaction ("Ni, ' Ni) on

Th (solid points) and 'Pb (open squares), respectively. (b)
Same as (a) but for the two-neutron transfer reaction ( Ni, Ni).
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TABLE II. Slope parameters for the transfer probability P, /sin(0/2) obtained from least-squares fits
to data measured at distances D ) 1.55 ( 3 &

+ c42 ') for one- and two-neutron transfer reactions in-
duced by 'Ni on 2 Th and "Pb.

Reaction

Th(' Ni, Ni)
"'Th("Ni, "Ni)
208pb(58Ni, Ni)
232Th{58Ni 60Ni)
208pb(58Ni 60Ni)

El~b
(MeV)

500
500
375
500
375

2+expt
(fm ')

1.15+0.06
1.46+0.2
1.08+0.09
1.36+0.08
1.95+0.11

2theor
(fm ')

1.11
1.52
1.19
2.10
2.32

+exp t /&theor

1.04+0.05
0.96+0.13
0.91+0.08
0.65+0.04
0.84+0.05

for Pb at E&,„=375 MeV [22]. The slopes obtained for
the one- and two-neutron transfer reactions from least-
squares fits to data points with do ) 1.55 fm are summa-
rized in Table II. The cross sections for

Pb( Ni, ' Ni) Pb were too small to deduce a reliable
slope parameter for this reaction. For the one-neutron
transfer reactions the results of Table II exhibit a good
agreement between the experimental data and the
theoretical predictions obtained from Eq. (5). This is in
contrast with the observations of Ref. [19] where at sub-
barrier energies smaller slopes were obtained for the
( Ni, Ni) transfer reaction on deformed Sm isotopes,
while for the spherical ' Sm the expected falloff for the
transfer probability was observed. It is not clear if this
discrepancy is caused by experimental effects (e.g. ,
different charge state distributions due to isomeric states)
or by a nuclear structure effect, which is present only for
Sm isotopes, since similar preliminary measurements on
Dy isotopes did not show any anomalous slope parame-
ters for the one-neutron transfer reactions [20]. Also,
data for Ni+' ' Sm measured at energies above the
Coulomb barrier [23] did not show any anomalies. Simi-
larly ' 0-induced one- and two-neutron pickup reactions
measured at the Coulomb barrier [34] were in good
agreement with the slope parameters calculated by Eq.
(5).

While the slopes of the transfer probability for the
one-neutron transfer reactions studied in this experiment
are in good agreement with the theoretical predictions,
deviations are observed for the two-neutron case. The ra-
tio between experimental and theoretical slope parame-
ters reaches values as small as 0.65 for the reaction

Th( Ni, Ni) Th. Possible causes for this behavior
will be discussed in the following sections.
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theory and experiment is observed.
The ratios for the two-neutron pickup reactions are

shown in Fig. 7(b). For the majority of the data the ex-
perimental slopes are smaller than expected assuming ei-
ther the tunneling of a two-neutron cluster or a succes-
sive transfer of two neutrons [4,5]. No special nuclear
mass dependence is observed.

While most of these measurements were performed at a
single energy, (typically 10—30 % above the Coulomb
barrier), data obtained at different bombarding energies
ranging from the Coulomb barrier to E/Vc = 1.8 exist
for the system Ni+ Pb [22,35]. The slope parameters
2u observed for the one- and two-neutron pickup reac-
tions ( Ni, ' Ni) plotted as function of EjVc with Vc
calculated from the quarter-point angle 0&&4 are shown in
Fig. 8. The dotted lines are the theoretical slopes calcu-

B. System and energy dependence of the transfer probabilities

In order to shed some light on the possible origin of the
slope anomaly for two-neutron transfer reactions
[6—8, 11,14—18] the data obtained from the present mea-
surement have been compared with results from similar
studies performed on a variety of different target nuclei
[22,23,35]. All data were obtained from angular distribu-
tions and were analyzed along similar lines as discussed
in Sec. IV A. The ratio of the experimental and predicted
slope parameters for the one-neutron pickup reaction in-
duced by Ni on different target nuclei with mass A are
shown in Fig. 7(a) and generally good agreement between

1.0

l

225
l

150
l

200
0 l

175
A (amu)

FICx. 7. (a) Ratio of the experimental slope parameters 2a, pt

and the theoretical values for the one-neutron pickup reaction
(' Ni, Ni) on various target nuclei with mass A. (b) Same as (a)
but for the two-neutron transfer reaction ( Ni, Ni).
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FIG. 9. Ratio of the experimental slope parameter 2a„p, and
the theoretical values calculated from Eq. (5) as function of the
energy above the Coulomb barrier E/Vc for two-neutron
transfer reactions induced by projectiles ranging from ' S to

Ni on diFerent target nuclei.

El Vc

FIG. 8. (a) Experimental slope parameters 2e for the one-
neutron transfer reaction 'Pb(' Ni, ' Ni) Pb as function of the
energy above the Coulomb barrier E/V&. The dotted line is the
theoretical slope calculated from the corresponding binding en-

ergy. (b) Same as (a), but for the two neutron transfer
208Pb(58Ni 60Ni)206Pb

lated from Eq. (5). While the slopes for the one-neutron
transfer reactions are in reasonable agreement for all en-
ergies the expected theoretical slope parameters for the
two-neutron transfer reactions (about twice as steep as
for the one-neutron transfer reactions) are obtained only
at energies in the vicinity of the Coulomb barrier. This
observation is consistent with similar results for the sys-
tem Si+ Pb, which produce the correct slope parame-
ter only at low bombarding energies [25,36—38]. An ex-
planation of this energy dependence is presented in the
following section.

V. THEORETICAI. INTERPRETATIONS

In order to gain a better understanding of this energy
and system dependence the applicability of the semiclas-
sical model needs to be investigated. Several authors
have discussed the conditions under which the scattering
process can be described within the concept of classical
trajectories [32,40—43]. The critical parameters in all
these calculations is the width of the partial wave distri-
bution b, l. It is shown in Ref. [32] that a treatment of the
scattering process within classical dynamics requires a
width of the partial wave distribution, which is larger
than a critical value Al, given by

v'g
'

(& /2) ' (7)

AD, = A'Do
2

pVc

1/2 (E/ y I )
1/2

Qz/v,
(8)

where g is the Somrnerfeld parameter and Oo the scatter-
ing angle associated with the maximum of the angular
distribution.

5l, can be translated into a limit for the width of the
form factor AD, :

The energy dependence of the slope parameter for
two-neutron transfer reactions is not limited to the
5 Ni+ ~ 8Pb and 8Si+ ~o Pb cases. Figure 9 shows the ra-
tios of the experimental slope parameter divided by the
theoretical values (2a2„) expected from the simple tunnel-
ing picture plotted as function of the energy above the
Coulomb barrier E /Vc for difterent systems ranging
from S+ Ni to Ni+ Th. A compilation of the
data is given in Table III. Only data obtained at dis-
tances corresponding to radius parameters do) 1.55 fm
have been included. As seen from Fig. 9 good agreement
between the experimental and theoretical slopes is ob-
served only at energies in the vicinity of the Coulomb
barrier. At energies above the barrier large fluctuations
are obtained for the different systems.

where Do is the distance of closest approach at the angle
Oo, p the reduced mass, and V~ the Coulomb barrier.

The requirements for a semiclassical treatment are that
the width of the 1 distribution (or the form factor) is
larger than the critical values given by Eqs. (7) and (8).
Reaction processes involving very localized form factors
or l distributions, on the other hand, lead to quantal
diffraction processes and the use of classical trajectories is
not justified anymore.

As can be seen from Eq. (8) the requirement of
AD )AD, is easily fulfilled for energies in the vicinity of
the Coulomb barrier where AD, approaches zero. At en-
ergies above the Coulomb barrier small values of AD, are
obtained for systems involving heavy nuclei with high nu-
clear charge Z.
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