
PHYSICAL REVIEW C VOLUME 48, NUMBER 6 DECEMBER 1993

One neutron pickup reactions in the S + Sm and 2S + Er systems
at energies close to the Coulomb barrier
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One neutron transfer cross sections in the systems S + Sm and S + Er have been mea-
sured at energies close to the Coulomb barrier. Mass and charge identification was achieved using
characteristic x rays. Transfer probabilities were analyzed by considering barrier penetration mech-
anisms. Possible enhancement effects due to permanent quadrupole deformations are investigated
and compared with the experimental results.

PACS number(s): 25.70.Hi, 21.10.Gv, 27.70.+q

I. INTRODUCTION

The study of the interaction of heavy nuclei at energies
close to the Coulomb barrier has shown spectacular ef-
fects due to the nuclear static deformation of one or both
of the reaction partners. The origin of these deformation
effects, which reflect in an enhancement of the fusion and
transfer rates, can be understood as stemming from the
approach of the nuclear surfaces at orientation angles in
the vicinity of the poles for a fixed bombarding energy.

The role of the quadrupole deformation in the en-
hancement of transfer cross sections has been investi-
gated using samarium isotopes [1—3] as targets. In this
work we investigate deformation effects in the one neu-
tron pickup reactions at bombarding energies below the
Coulomb barrier. For this purpose we use targets with
different nuclear shapes, such as the spherical Sm and
the quadrupole-deformed Er. The one-neutron trans-
fer channel is particularly appropriate for this study since
one does not have to consider sequential processes and
Coulomb effects.

The relevant cross sections were determined via the
analysis of delayed x-ray activities. This technique (see,
for example, [4]), which was previously used to determine
fusion reaction cross sections, was successfully extended
in the present work to transfer reactions. Details of the
experimental setup are described in Sec. II. The analysis
and interpretation of the experimental results are given
in Sec. III.

II. EX.PERIMENTAI METHOD

Measurements were carried out at the 20-MV tandem
accelerator of the TANDAR Laboratory in Buenos Aires.
Enriched targets of 144Sm and 166Er with thickness of
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110 and 92 pg jcm, respectively, were bombarded with
S projectiles with energies ranging from 123.5 to 152.5

MeV. The Coulomb barriers in the laboratory frame were
estimated to be 136 MeV for S + Sm and 139 MeV
32S +166Er.

For both systems, transfer cross sections as a function
of the bombarding energy have been determined by mea-
suring the activity of the delayed x rays emitted in the
subsequent decay of the reaction products, with decay
half-lives of 8.83 min (~ Sm) and 10.36 h ( Er).

The targetlike transfer products were trapped on gold
catcher foils placed behind the targets. The thickness of
the gold foils ( 10 mg/cm ), the chosen geometry and
the forward-peaked angular distributions of these kag-
ments at near-barrier energies guarantee at least 99% ef-
ficiency for the collection of the desired particles. After
irradiations of typically 2 h, the catcher foils were re-
moved kom the scattering chamber and placed in &ont
of an x-ray counter in order to accumulate and record
several off-line energy spectra as a function of time. For
the Er target at the lowest bombarding energies the
irradiation time was set to 6 h due to the long half-life of
165pr

The energy resolution of the x-ray detector was 700 eV
FWHM at 60 keV, and its absolute efficiency was 9.5%
in the energy range of 30 to 80 keV. Two solid state de-
tectors placed at +30 with respect to an auxiliary Au
target were used for absolute cross sections normaliza-
tion.

An off-line energy spectrum of S + Er at a bom-
barding energy of 143.5 MeV for a given time interval is
shown in Fig. 1. This figure shows the different x-ray
lines &om atoms with different atomic numbers that are
produced through the radioactive decays of the various
transfer products.

Transfer cross sections were obtained by fitting the de-
layed x-ray activities via a minimization procedure. For
this purpose, the time dependence of the Ka x-ray yields
for both parent and daughter activities is calculated from
the known half-lives and absolute number of photons pro-
duced per decay of each isotope in each mass chain. Then
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the transfer cross sections were deduced by minimizing
the y function constructed &om the experimental x-ray
activities and the theoretical calculations [5].

Figure 2 shows the off-line time dependence of the ac-
tivities for S + Er for an impinging energy of 143.5
MeV, together with the best 6t to the data.

FIG. 1. Off-l&ne energy spectrum following the S + Er
reaction at a bombarding energy of 143.5 MeV. X-ray lines
from different transfer channels are shown.

E, b[MeV]

124.5
127.5
130.5
131.5
132.5
133.5
134.5
135.5
136.0
136.5
137.5
138.5
140.5
142.5
143.5
144.5
146.5
148.5
150.5
152.5

Total cross section [mb]
32S + 144S

2.7 + 0.4
3.5 + 0.6
4.9 + 0.6
4.5 + 0.7
6.8 + 0.7
7.1 + 0.7

8.2 + 0.7

10.1 + 0.8

24.7 + 1.5

32.2 + 2.0

48.5 + 2.5

32S + 166E

2.4 + 0.2
3.1 + 0.5
5.6 + 0.5

8.3 + 0.8

12.5 + 1.0
15.9 + 3.0
16.4 + 2.0

20.0 + 3.0
26.0 + 3.0
31.7 + 4.5
33.0 + 3.0

50.8 + 3.6

65.2 + 3.0

A. Semiclassical description of transfer probabilities

TABLE I. Cross sections for one neutron pickup reaction
1n the systems S + Sm and S + Er.

III. RESULTS AND DISCUSSION

The total one neutron pickup reaction cross sections for
the two systems as a function of the laboratory energy are
summarized in Table I and Fig. 3. The data points show
the usual behavior for transfer reactions at subbarrier
energies, namely, an almost exponential fall characteristic
of a tunneling process.

Analysis of delayed x-ray activities show the presence
of additional transfer channels. Cross sections for these
channels are given in Table II.

In a semiclassical approach the differential transfer
cross section at energies below the barrier is given by

[6]

O'I'
Pq, (0) = C~a sin ]

—
~

exp (—2rd(0))
2rlk q2)

(3.2)

where (do./dO)c „i denotes the differential cross section
for Rutherford scattering and

100 I
I

I t I I

I
I I I I

I
I I I I

1 I 1

100

O 10

10—

I I I I I I I 4 I I I I I I I I I I I1
120 130 140 150 160

0. 1 I I I I I I I I
E) b [MeV]

200 300 400

t [min]

FIG. 2. X-ray activities for the S + Er reaction at a
bombarding energy of 143.5 MeV. Solid lines are fit to the
data.

FIG. 3. Total one neutron transfer cross sections for the
S + Sm and S + Er reactions as a function of El~b.

Dashed lines are calculations using expression (3.2) and solid
lines are theoretical calculations obtained from (3.10). The
arrows indicate the values of the Coulomb barrier for those
systems.
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TABLE II. Additional transfer channels observed in the
Er+ S and Sm+ S systems.

I
I

I I I I
I

1 I I I

System
166E +32S

144S +32S

144S +32S

Channel

2p-1n

Energy (LAB)
[MeV]

140.5
142.5
144.5
146.5
150.5
135.5
136.5
140.5
146.5
135.5
140.5
146.5

Total
cross section

[mb]

1.7 + 0.2
2.7 + 0.3
4.3 + 0.2
5.0 + 0.2
8.5 + 0.4

0.28 + 0.08
0.7 + 0.2
2.4+ 0.3
5.6 + 0.6
0.8 + 0.3
1.2 + 0.3
1.6 + 0.2
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1 0 I t i & I I & i « I
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FIG. 4. Transfer probability P&, as a function of the dis-
tance between efFective nuclear surfaces for S + Sm and

S + Er systems. Solid lines are 6ts to the data and
dashed lines correspond to a slope calculated by expression
(3.3).
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g h2 )
(3.3)

The quantity d is the distance between the effective nu-
clear surfaces relevant to the occurrence of transfer

d=D —R, , (3.4)

where D is the distance of closest approach between the
colliding nuclei and R, = 1.54 (Ai~ + Az ) fm [7] the
interaction radius. Assuming Coulomb trajectories D is
given by

is the transfer probability expected for nucleon tunneling
between two potential wells as a function of the scatter-
ing angle 0. The amplitude C~~, which will be discussed
below, depends on the initial and Anal states as well as
on the kinematics of the reaction (following the notation
of Bass [6], A and B indicate the projectilelike and target
fragments, respectively). In this expression A: and rI are
the asymptotic wave function number and the Sommer-
feld parameter of relative motion, respectively. The value
of the propagation number m is de6ned through the bind-
ing energy 8 of the transferred particle and its reduced
mass p, as

U(D, r) = Ui(r) + U2(D —r) . (3.7)

data obtained with an exponential dependence of Pq, vs
do. The corresponding slopes in the logarithmic plots
are 0.91 fm for Sm and 0.67 fm for Er. In the
last case the slope is consistent with the value obtained
from (3.3). In the case of 4Sm the experimental slope
is not coherent with the binding energy. It is interesting
to note that these results seem to be in contradiction
with those of Betts [8). This author finds agreement with
the slopes determined from the binding energies for the
spherical Sm and not for the deformed Sm. Besides
the fact of the difference in the systems we do not have
an explanation for this apparent discrepancy.

A more realistic treatment of the transfer process can
be achieved from an extension of a model developed by
Brosa and Gross [9], which includes a centrifugal term
in the potential and considers that the transfer processes
can also take place at distances larger than the distances
of closest approach. In this description, the neutron be-
ing transferred moves along the line of centers under the
infiuence of the combined potentials created by the donor
and acceptor cores:

D=
~

1+csc —
[

D, ( ei
2) (3.5)

2K
Ptr(do) = crtr

(d B )
(3.6)

with do ——Do —R . Therefore the transfer probability Pt,
can be interpreted as a ratio between a.q, and an "effective
peripheral area" 7rDO/2r. This expression . was used to
construct a plot Pt, vs do fr'om measured cross sections
(see Fig. 4). The full lines in this figure are fits to the

where Do ——e ZiZ2/E, ~ is the distance of closest ap-
proach in a head-on collision.

The transfer probability Pq, can be related to the total
cross section ot, by integration of expression (3.1) over
0 using (3.2)

Now D is the distance between the cores 1 and 2, and r
indicates the spatial coordinate of the transferred particle
with respect to the donor core. In this approach, the
neutron potential is given by

V,' /, (l; + 1)h'
1+ exp [(r —B,)/a] 2p;r2 (3.8)

where R;, a, and l, are the core radius, the diffuseness,
and the relative angular quantum number of the nucleus
i, respectively.

The nuclear potential depths V; were obtained as
adjustable parameters from the numerical solution of
Schrodinger's equation by requiring agreement between
the theoretical and experimental binding energies [10].
The quantum numbers of these wave functions were the
corresponding for the ground state, namely, n = 2; I = 2



48 ONE NEUTRON PICKUP REACTIONS IN THE S+ '~Sm. . . 2843

(
oc exp —2 r(r, l, t) dr

l

dt ( o
''

)
(3 9)

at a fixed distance B between the two cores, and assum-
ing Coulomb trajectories, the transfer probability results
&om a time integration over the trajectories for all rela-
tive angular momentum / of the cores properly weighted
by the impact parameter b~,

dP
Pt, ——27rAgg ) bi dt

cB

and n = 2; l = 3 for Sm and 6 Er, respectively, where
n is the number of nodes minus one. For the calcula-
tions performed in the present analysis, we have taken
R; = 1.274, fm and a = 0.67 fm (Ref. [9]).

In order to consider all possible transfer processes we
proceeded as follows. Starting from the instantaneous
one-dimensional tunneling probability

B. Effects of nuclear deformation

The choice of a spherical projectile and the well-known
structural characteristics of the Sm and Er are nec-
essary ingredients if we attempt to study the efFects of
nuclear deformation.

Within a simple picture [1,2] the effect will show up
through an enhancement of the transfer cross sections
similar to that observed in subbarrier fusion but less pro-
nounced because of the difI'erent kind of tunneling pro-
c.esses involved. Following Ref. [2] at low bombarding
energies we expect an enhancement factor of about 2 be-
tween the transfer cross sections of Sm and Er, con-
sidering a deformation parameter of P2 ——0.34 for issEr
l»l

In order to derive an enhancement factor &om the ex-
perimental data we need to remove efFects not related di-
rectly to deformation. For this purpose we use the quan-
tity E' defined as the ratio of the transfer probability Pt,
between the deformed and the spherical systems [given
by the ratio between the constants A in (3.10)] properly
normalized by the geometrical factors |A~,

= 27r Ag~ ) bi dt exp —2 drr(r, l, t)
g

—OO 0

(3.10)

A being a normalization constant and the function gp(Q)
a correction due to- mismatch of both angular momentum
transfer A and Q values [11]:

(
4 +AB+ ) E~

with C~& given by [6]

I'

C4++) (3.12)

gi(Q) = — deexp ——
p 2 (

hz(lg+ z)A cos 0
ppR2 )

(3.11)

In this expression the variance p of the Q window was
taken from Ref. [12] as p = 5.9 MeV. The quantities Q zt
and l~ are the optimum Q value and the grazing angular
momentum, respectively.

The quality of the agreement produced by this calcula-
tion is illustrated in Fig. 3. The solid curves are the cal-
culated total transfer cross sections obtained using Eqs.
(3.1), (3.5), and (3.10). The normalization constant A
was used to adjust the data and takes a value of 0.025
for Sm and 0.061 for Er.

The improvement in the description of the data when
using expression (3.10) compared to (3.2) can be under-
stood as follows: On the one hand, the use of a more real-
istic potential (i.e. , a Woods-Saxon potential) produce a
significant change in the barrier shape (almost parabolic
rather than square), specially at the smallest distances.
This fact leads to an increase of the slope compared to
that obtained from expression (3.3). On the other hand,
the integration over all impact parameters give rise to a
non-negligible modification with respect to the calcula-
tion assuming just head-on collisions specially at energies
above the barrier.

NAN~SASa P;Py 2I~+ 1
AH =

p~

@gal

(2I2 + 1)(2j + 1)
3.13

TABLE III. Enhancenient factor Ecalculated u'sing (3.12)
f'or difFerent values of the difFuseness and spectroscopic fac-
tors.

a [fm] &E, ~S
0.65 355 1.0

9E,
1.0
0.5
0.7
1.0
0.5
0.7
1.0
0.5
0.7

s
2753 1.7

3.4
1.2
1.7
3.4
1.2
1.7
3.4
1.2

0.5
1.00.67 2688

0.5
1.028720.70 400

0.5

where p; and p, y are the reduced mass of the initial and
final systems and pA and p~ are the reduced mass of the
neutron in the cores A and B. The angular momentum
quantum numbers I2, I~, and j correspond to the target-
like fragment, to the target nucleus, and to the neutron,
respectively. The factors NA and N~ are normalization
constants between the exact numerically determined neu-
tron wave functions and the spherical Hankel functions
that describes their asymptotic behavior. The quantities
SA and S~ are the spectroscopic factors of the cores, and
Ic& 2 are given by
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1/2]&'»~ A~&[ (3.14)
hz )

In this way, we could in principle remove all the structure
and kinematic factors that appear in the expression of the
transfer probability P&„remaining only the dependence
on the shape of the nuclei.

In spite of the uncertainties in some of the quantities
entering in expression (3.13) (for example, the spectro-
scopic factors, and the wave function normalization con-
stant N through its dependence on the nuclear difFuse-
ness a) for realistic values related to neutron transfer to
ground states both in Sm and Er we can derive an
enhancement factor of F 2 (see Table III). This indi-
cates an enhanced tunneling probability, that could be
attributed to the quadrupole deformation of Er.

IV. SUMMARY

Pickup transfer reactions in the S + Sm and Er
systems were measured at incident energies close to the
Coulomb barrier. The transfer probability can be under-
stood as a classical tunneling process between a donor
and acceptor core. The experimental enhancement fac-
tor of the deformed S + Er system with respect to
the spherical S + Sm system is consistent with that
obtained &om a simple semiclassical model.
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