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Differential cross sections for quasielastic transfer were measured for ?S beams bombarding
92,98,1000 15 and ®*Nb targets at laboratory energies of 109, 116, and 125 MeV. Distorted-wave Born
approximation calculations are in good agreement with the one-nucleon transfer data at all energies.
Large transfer cross sections were observed for °®'°Mo and ®*Nb targets which is consistent with
the large sub-barrier fusion enhancement observed in the same systems. The transfer probability for
one-nucleon transfer at large reaction distances is well described by the semiclassical model. There
is a slope anomaly for two-proton stripping at energies just above the barrier but no anomaly for

two-neutron pickup.

PACS number(s): 25.70.Hi

I. INTRODUCTION

Heavy ion collisions at energies in the vicinity of the
Coulomb barrier involve considerable complexity. A
number of reaction channels, such as fusion, nucleon
transfer, and inelastic excitation can take place. The
coupling among channels is important in determining the
strength of an individual channel. For instance, some fu-
sion excitation functions measured at energies below the
barrier are orders of magnitude greater than predictions
from the one-dimensional barrier penetration model [1,2].
This well known sub-barrier fusion enhancement can be
explained by a channel coupling scheme [3,4]. Low-lying
surface vibrational modes have been found to contribute
appreciably to the enhancement [5]. In some cases, nu-
cleon transfer [4,6,7] and/or higher excitations [8] have
to be considered.

Fusion excitation functions for 32S + 4Mo and °3Nb
were measured by Pengo et al. [9] and Stelson et al.
[10], respectively. For 92Mo, the measurement is in good
agreement with the barrier penetration model predic-
tions. However, for the other molybdenum isotopes and
93Nb, a significant enhancement in the cross sections was
observed at energies below the barrier. In this work, we
have measured nucleon transfer for 32S 4 92:98:1000[o and
93Nb at energies slightly above and below the barrier to
make a qualitative comparison between the fusion and
transfer.

A further goal of the experiments is to investigate the
energy dependence of the transfer probability as a func-
tion of the distance of closest approach. For low energy
heavy ion collisions, it is suitable to use the semiclas-
sical approximation [11] in which transfer is described
as nucleons tunneling through a potential barrier. At
large reaction distances, where the nuclear absorption is
negligible, the transfer probability falls exponentially as
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the distance increases [12]. The slope of the exponential
falloff for two-nucleon transfer is expected to be approxi-
mately twice that for one-nucleon transfer. Many exper-
imental results showed good agreement between theory
and experiment [13]. However, it was observed in some
experiments that the slope for two-nucleon transfer is
smaller than predicted [14-17]. Often, it is similar to the
slope for one-nucleon transfer. This is referred to as the
“slope anomaly.” Rehm et al. [18] studied the systemat-
ics of two-neutron transfer at large distances and showed
that the slope anomaly should disappear as energies ap-
proached the barrier from above. Furthermore, the slope
anomaly at higher energies can be attributed to the in-
fluence of diffractive scattering since two-nucleon transfer
has a more localized form factor.

The experimental methods and data reduction are de-
scribed in the following section. The angular distribu-
tions of one- and two-nucleon transfer and the compar-
ison with distorted-wave Born approximation (DWBA)
predictions are presented in Sec. III, while in Sec. IV,
the transfer excitation functions are qualitatively com-
pared with the fusion yields. In Sec. V, the one- and
two-nucleon transfer at large reaction distances is dis-
cussed and compared with the semiclassical model. The
conclusions are given in Sec. VI.

II. EXPERIMENTS AND DATA

325 beams of energies of 109, 116, and 125 MeV were
obtained from the tandem-linac accelerator at the Stony
Brook Nuclear Structure Laboratory. The targets are iso-
topically enriched self-supporting foils of thickness 310,
490, 290, and 170 pg/cm? for 92:9%100Mo and 93Nb, re-
spectively.

The experimental setup is shown in Fig. 1. Six sur-
face barrier Si detectors (SBD’s) and four E-AE Si gas
telescopes, mounted on two movable tables, were used
to detect projectilelike reaction products. The angular
interval between detectors was 10°. The charge of the
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FIG. 1. Apparatus for transfer products identification.

transfer product was identified by the gas telescopes. The
E-AE telescopes were filled with P10 gas at pressures
such that particles lost 1/4 to 1/2 of their energies in
the gas. Since the energies of the transfer products are
too low for charge identifications at backward angles, the
gas telescopes could only be used at forward angles. For
comparison purposes, one or two surface barrier detec-
tors were placed at angles which overlapped with the gas
telescopes.

Mass identification was achieved by measuring the en-
ergy and time of flight of the particles. A 90 cm flight
path was provided by the scattering chamber. Time pick-
off units were placed behind each Si detector to obtain
the fast timing signal. The detector triggers were used
as start pulses for a time to pulse height convertor and
the linac rf signals were used as common stop pulses; ten
detectors were used simultaneously. The timing width
of the beam was determined by measuring the elastic
scattering from a 100 ug/cm? Au foil. During the exper-
iment, the full width at half maximum (FWHM) of the

"000 T T T ' T T T ] T T T } T T T I T T T
I DY R e i
| ) ) r > c 4
800 — —
N
= o ]
c
> - u
—
6 L i
2
2 0t -
—
85 400 .
Ll B -
200 — —
0 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1
0 200 400 600 800 1000

AE (arbitrary unit)

FIG. 2. 2D histogram of E vs AE for 125 MeV 325 + %Mo
at Gap = 80°.
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FIG. 3. 2D histogram of E vs TOF for 125 MeV 3238 +
100Mo at Giap = 90°. The solid curve is a parabola fitted to
the elastic scattering data for linearization.

beam was between 150 and 200 ps.

An example of energy versus energy loss two-
dimensional histogram from a E-AFE telescope is pre-
sented in Fig. 2. Only charge stripping was observed.
The energy versus time-of-flight (TOF) two-dimensional
(2D) histogram from a SBD is shown in Fig. 3. The mass
spectrum, as shown in Fig. 4, was obtained by linearizing
the 2D histogram and projecting on the TOF axis. Up
to three-nucleon pickup and four-nucleon stripping were
observed. By comparison with the charge gated mass
spectrum from the E-AF telescopes, shown in Fig. 5, it is
observed that the pickup is primarily neutron pickup and
the stripping is dominated by proton stripping, consistent
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FIG. 4. Mass spectrum obtained by linearizing the E-TOF
2D histogram and projecting on the TOF axis. Shown here
is an example of 125 MeV 328 + °°Mo at 6., = 120°.
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FIG. 5. Charge gated mass spectra from a E-AF telescope
at Gap = 80° for 125 MeV 328 + °°Mo. The areas of the mass
peaks were extracted by fitting the spectra with Gaussian
distributions which are shown by the dashed curves. The
dotted curves are the summed total of the fit.

with @-value expectations. The major transfer channels
identified are +2n,+1n,—1p, —2p, —2pln(—3He), and
~2p2n(—a). In the E-AFE telescopes, the yields of the
other channels, such as —1p + 2n and —2p + 1n, are less
than 10% of the +1n and —1p channels, respectively. At
the energy of 109 MeV, the yields of the weaker channels
are too small to be significant.

The energy resolution of this experiment was between
3 and 4 MeV. It was limited by the energy spread of the
beam. Additionally, at the backward angles, the target
thickness was a major factor because of the reflection ge-
ometry. An example of the energy distributions of the
transfer products is shown in Fig. 6 for two-proton strip-
ping. The centroid of the energy spectrum is located
around the optimum Q value (Qopt) [19] which is derived
from smoothly matching the trajectories before and after
the transfer. The optimum @ value is given by

Z’Z'
p<it
Q = 7.7 - c.m.) 1
opt ( 7 1) E, ( )

where Z, and Z; are the atomic number of the projectile
and target, respectively, Z;, and Zt' the atomic number of
the ejectile and recoil respectively, and E. , the center
of mass energy. This is the evidence that the reaction

the finite energy resolution, the elastic scattering events
could not be separated from the inelastic scattering.
Moreover, only energy-integrated transfer cross sections
were obtained. The ratio of the “elastic” (plus inelastic)
to Rutherford scattering as a function of angle is shown
in Fig. 7. The curves shown in the figure are results of
optical model calculations fitting to the data. The opti-
cal potential parameters obtained from the fits are listed
in Table I. For the 125 MeV data, the disagreement
between the data and calculations at large scattering an-
gles is probably caused by the contribution from inelastic
scattering events.

The one- and two-nucleon transfer angular distribu-
tions were compared to predictions of distorted-wave
Born approximation (DWBA) calculations using the
computer code PTOLEMY [20]. The one-nucleon trans-
fer calculations included states of excitation energies up
to 3.0 MeV for both projectile and target. The DWBA
cross section is given by

g = ZSpStapt, (2)
p,t

where S, and S; refer to the spectroscopic factors of the
projectile and target, respectively, and op; is the cal-
culated cross section of the corresponding state. The
spectroscopic factors were obtained from light ion exper-
iments. The optical potential parameters in the DWBA
calculations were obtained from the elastic scattering
analysis.

Figure 8 presents the one-proton stripping angular dis-
tributions for the %Mo target. As expected, the peak of
the angular distribution shifts toward 180° as the energy
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decreases. The curves correspond to results of DWBA
calculations. For 981°Mo targets, the predictions of
DWBA calculations were multiplied by factors between
1.4 and 2.0 to normalize the calculations to the data.
For all the other targets and all the one-neutron transfer
data, no normalization is necessary. For all the targets,
the 125 MeV data peak forward by 10°-12.5° compared
with the DWBA calculations. The curves were shifted
forward in the figure to compare with the data. This for-
ward shift in the angular distribution has been observed
in some other systems [16,21,22]; it may be due to mul-
tistep processes involved in the transfer reaction. The
DWBA calculations also underpredict the 125 MeV data
at backward angles. This is probably due to a large over-
lap of the reaction nuclei where different reaction mech-
anisms may take place. Very good agreement between
the data and the calculations is shown at energies of 116
and 109 MeV, particularly at small angles. The angular
distributions for one-neutron pickup are similar to the
case for one-proton stripping. No normalization factor is
required to scale the DWBA calculations to the data for
all the targets.

The calculations for the 116 MeV reactions overpre-
dict the measured cross sections at the far backward an-
gles. The difference is more significant for neutron pickup
than for proton stripping. If only the ground state to
ground state transfer calculation is performed and ar-

TABLE I. Optical model potential parameters obtained
from the elastic scattering data. V is the depth for the real
potential, 7o the radius parameter, a the diffuseness parame-
ter, and rco the Coulomb radius parameter.

V (MeV)
67.58

To =TJI0 (fm)
1.10

a = ay (fm)
0.69

TCco (fm)
1.32
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FIG. 8. Angular distributions for the 3?S + %®Mo

one-proton stripping. The dashed curves are results of DWBA
calculations described in the text. The calculations, normal-
ized to the data, are shown by the solid curves.
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bitrarily normalized to the data, a better agreement in
the shape of the angular distributions is reached for pro-
ton stripping as shown in Fig. 9. Including more excited
states in the calculation makes no significant change at
the forward angles. However, the deviation gets larger at
the backward angles as more excited states are included
in the calculation. For neutron pickup calculations, a
small difference is seen at the backward angles even for
the ground state to ground state transfer calculations.
This is also shown in Fig. 9. When more excited states
are included, the deviation becomes larger. Glendenning
and Wolschin [23] have shown that indirect processes can
interfere with the direct processes destructively and the
cross sections will be smaller than those calculated by
DWBA which models direct processes only.

Two-proton stripping angular distributions for the
98 Mo target are shown in Fig. 10. The DWBA calculation
was carried out by assuming a cluster transfer mechanism
[24]. Only ground state to ground state transfer was cal-
culated. The curves shown in the figure are results of
the calculations arbitrarily normalized to the data. The
125 MeV data also peak forward as compared to the cal-
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FIG. 9. The ground state to ground state transfer DWBA
calculations compared to the one-proton stripping and
one-neutron pickup data. The curves are arbitrarily normal-
ized to the data.
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FIG. 10. Angular distributions for the 3?S + ®Mo

two-proton stripping. The solid curves are results of DWBA
calculations described in the text normalized to the data.

culations. The curve shown is a forward shifted result.
As in the case of one-nucleon transfer, there is enhance-
ment in the backward angles for the 125 MeV data. The
116 MeV data disagree with the calculations at forward
angles. This will be discussed in Sec. V.

IV. CORRELATION OF TRANSFER AND
FUSION

The transfer total cross section was obtained by inte-
grating the angular distributions over angles. Table II
lists the energy- and angle-integrated few-nucleon trans-
fer cross sections; the uncertainties are shown in the
parentheses. The cross section for one-neutron pickup
is comparable to or slightly larger than that for one-
proton stripping. The yields for one-nucleon transfer
are 2-3 times greater than for two-nucleon transfer. For
98,100Mo, the three-nucleon transfer cross section is larger
than the four-nucleon transfer by factors of 2-3. For
92Mo the four-nucleon transfer cross sections are greater
than the three-nucleon transfer and are slightly larger
than the two-proton stripping. This is due to the Q-value
considerations which favor four-nucleon stripping in that
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TABLE II. Energy- and angle-integrated transfer cross sections (in mb).

Eia, (MeV) —2p,—2n —2p,—1n —2p —1p +1n +2n
lOOM
125 ° 3.9 (0.9) 9.3 (1.5) 36 (4) 56 (6) 73 (20) 40 (14)
116 1.6 (0.3) 3.5 (0.5) 18 (2) 34 (5) 45 (10) 13 (2)
109 0.3 (0.1)  0.84 (0.25) 6.3 (0.9) 14 (2)
98M0
125 4.3 (0.7) 9.3 (1.1) 30 (3) 44 (5) 66 (14) 26 (8)
116 1.3 (0.3) 2.5 (0.4) 14 (2) 25 (4) 49 (13) 13 (2)
109 0.16 (0.06) 0.4 (0.2) 3.6 (0.8) 9.1 (1.4)
92M0
125 18.3 (2.0) 102 (1.2)  11.0 (1.9) 20 (3) 34 (13) 15 (6)
116 3.1 (0.5) 1.1 (0.3) 2.8 (0.8) 11 (2)
93Nb
116 4.0 (0.6) 3.9 (0.6) 12 (2) 25 (4) 25 (5) 7.9 (1.9)
109 0.54 (0.15)  0.58 (0.16) 3.9 (0.7) 10 (2)

case. For 23Nb, the yields for three- and four-nucleon
stripping are comparable. The multinucleon (two to four)
transfer cross sections are about 30-40% of the total
transfer cross sections for all targets.

Note that the yields of neutron transfer for °2Mo at
116 MeV were too small to be measured. For the energy
of 109 MeV, the neutron transfer data were contaminated
by the tail of the elastic scattering for all targets. It is dif-
ficult to extract them without having large uncertainties.
Therefore, they are not listed in the table.

The total transfer cross sections were obtained by sum-
ming the cross sections over all the channels in Table II.
In Table III, the total transfer cross sections and the
fusion cross sections [9,10] are compared with the total
reaction cross sections which were calculated by the op-
tical model. The sum of the transfer and the fusion cross
section make up the total reaction cross section, since the
optical potential parameters were obtained from fitting
the elastic plus the inelastic scattering data. The total
transfer cross sections are 30-40 % of the total reaction
cross sections. For molybdenum isotopes, the cross sec-
tions increase as the number of neutrons in the isotope
increases.

The fusion excitation functions measured by Pengo et

TABLE III. Total transfer, fusion, and total reaction cross
sections (in mb) for 32S + “Mo and °>Nb.

Eiap (MeV) o (mb) 2Mo %8 Mo 1000Mo 93Nb
125 Oer 107 (28) 178 (31) 220 (46)
Ofu > 254 > 347 > 300
OR 396 481 556
116 O 27 (3) 104 (22) 116 (20) 77 (14)
Ofu 50 116 141 155
OR 85 181 213 215
109 Ot 13(2) 22(3) 15 (3)
Ofu 36 38 37

al. [9] for Mo and by Stelson et al. [10] for Nb are shown
in Fig. 11. The solid curves through the data points are
used for guiding the eyes. The dotted curves are the re-
sults of one-dimensional barrier penetration calculations
[25]. Disagreement between the fusion data and the cal-
culations can be seen, particularly at energies well be-
low the barrier. Coupled-channel calculations, using the
code CCFUS [26], were performed by including the first
2% and 3~ states of S and Mo. The results are shown
by the dashed curves. As can be seen, the results of the
coupled-channel calculations agree with the data only for
the 92Mo target. For the other targets, coupling the in-
elastic channels cannot fully account for the sub-barrier
fusion enhancement. In this case, coupling the transfer
channels should be considered for the 98:1°°Mo and °3Nb
targets. The one- and two-nucleon transfer cross sections
measured in this work are shown in Fig. 12; the fusion ex-
citation functions are shown for comparison. The results
of one- and two-neutron pickup at energies well below the
barrier [27] are also included in this figure. The transfer
cross sections fall less steeply than the fusion cross sec-
tions as the energies go down. At energies ~ 10% below
the barrier, transfer reactions become the dominant reac-
tion channels. The transfer excitation function for 92Mo
shows steeper falloff than all the other targets.
Although the neutron transfer for °1°°Mo and ?3Nb
has positive @ values, particularly for two-neutron
pickup, the yields for proton transfer are not much less
than the neutron transfer. It has been pointed out [28,29]
that charge transfer with a negative Q value could also
enhance fusion if the @-matching conditions for trans-
fer are valid. Furthermore, coupled-channel calculations
show that multinucleon transfer plays an important role
in the fusion enhancement [30]. The sub-barrier fusion
enhancement would depend on the average behavior of
the transfer rather than by the @ value of specific chan-
nels. By comparing with Table III, the correlation be-
tween transfer and fusion can be seen. Small transfer
cross sections were observed for the °2Mo target where
there is little fusion enhancement; large transfer cross sec-
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FIG. 11. Fusion excitation
functions for 32S + “Mo and
®3Nb. The solid curves through
the data are to guide the
eyes. The dotted curve are
results of one-dimensional bar-

rier penetration calculations.
The dashed curves are results
of coupled-channel calculations
coupling the first 2¥ and 3~
states of S and Mo inelastic
channels. The experimental
points are from Refs. [9,10].
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tions were observed for %81°°Mo and °3Nb targets where
there is large sub-barrier fusion enhancement.

V. TRANSFER PROBABILITY

At reaction energies near the Coulomb barrier, nu-
cleon transfer between heavy ions is often described by
the semiclassical model; the projectile is assumed to fol-
low the classical Coulomb trajectory [12] and the nucleon
transfer takes place at the distance of closest approach.
The transfer mechanism can be treated as nucleons tun-

cleon transfer at large reaction distances. It is defined as
the ratio of the transfer cross sections measured at angle
© to the incident flux and is given by [32]

dUtr
P = |27cbdb|’

©3)

where b is the impact parameter corresponding to the
scattering angle ©. By expressing the impact parame-
ter b explicitly in terms of the reaction parameters, the
transfer probability can be written as

neling through a potential barrier [31]. P, = M (4)
.y . . . r — b
The transfer probability is introduced to describe nu- doRutn/dQ
! T 1T
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where dopuin/dS2 is the the corresponding Rutherford
cross section. Equation (4) was used to extract the trans-
fer probability from the data.

At large reaction distances where the overlap between
two nuclei is insignificant, the transfer probability is given
by the semiclassical approximation as [12]

Py o sin (%) exp(—2aD), (5)

where D is the distance of closest approach which is nor-
mally calculated from the Coulomb trajectory and the
slope parameter a = +/2uEy/k; p is the reduced mass
and E, is the binding energy of the transferred nucleon.
If the transfer probability is plotted as a function of D,
it falls exponentially with a slope 2a at large distances.
Note that for two-nucleon transfer, the slope is expected
to be twice that for one-nucleon transfer for both sequen-
tial and simultaneous transfer.

The influence of the nuclear absorption should be ex-
cluded when the transfer probability is compared with
the semiclassical model. In Fig. 13, the ratio of the elas-
tic to Rutherford scattering cross section is plotted as a
function of the overlap parameter do = D/ (A5 + A41%).
Here, A, and A, are the mass of the projectile and target,
respectively. As can be seen from the figure, the ratio be-
comes less than 1 at dgp < 1.6 fm for all the targets at
all energies. This suggests that the nuclear absorption
becomes negligible at dy > 1.6 fm. Therefore, only data
at dyp > 1.6 fm will be considered here.

The transfer probability for one- and two-proton strip-
ping is plotted as a function of the overlap parameter in
Fig. 14. The lines are results from DWBA calculations
which are compared to the data at dp > 1.6 fm since
the DWBA is equivalent to the semiclassical model at
these energies. All the one-proton stripping data agree
with the DWBA calculations. For two-proton stripping,
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the data agree with the DWBA calculations only at en-
ergies below the Coulomb barrier. At energies above the
barrier, the two-proton stripping data have slopes sim-
ilar to those for one-proton stripping but disagree with
DWBA calculations which predict greater slopes. There
is a slope anomaly for two proton stripping at energies
above the barrier but no anomaly at energies below the
barrier. The slope behavior changes sharply right at the
barrier for two-proton stripping.

Figure 15 presents the transfer probability for neutron
pickup at the laboratory energy of 116 MeV which is
1%—-2% above the barrier. As can be seen, the data and
DWBA predictions, shown by solid lines, are in good
agreement for both one- and two-neutron pickup; the
slope for two-neutron transfer is greater than that for
one-neutron transfer as expected from the semiclassi-
cal model. This agrees with the systematics for neu-
tron transfer [18] which expect no slope anomaly for
two-neutron transfer at energies in the vicinity of the
Coulomb barrier.

As suggested in the articles by Wuosmaa et al. [17],
Liang et al. [33], and Rehm et al. [18], the energy de-
pendence of the slope anomaly for two-nucleon transfer
restricts the applicability of the semiclassical model. The
width of the partial wave distribution Al can be used to
determine whether the semiclassical model is valid. The
transfer cross section expressed in the partial wave ex-
pansion is given by

2

d 1
7 = 57 O (21 + 1)miexp(2ior) Pi(cos ©)| , ()
l

dQ

where o7 is the Coulomb phase shift, 7, a parametrized
form factor, and P; the Legendre polynomials. The width
Al of the partial wave distribution is associated with the
width of the form factor 7. It is suitable to use the
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FIG. 14. The transfer probability of one- and two-proton stripping as a function of do.
I LA T semiclassical model when Al is greater than a critical
- E width [17,18]
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0.01 sin(©g/2)
where n is the Sommerfeld parameter and Og is the an-
0001 ‘?E i gle corresponding to the maximum of the angular distri-
E 0 --w-o- +2n N bution. When the reaction is very localized in [ space,
0.0001 = - Al < Al,, it becomes a quantal diffraction process.
E | N R B S - . .
E L L L j The partial wave expansions of one- and two-proton
0.1 stripping were performed to investigate the dominant re-
. TE “\o é action mechanism. The form factor 1, was obtained from
g - . the S matrix in the DWBA calculation at 125 MeV.
= 0.01g- . The shape of the 1, was not adjusted for the 116 and
@ E h 109 MeV calculations. Only the centroid of the 7, was
2~ 0.001 N shifted to the corresponding grazing angular momentum.
R 3 The width of the 7; is of the order of 20% for both one-
0.0001 X ] and two-proton transfer while the critical value Al varies
} — E = from 7h to 8% depending on the reaction system and en-
‘ - ergy. This suggests that the reaction can be described
0.1 S\p o by the semiclassical model which is consistent with the
] equivalence of DWBA and the semiclassical model at
0.01 = these energies.
3 As shown previously [33], these partial wave calcula-
0.001 : ] tions for one-proton stripping not only reproduce the re-
. % sults of DWBA calculation but also are in good agree-
0.000 ‘g ment with the data. Moreover, the partial wave expan-
’ el e Ly sions for two-proton stripping are consistent with the
1.4 1.6 1.8 data at energies below the barrier. However, at en-
d, (fm) ergies above the barrier, the calculations underpredict

FIG. 15. The transfer probability of one- and two-neutron
pickup as a function of dop at the energy of 116 MeV.

the data at small scattering angles, which correspond to
large distances of closest approach as shown in Fig. 16.
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FIG. 16. Angular distributions for two-proton stripping. The solid curves are results of DWBA calculations. The dashed
and dash-dotted curves are results of partial wave calculations using form factors shown in the bottom panel. The solid bars

indicate the critical width for Al.

This suggests that a different reaction process, besides
the semiclassical tunneling, is involved. As shown in
Fig. 16, calculations using narrow form factors reproduce
the two-proton stripping angular distributions. In par-
ticular, they agree with the data very well at forward
angles. The width of the form factors Al ~ 54, which
is smaller than the critical value shown by solid bars.
Normally two-nucleon transfer has a narrower form fac-
tor, or [ distribution, than one-nucleon transfer does. If
the transfer mechanism involves multistep processes, the
form factor could be much more localized [34]. The local-
ization in ! space would lead to a diffraction process. For
this reason, the slope anomaly for two-proton stripping
may be influenced by diffractive scattering.

VI. SUMMARY AND CONCLUSIONS

To summarize, the identified transfer channels are con-
sistent with the expectations from Q-matching condi-
tions. The measured one- and two-nucleon transfer an-
gular distributions are in reasonably good general agree-

ment with DWBA predictions. Large transfer cross sec-
tions were observed for %819%°Mo and %3Nb while small
transfer cross sections were observed for °2Mo. This is
consistent with the large sub-barrier fusion enhancement
observed in 98:1°°Mo and ?3Nb, but not in 2Mo.

The transfer probability for both one-proton and one-
neutron transfer at large reaction distances, do > 1.6 fm,
is well described by the semiclassical model. For two-
proton transfer, an anomalous slope behavior was ob-
served at energies just above the Coulomb barrier. The
slope anomaly disappears at energies below the barrier.
For two-neutron transfer, there is no slope anomaly ob-
served at any energies studied here which agrees with the
systematics of two-neutron transfer. The partial wave ex-
pansions studied suggest that the slope anomaly is prob-
ably due to a very narrow form factor which may lead to
diffractive scattering.

At this point, it is not understood why the slope be-
havior for two-proton transfer changes sharply right at
the barrier. Additionally, it is not clear why there is a
slope anomaly for two-proton stripping but no anomaly
for two-neutron pickup at energies slightly above the bar-



1560 LIANG, LEE, MAHON, AND VOJTECH 50

rier. Is there difference in the mechanism of transferring
protons and neutrons? Or is the mechanism of neutron
pickup different from proton stripping? More measure-
ments, particularly of proton transfer, will be needed to
determine whether these are isolated cases or a system-
atic trend.
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