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Excitation functions for sub-barrier one- and two-neutron pickup reactions were measured for
Elab < 106 MeV in 328493Nb, 98190Mo systems by detecting targetlike recoils at 0° using a recoil
mass spectrometer. The slopes of transfer probability vs distance of closest approach are in good

agreement with binding energies, indicating the absence of a “slope anomaly.”

Angle-integrated

transfer cross sections derived from measured 180° yields are consistent with enhancements in pre-
viously measured fusion yields for the 3254-9819°)Mo systems.

PACS number(s): 25.70.Hi

In the past several years considerable attention has
been focused on the connection between sub-barrier
transfer and sub-barrier fusion [1-3]. One outstanding
question is whether sub-barrier transfer might serve as a
“doorway” to fusion [4]. Sub-barrier fusion yields have
been observed to fall off in an anomalously slow fash-
ion (compared to one-dimensional barrier-penetration
models) with decreasing bombarding energy. Recently,
coupled-channels calculations that incorporate quasi-
elastic, transfer, and fusion channels, and which use real
potentials similar to those derived from microscopic mod-
els, have been successful in reproducing this trend [5].
However, the number of systems for which complete data
(quasielastic, transfer, and fusion) is available is limited.
Since fusion data does exist for 32S on various molybde-
num isotopes [6], we set out to measure the sub-barrier
transfer yields for one- and two-nucleon pickup in the
8254.98,1000Mo reactions.

A separate question of interest pertains to “slope
anomalies” [2,7]. Sub-barrier transfer probabilities show
an exponential dependence on distance of closest ap-
proach, P, x exp(—2xDy), where Dy is the distance
of closest approach and « is a slope parameter [2]. From
binding energies, two-nucleon transfer slopes should be
approximately twice those of one-nucleon transfer. The
observed decrease in the two-nucleon transfer slope, com-
pared to scaling from one-nucleon transfer, is referred to
as a two-nucleon (or pair) transfer slope anomaly. To
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investigate this systematically, a 3Nb target was also se-
lected, providing a comparison among nuclei with two,
six, and eight valence neutrons, respectively, above the
N = 50 neutron shell. Additionally, since 23Nb is a hard,
spherical nucleus while Mo and %Mo are soft vibra-
tors, comparison of slope trends might reveal a depen-
dence on collective excitations.

We used the Rochester Recoil Mass Spectrometer
(RMS) [8] to measure targetlike products at 0° result-
ing from 180° scattering. Use of the RMS technique [9]
eliminates the problem of diffractive scattering. Quan-
tum diffractive effects have been shown in some cases to
be a possible source of the spurious two-neutron slope
anomaly [10]. These effects can be suppressed by going
to lower bombarding energies and more backward angles
to reduce the influence of the nuclear potential.

In order to separate the recoils entering the RMS from
scattered beam, a AFE-E detector was used at the fo-
cal plane, consisting of an isobutane-filled proportional
counter for AE and a position-sensitive silicon detec-
tor (PSD) for residual energy measurement. Gating on
the targetlike recoils, we obtain a mass spectrum like
that shown in Fig. 1. As can be seen, individual masses
are cleanly resolved. The RMS mass resolution is typ-
ically =~ 1:400 FWHM, and =~ 1:150 full-width at one-
hundredth maximum. Transfer excitation functions were
measured for Ej,p, < 106 MeV. The Z resolution was
insufficient to distinguish proton transfer from neutron
transfer. Furthermore, energy resolution was inadequate
to identify transfer to particular states, or to distinguish
between transfer and elastic scattering off isotopic target
contaminants.
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FIG. 1. Mass spectrum of targetlike recoils through the
RMS for the 100-MeV 328+23Nb reaction. The mass resolu-
tion of the RMS is typically ~ 1:400 (FWHM) and ~ 1:150
(full-width at one-hundredth maximum). No correction has
been made in this figure for the RMS focal-plane efficiency.

Target thicknesses were 150 ug/cm? with a 95 ug/cm?
carbon backing for %Mo, and 110 ug/cm?® with a
20 pg/cm? carbon backing for 1°°Mo. The 93Nb target
was 110 pg/cm? and self-supporting. The isotopically
enriched molybdenum targets contain 0.1-1.0 % contam-
ination from each of the other stable isotopes. Measure-
ments of background levels at lab energies of 80 MeV
were generally consistent with the stated assay values.
This isotopic contamination was the dominant limita-
tion on how low in bombarding energy we could mea-
sure transfer yields for the molybdenum targets. In con-
trast, beam-tail background was the dominant limitation
for the 93Nb target. Our procedure was to measure the
transfer yield for each system at decreasing lab energies
until the measured yield leveled off. This level was used
as our experimental background and has been subtracted
in the data shown.

We collected data one mass at a time (elas-
tics+inelastics, one-nucleon and two-nucleon pickup),
and used two monitor detectors in the scattering cham-
ber at £20° to normalize our focal-plane measurement to
integrated beam flux. Each mass was focused to the same
focal-plane position. This procedure simplified analysis
by implicitly removing the RMS efficiency dependence on
focal-plane position. The ratio of the monitor-normalized
yield for each mass to the sum of all three normalized
yields was then taken as the transfer probability. Inclu-
sion of additional reaction channels would increase this
sum and hence decrease the calculated transfer probabil-
ity. However, the dominant contribution to such a cor-
rection should be one-nucleon stripping, and preliminary
analysis of a just-completed stripping-yield measurement
[11] indicates that there is at most a 10% correction to
this sum at the highest energy measured (106 MeV).

For each system, data was taken using a single recoil
charge state (chosen to achieve the best balance of yield
and beam rejection). Implicit in this approach is the as-
sumption that the charge-state distributions for the elas-
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tics and transfer products are the same. It has been
previously noted [12] that charge-state distributions may
be strongly shifted as a result of internal conversion, fol-
lowed by the emission of Auger electrons. However, for
the relatively light nuclei studied in the present work,
such processes have been calculated to be of negligi-
ble effect. As a further check, transfer probabilites at
selected energies were measured using several different
charge states, and the results were found to agree within
+10%.

By scaling the measured transfer probabilities by the
180° Rutherford cross section, we obtain differential
transfer cross sections, shown in Fig. 2. For compari-
son, DWBA calculations using the code PTOLEMY [13]
are shown for the same systems. Since spectroscopic fac-
tors have been measured for several states in all of the
product nuclei, it was possible to do a fairly complete cal-
culation. Inclusion of additional states in the calculation
is not expected to change the results shown by more than
about 10%. The calculation result was scaled down by
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FIG. 2. Differential cross sections at 180° for one- and
two-neutron pickup. The solid lines are calculations using
the DWBA code PTOLEMY. The PTOLEMY yields have been
scaled down by a factor of 3 for the molybdenum cases, and
by a factor of 2 for the niobium case.
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a factor of 3 for the molybdenum cases, and by a factor
of 2 for niobium, suggesting that some additional physics
needs to be incorporated into the calculation. However,
DWBA calculations have long been known to have dif-
ficulties in reproducing absolute yields to better than a
factor of 2 or 3 for heavy-ion reactions.

The PTOLEMY calculations shown include only neutron
pickup since the predicted proton pickup was down by
several orders of magnitude, consistent with simple Q-
value considerations. Furthermore, measurements done
at Stony Brook [14] of the scattered sulfur at near-barrier
energies indicate that the pickup yields are, indeed, dom-
inated by neutron transfer.

In Fig. 3 we show the measured pickup probabilities vs
reduced distance of closest approach,

1 1
do = Do/(AZ + A}), (1)

where Ar and Ap are the target and projectile atomic
masses, respectively. The distance of closest approach,
Dy, was calculated using a proximity potential [15] to
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FIG. 3. Measured and calculated neutron-pickup probabil-
ities vs reduced distance of closest approach. The calculation
(solid lines) uses a slope parameter from semiclassical tunnel-
ing theory, with an overall scaling to the data.
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account for nuclear-field effects. At the lowest bombard-
ing energies, these effects are negligible, and at 106 MeV
(the highest energy for which data were taken) they re-
sult in a shift in Dy of =~ 0.2 fm for all three systems.
At energies above 106 MeV, the difference between pure
Coulomb trajectories and those calculated via the prox-
imity potential quickly becomes significant, and in either
case results in dp < 1.5 fm, a limit beyond which the
tunneling picture should not apply [2,7]. In earlier mea-
surements, we have observed noticeable deviations from
exponential falloff in transfer probability for beam ener-
gies above 106 MeV. Since the exact threshold for the
tunneling regime is unclear, we base our conclusions on
the data taken at beam energies below 106 MeV, where
these deviations are not noticeable and the effects that
cause them are believed to be negligible. Although the
figures include the 106-MeV data, all fits excluded them.

Semiclassical tunneling theory predicts a slope param-
eter given by k = +/2uB/h, where u is the reduced
mass of the donor (after transfer) and transferred par-
ticle/cluster, and B is the particle/cluster binding en-
ergy. In Fig. 3, the solid lines are the slopes determined
from binding energies, with an overall scaling to the data.
Good agreement is seen between the data and binding-
energy predictions for both one- and two-neutron transfer
on all three targets. A slope parameter may also be ex-
tracted from PTOLEMY results by dividing the predicted
cross section by the Rutherford cross section. In this
figure, the slopes extracted from PTOLEMY are indistin-
guishable from the binding-energy slopes and are, there-
fore, not shown. The agreement between measurements
and binding-energy predictions for one- and two-neutron
pickup indicates there is no slope anomaly in these sys-
tems.

An angle-integrated transfer yield can be obtained
from the measured probabilities [9,16]. Only two as-
sumptions are required to perform this calculation. First,
the orbits should be well described by Coulomb trajec-
tories. Since the difference between distances of closest
approach with and without a proximity-potential correc-
tion are small, this criterion is well met. Second, the
transfer probability is assumed to fall off exponentially
with distance,

P, x sin(%@c.m,) exp(—2kDy) , (2)

where k is a slope parameter, and Dy is the distance of
closest approach. The assumption of Coulomb trajec-
tories connects Dy and 6., for a given E¢ ., allowing
the integration over angles to be done analytically. The
resulting expression is

57 Zr Zpe?

nE o P (Ecm.,180°). (3)

Otr =

Here, Zr and Zp are the target and projectile atomic
numbers, respectively, x is the measured slope parame-
ter, and P, is the measured transfer probability at 180°.
The angle-integrated cross sections obtained in this way
are shown in Fig. 4 for the molybdenum data. In the
same figure, we show the associated fusion data from
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Pengo et al. [6]. All cross sections have been scaled by
the fusion radius and center-of-mass energies scaled by
the fusion barrier (as calculated from [17]), to remove
trivial kinematic and geometric differences between the
two systems. As can be seen in Fig. 4, above barrier the
two systems are essentially identical.

However, the sub-barrier fusion yields exhibit a strong
isotopic dependence. For the lowest energies, the reduced
fusion cross sections show a full order-of-magnitude dif-
ference between Mo and °°Mo. This difference can-
not be understood in terms of a coupling to one-neutron
pickup since the reduced one-neutron yields are identical,
and the Qg4 values differ by only 0.35 MeV.

Broglia et al. [18] suggested that such enhancements in
fusion yields may be due to the transfer of a neutron pair
with a positive Q value. Pengo et al. (6] suggested the
same mechanism to explain their fusion data. Our sub-
barrier transfer data show only a small enhancement in
two-neutron transfer yield for 1°°Mo compared to ¥Mo.
However, the relatively large difference in Qg  values for
two-neutron pickup (4.60 and 5.84 MeV for *Mo and
100Mo, respectively) generates a stronger coupling be-
tween transfer and fusion for the }°°Mo target compared
to the ¥Mo, leading to fusion enhancements which are
in qualitative agreement with the observed fusion results.
It is worth noting that our attempts to measure transfer
on 92Mo indicate that the yields are down by at least an
order of magnitude from those of %*Mo and °°Mo, which
correlates with the steeper falloff in the fusion yield mea-
sured by Pengo et al.

In conclusion, we observe no slope anomaly in the
3254 93ND, 981000\ systems. All measured transfer
probabilites show a dependence on distance of clos-
est approach consistent with binding-energy systemat-
ics. PTOLEMY calculations overpredict the one-neutron
yields by about a factor of 3 for °*Mo and 1°°Mo, and by
about a factor of 2 for Nb. However, slopes extracted
from PTOLEMY calculations are in good agreement with
the data. The derived angle-integrated transfer yields
are consistent with the hypothesis that sub-barrier fu-
sion enhancements are due to two-nucleon transfer with
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FIG. 4. Angle-integrated transfer yields compared to fu-
sion. The angle-integrated transfer cross sections are derived
from measured 180° yields (see text). The fusion cross sec-
tions (solid symbols) are from Pengo et al. [6]. All cross sec-
tions have been scaled to the fusion radius, and energies have
been scaled to the fusion barrier. The lines through the trans-
fer data are fits using the measured slope parameter. The lines
through the fusion data are to guide the eye.

positive Q values. Measurements of inelastic scattering
would be an important addition since they would provide
a complete set of data for coupled-channels calculations.
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