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Using y-ray photopeak intensities, excitation functions of one-neutron transfer to excited states in

reaction products have been measured from about 20%%uo and 15 jo below the fusion barrier to above
barrier energies for ' Ni+ Ni and "Ni+ Ni reactions, respectively. For ' Ni+ Ni, the one-

neutron transfer cross section is greater than 1 mb at 20/o below the barrier. The results are well

described by distorted-wave Born approximation calculations using spectroscopic factors deduced
from light-ion transfer measurements.

I. INTRODUCTION

As early as 1952, it was realized that the study of sub-
Coulomb nuclear reactions between heavy ions should re-
sult in essentially model independent nuclear structure in-
formation. In an analogy to the sub-Coulomb (d,p)
"Oppenheimer-Phillips process, "' Breit, Hull, and Gluck-
stern suggested that sub-Coulomb nucleon transfer reac-
tions should be progressively less sensitive to the ion-ion
interaction with decreasing bombarding energy. Although
many sub-Coulomb measurements of (d,p) and (p,d) reac-
tions (as well as lighter heavy-ion pickup and stripping re-
actions) have been employed in the study of nucleon den-
sities at large radia1 distances in heavy nuclei, until now
there have been no measurements at sub-Coulomb ener-
gies of transfer cross sections for reactions where both tar-
get and projectile are heavy ( A & 30).

This paper presents the first measurements of one-
nucleon transfer cross sections at sub-Coulomb energies
between symmetric, heavy ions. One-nucleon transfer
cross sections extending from =20% below to 4% above
the phenomenological fusion barrier have been deduced
from four-point singles y-ray angular distributions.
These characteristic y rays identify nucleon transfer lead-
ing to particular excited states of a transfer product. The
results show that the simple one-step one-nucleon transfer
model, as embodied in the distorted-wave Born approxi-
mation (DWBA), can describe the one-nucleon transfer
cross sections at bombarding energies less than 5% below
the barrier. For a well matched reaction, one-neutron
transfer at 20%%uo' below the barrier can be as large as 1 mb
to just a single state of one of the transfer products. The
total one-neutron transfer cross section is estimated to be
about 20—50%%uo larger than this.

Previously, our group at MIT has measured sub-barrier
fusion cross sections for ' Ni+ ' Ni. Simple bar-
rier-penetration models that provide satisfactory descrip-
tions of fusion cross sections from above-barrier bombard-
ments cannot reproduce the below-barrier fusion excita-
tion functions. When normalized by the appropriate
geometric cross sections, the sub-barrier fusion excitation

functions, with respect to the barrier height, of Ni+ Ni
and Ni+ Ni are nearly identical, while that of

Ni+ Ni is significantly larger. From Q-value sys-
tematics it has been argued that this isotopic dependence
of sub-barrier fusion is consistent with nucleon, and espe-
cially nucleon pair, transfers enhancing the probability of
fusion. If the Q value for transfer is positive or if the bar-
rier of the resulting system is lower, additional kinetic en-

ergy would then be available to effectively lower the bar-
rier to fusion. ' Coupled channels calculations, however,
indicate that inelastic scattering can also increase the
cross section for sub-barrier fusion.

The one-neutron pickup reaction from Ni+ Ni has a
slightly negative Q value ( —0.66 MeV) and is well Q
matched. Transfer reactions from identical projectile-
target combinations ( "Ni+ Ni and Ni+ Ni) have sig-
nificantly more negative Q values and are not well Q
matched. The sub-barrier one-neutron transfer cross sec-
tion from Ni+ Ni is about 8 times larger than that of

Ni+ Ni, when comparison is made with respect to the
fusion barrier for each reaction. At the barrier, fusion
cross sections for both target-projectile combinations are
about equal and the cross section for one-neutron transfer
for the well Q matched Ni+ Ni is at least twice that of
fusion, but one-neutron transfer from Ni+ "Ni has
about half the cross section of fusion. At 5 MeV below
the fusion barrier, the one-neutron transfer cross section
from each projectile-target combination is at least a factor
of 50 larger than the corresponding fusion cross section.
Even without considering nucleon pair transfer, one-
neutron transfer cross sections are large enough that only
a relatively small fraction could couple to fusion and ex-
plain this isotopic dependence of sub-barrier fusion.

II'. EXPERIMENTAL METHOD

A. Apparatus and technique

The experiment was performed at the Brookhaven Na-
tional Laboratory Tandem Van de Graaff Facility using

Ni and Ni beams of 2—6 particle nanoampere (pnA)
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intensity, pulsed in a 10 sec cycle consisting of 7.5 sec
beam-on and 2.5 sec beam-off intervals. The beam spot
was focused at low intensity to less than 2 mm diam on a
ZnS scintillator and was centered through 1.9 cm diam
and 1.6 cm diam tantalum apertures placed, respectively,
14 cm and = 1 m upstream to absorb any beam halo.
The 200 pg/cm thick targets were isotopically enriched

Ni(99. 93%) and Ni(96. 48%%uo).

The characteristic y rays were detected with Ge detec-
tors at laboratory angles of 40, 78', 144, and 147'. For

Ni+ Ni, a detector was placed at 100 instead of 40'.
Solid angles subtended by the y-ray detectors were in the
range of 140—190 msr. A separate run measuring only
155 MeV Ni+ Ni was limited to just 0.3 pnA beam in-
tensity on a 560 pg/cm thick Ni target and employed
anti-Compton shielding of a 90' Ge(Li) detector. For all
runs, silicon surface barrier detectors were placed at 44. 5'
and 46 . Particle and y-ray singles data, along with sealer
information, were sorted into four separate time gates:
one during beam-on and three of equal duration within
the 2.5 sec beam-off interval. Subtractions of spectra
were performed to remove room background and long-
lived activities.

The spectra from both the silicon detector beam moni-
tors and the y-ray detectors show that about 10 pg/cm
of ' C and ' 0 were on the upstream surface of the tar-
gets. These impurities resulted in part from the target
manufacture and in part from buildup during the run.

Absolute cross sections were determined from an aver-

age of two normalizations. One used the observed yields
from Coulomb excitation of the target and projectile at
each of the measured y-ray angles. When this normaliza-
tion procedure included the calculated y-ray angular dis-
tributions, agreement between y-ray detectors was typi-
cally better than 5%. The other normalization was deter-
mined by using the measured elastic scattering peaks at
44.5' and 46.0'. The elastic data were normalized to the
Rutherford cross section at lower energies. At the highest
energy they were normalized to the elastic scattering data
calculated in the optical model using the potential of
Christensen et al. The Coulomb-excitation and elastic-
scattering normalization procedures agree to 10%, except
they disagree by 15% at E, & 80 MeV for the

Ni+ "Ni reaction. Uncertainty in absolute normaliza-
tion is estimated to be 15%. The Ni+ Ni results have
an additional 5% uncertainty because the precise scatter-
ing angle and beam spot geometry were not known. This
additional uncertainty results from calculations indicating
that the small number of Mott oscillations across the ac-
ceptance angles of the particle detectors do not necessarily
average to reproduce the Rutherford scattering cross sec-
tions used for normalization.

It is apparent from the sample spectra in Fig. 1 that
broad full-energy peaks and Compton continua from
Coulomb excitation dominate the spectra. The evapora-
tion residues from Ni-Ni interactions recoil within a nar-
row forward cone at about 'half-beam velocity, and can be
identified by the velocity-characteristic energy shift of rel-
atively narrow full-energy peaks between the forward and
backward directions. In the investigation of possible con-
taminating peaks, these Doppler shifts were employed to
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FIG. 1. Measured, room background corrected, y-ray spectra
for E~ &1600 keV, from 195 MeV Ni+' Ni. The upper spec-
trum is measured at 8z ——40', the lower is from 8~=147'. The
pair of broad full-energy peaks on the right result from
Coulomb excitation of the projectile and target. Details of the
shapes of these peaks result from the product angular distribu-
tions. The diagonal lines connect forward and backward angle
full-energy peaks having positions and Doppler shifts charac-
teristic of evaporation residues from projectile fusion with car-
bon or oxygen contaminants. Most peaks exhibiting smaller
shifts result from evaporation residues from fusion with the Ni
target.

identify y rays from evaporation residues resulting from
projectile fusion with the nickel target and with the ' 0
and ' C contaminants.

Sub-barrier nucleon transfer has a rather broad angular
distribution peaked in the back direction. This provides a
kinematic signature for transfer-characteristic y rays. Ig-
noring symmetry, following a head-on collision the pro-
jectilelike transfer product is nearly at rest in the laborato-
ry and the targetlike partner recoils in the forward direc-
tion at near beam velocity. Transfer characteristic photo-
peaks from the targetlike partner are Doppler shifted to
higher (or lower) energy if measured at a forward (or
back) angle. Peaks become skewed following the kinetic
energy sharing between transfer products as the sub-
barrier transfer angular distribution extends appreciably
out from 180'. The kinematic signature for transfer
shown in the angle dependent shapes of photopeaks is dis-
tinct from that resulting from compound nucleus eva-
poration residues, room background, Coulomb excitation,
and other beam-related y-ray activities. In this way, the
photopeaks can be unambiguously associated with charac-
teristic y decay following nucleon transfer to specific ex-
cited states of distinct reaction products.

For example, Fig. 2(a) displays the measured y-ray
spectra from 195 MeV Ni+ Ni in the region of the
155.5 keV y ray, characteristic of population of the —,

'
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FIG. 2. (a) Measured, room background corrected, y-ray spectra at 40' (top) and 147' (bottom) in the region of the transfer-
characteristic 155.5 keV Ni y-ray transition resulting from 195 MeV "Ni+' Ni. The arrow indicates 155.5 keV. Since the Ni
transfer product is nearly at rest in the laboratory, the maximum of the peak is near 155 keV. The high energy tail from 40 and low
energy tail from 147' result from the angular distribution extending forward of 180' for this one-neutron transfer reaction. The bold
smooth curve is the predicted peak shape using the product angular distribution calculated in the D%'BA, the detector solid angles of
144 msr and 195 msr, and a 2 keV energy resolution. Sharp peaks in just the 147' spectrum result from Coulomb excitation of a near-
by tantalum beam collimating slit. (b) Measured, room background corrected, y-ray spectra at 40 (top) and 147' (bottom) in the re-
gion of the transfer-characteristic 155.5 keV Ni y-ray transition resulting from 165 MeV Ni+ Ni. The arrow indicates 155.5
keV. The spectra are to. be compared with those in (a), where the cross section for population of the 155.5 keV state is about 30 times
larger.

excited state of Ni. Comparison of these transfer-
characteristic peaks with those from Coulomb excitation
appearing near 1300 keV in Fig. 1 shows that peak shapes
from Coulomb excitation and nucleon transfer are dis-
tinct. The angular distribution of transfer products calcu-
lated in the DWBA are used to predict peak shapes. Fig-
ure 2(a) shows that the measured peak shapes are con-
sistent with the calculated angular distribution. Discus-
sion of these DWBA calculations follows in Sec. IV A.

The photopeak shapes are characteristic of the single
neutron transfer at all measured bombarding energies.
Figure 2(b) displays the corresponding y-ray spectra from
one of the lowest bombarding energies, 165 MeV

Ni+ Ni. The spectra from the high and low energy
bombardments are presented on approximately the same
vertical scale. Although the transfer cross section from

the 165 MeV bombardment is =3%%uo of that from 195
MeV, the 155.5 keV y-ray peak from the lower bombard-
ing energy still exhibits the skewed high energy tail when
measured from the forward angle, and the characteristic
low energy tail is observed from the backward angle.
These peak shapes are also consistent with the y-ray peak
shapes predicted from angular distributions calculated in
the DWBA. Furthermore, the corresponding photopeaks
from the inverse reaction of Ni+ Ni, where the roles
of fast and slow recoil products are exchanged, show the
expected Doppler shifts and inverted shapes, and the cross
sections for both projectile-target combinations are in
agreement. In the bombardments studied, every full-
energy peak observed to exhibit these shape characteristics
has been identified to be associated with one-nucleon
transfer. The photopeak, therefore, is correctly identified.
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B. Limitations of the technique

The lack of data for sub-Coulomb nucleon transfer be-
tween heavy, nearly symmetric nuclei is due primarily to
the difficulty of detecting the transfer products. Total
nucleon transfer cross sections to excited states can be
measured employing the detection of characteristic y rays,
but the technique has limitations. First, nucleon transfer
to the ground states of both transfer products cannot be
measured. In the case of odd-A nickel isotopes from Ni
to Ni, the lowest excited states are —,', —, , and —,

'

These are described as almost pure shell-model neutron
states. The states are below 500 keV excitation for
3 ~ 58 and the ordering changes with increasing mass of
the nickel isotopes. So, for one-neutron transfer reactions
to these odd-3 products, ground state population would
not be expected to be particularly favored or disfavored.
The DWBA calculations support this expectation.

Second, since just the characteristic y rays are used to
identify the reaction, nucleon transfer populating states at
higher excitation of the detected transfer product may y
decay through the lower-lying characteristic gating transi-
tion. The measured y-ray intensity would then contain
contributions from transfer leading to states at higher ex-
citation in this product nucleus, making a spectroscopic
study difficult. The highest excited state of the

triplet decays predominantly directly to the
ground state. Because of Q-value matching for transfer
and the large fraction of one-particle strength concentrat-
ed in this triplet, feeding from higher excited states would
be expected to constitute a relatively small fraction of the
measured transfer cross sections at sub-barrier energies.
DWBA calculations support this as well.

Finally, unlike direct particle measurement, particular
final state pairs of transfer products cannot be selected in
this singles y-ray measurement. The transfer identified
by a gating transition from a transfer product corresponds
to a sum over connecting final states of the other final nu-
cleus. This makes a spectroscopic study of individual
states even more difficult, but allows a measure of the to-
tal amount of transfer leading to the gating transition. It
will be shown that only a few of the low-lying excited
states of each product nucleus need be considered for the
reactions presented. In this particular experiment, cross
sections for transfer characteristic y rays with Er &300
keV are difficult to measure in the presence of the rather
large Compton continuum, but this is not a serious prob-
lem for the transitions presented.

III. EXPERIMENTAL RESULTS

Sub-barrier one-neutron transfer cross sections are
presented for three beam-target combinations. Observed
transfer characteristic y rays include those from the 86.9
keV ( —, ) and 155.5 keV ( —, ) states in Ni following

Ni+ Ni, Ni+ Ni, and Ni+ Ni reactions. That
these y rays are associated with transfer is established by
(a) agreement between the Ni+ Ni and Ni+ "Ni
bombardments; (b) the fact that the Ni-characteristic
peaks from the latter reaction are Doppler shifted (target-
like) but those from Ni+ Ni are near the transition en-
ergy (projectilelike); and (c) observed Doppler-broadened
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peak shapes that are characteristic of transfer.
Figure 3 shows measured excitation functions for popu-

lation of the 155 keV —', state of Ni. Cross sections ex-
tracted from different y-ray detectors are observed to vary
less than 20%, so angular distributions are nearly isotro-
pic. The total cross sections are then determined from an
unweighted average using angles where photopeaks of in-
terest are relatively free of contaminating background
lines. The horizontal bar on data points depicts the varia-
tion of projectile energy within the 200 pg/cm targets.
An effective bombarding energy is calculated from the
slope of the excitation function, and the cross section at
this energy reproduces the measured cross section when
an integration is performed over the target thickness. The
data point from Ni+ Ni at E, =78.9 MeV was tak-
en from the previously mentioned low beam intensity
bombardment using a 560 pg/cm thick target.

The photopeak resulting from population of the —,

state of Ni from Ni( Ni, Ni) Ni consists of two
components, one near the transition energy and another,
Doppler shifted, originating from the decay of the faster
recoil partner. The 155.5 keV cross sections for

Ni+ Ni include both the stripping and pickup com-
ponents.

The measured intensities of the 86.9 keV y rays suffer
from angle dependent and bombarding energy dependent

FIG. 3. Measured excitation functions for population of the
155.5 keV 2 state of 'Ni from ' Ni+ Ni pickup (circles),
Ni+' Ni stripping (squares), and Ni+ Ni pickup and strip-

ping (triangles). The solid curves result from DWBA calcula-
tions using the optical potential from Ref. 8, and the dashed
curve from that of Ref. 14. Horizontal bars through data show
the variation of projectile energy within the target; the vertical
lines represent statistical error. Arrows near the bottom indicate
the positions of phenomenological fusion barriers.
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normalization factors, principally due to the exceptionally
long lifetime (1.7 @sec) of this state. Fast forward-going
(at 0) Ni recoils which are excited to this —, state
would decay in the beam stop, far from the y-ray detec-
tors. The observed strength is due to the recoils that stop
in the target or in the wall of the 2.5 cm diam glass
scattering chamber. We have estimated the magnitude of
this effect using the geometry of the experimental setup
and the calculated transfer product angular distributions,
performed in the DWBA (see Sec. IV A). For the

Ni+ Ni bombardments, the measured intensities from
40 are predicted to be above the values resulting from the
assumption that y-ray decay occurred at the target by
about 25% and 50% from the high and low energy bom-
bardments, respectively. The measured intensities from
147' are expected to be underpredicted by about 20% and
35%, respectively. The effect is smaller from the Ni
bombirdment of a Ni target, because many of the slow,
forward-moving Ni recoil nuclei stop in the target.

Data of Fig. 4 for population of this 86.9 keV state of
Ni result from an unweighted average of the measured

intensities from each angle, and are expected to be within
25% of the correct values. This measured excitation
function shown in the upper portion of Fig. 4 still has the
same basic shape as that of the 155.5 keV transition, with
an intensity of about 20% of the Ni+ Ni and

Ni+ Ni —,
'

populations and about —,
' of that of the

155.5 keV state from the corresponding Ni+ Ni reac-
tions.

For Ni+ Ni and Ni+ Ni reactions, full-energy
peaks that would correspond to one-neutron transfer pop-
ulating the 339.4 keV (—', ) and 465 keV (—', ) states of

Ni are observed. The measured excitation function for
population of the —, state of Ni at 339.4 keV shown in
the lower part of Fig. 4 has the same shape and about
30% of the cross section of the —,

' state shown in Fig. 3.
Although a peak is observed at the expected positions, the
465 keV data cannot be reliably separated from the back-
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FIG. 4. The upper part of the figure shows measured excita-
tion functions for populations of the 86.9 keV 2 state of Ni

following Ni+ Ni pickup (circles) and Ni+ Ni stripping
(squares) reactions. These 86.9 keV data suffer from bombard-

ing energy (and projectile-target) dependent normalization fac-
tors estimated to be in the range of 0.75 to 1.25, as explained in
Sec. III. The solid curve shows a DWBA calculation of direct
population of this 86.9 keV state. The dashed curve is from the
same calculation for the population of the —, ground state of1

'Ni. The lower part of the figure shows the corresponding
measured excitation functions for population of the 339.4 keV

state of Ni, and the solid curve shows the D%'BA calcula-

tion for direct population of this state.

IV. DISCUSSION

A. DWBA predictions

Calculations of Coulomb excitation demonstrate that
for E, &90 MeV, the target and projectile are both in
their ground states at the distance of closest approach
with at least a 90% probability. Sub-barrier one-neutron
transfer calculations are performed in the DWBA using
the computer codes' ONEFF and DIWRI, modified to in-
clude symmetry for the Ni+ Ni calculations. The
same distorted-waves potential that was used to determine
the data normalization is also employed in the calculation
of nucleon transfer cross sections. This Woods-Saxon po-
tential has the following parameters: V= —40 MeV,

. 8'= —25 MeV, r =1.248 fm, a=0.65 fm, r, =1.32 fm.
This potential is chosen because it agrees with global sys-
tematics. " No significant differences between calcula-
tions are observed below E(lab) = 180 MeV for a variety of
similar potentials. Making the distorting potential weaker
does not effect the calculated sub-barrier transfer cross

sections, but, in the limit of using an unreasonably deep
and wide potential of V= —80 MeV, 8'= —50 MeV,
r=1.49 fm, a=0.64 fm, r, =1.25 fm, the 160 MeV sub-
barrier transfer is reduced by 40%. Calculations per-
formed in the post and prior formalisms agree to 5%.

Calculations are sensitive to the nucleon binding poten-
tial used because the magnitudes of the bound state wave

functions near the distance of approach are modified.
Changing the bound state radius parameter from r =1.20
to 1.25 fm has the effect of increasing the calculated
transfer cross sections by about 40%. The neutron wave
functions are calculated in a Woods-Saxon well with pa-
rameters r =1.25 fm, a =0.65 fm, and a well depth that
reproduces the measured binding energy. A Thomas-type
spin-orbit interaction of strength X=25 is included.

The calculated cross section for, e.g.,

Ni( Ni, Ni) Ni(155 keV),

is obtained assuming that the 155 keV —, state in Ni is
not populated from above,
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CT3/2( Ni) =S3/2 (d, t)gcrj (E;*)S1(d, p) ~

The sum over j encompasses —, , —, , —, , —, , and —,
3 5 7 9 +

states of Ni, and i identifies the appropriate excitation
energies E,*. The (d,p) spectroscopic factors

S,"J[ Ni(d p) Ni(E,*)]

used in the present calculations are taken from low energy
and Coulomb stripping reactions' and are listed in Table
I. The spectroscopic strength of the 155 keV state of Ni
is described by S3/2 —4S3/2 —2 42 from Ni(d, t) Ni
pickup reactions' at the higher bombarding energy of 15
MeV.

The calculation for Ni( Ni, Ni) Ni is performed in
the same manner. Absolute spectroscopic factors used for

Ni are listed in Table I. These are an average of
the measured values from light-ion low-energy and
Coulomb one-neutron pickup reactions. In performing
this average, it is important to use spectroscopic factors
deduced from analyses using nearly the same bound state
parameters.

The upper solid curve in Fig. 3 represents this DWBA
calculation for Ni+ Ni using the assumptions given
above. Since the calculations are relatively insensitive to
the distorting ion-ion potential below the barrier, and
since the bound state parameters are fixed, this leaves no
adjustable parameters in the calculation. The close agree-
ment of calculation with data gives confidence in using
the DWBA model calculations for sub-barrier one-
neutron transfer reactions between heavy ions in this mass
region. Furthermore, the calculated angular distribution
is generally correct because the shapes of the photopeaks
are predicted, e.g., Fig. 2.

The lower solid curve in Fig. 3 shows the corresponding
calculation for one-neutron pickup and stripping from
"Ni+ Ni. The dashed line is from the same calculation

using the potential from Bond et al. ' These calculations
underpredict the transfer cross sections near and above

TABLE I. Spectroscopic factors to ' Ni and 'Ni.

the barrier, but agree with the data at below barrier bom-
bardments.

Calculations of transfer leading to direct population of
the ground state and the 86.9 keV state of Ni are per-
formed using the spectroscopic factors listed in the fourth
column of Table II. Even with the energy dependent nor-
malization problem discussed in Sec. III, the latter calcu-
lation provides an excellent fit of the Ni( Ni, Ni) Ni
data presented in the upper portion of Fig. 4. These cal-
culations estimate the sum of one-neutron transfer to the
lowest —, , —', , and —,

' states of Ni to be about 1.33
times that of the 155.5 keV ( —,

'
) state. Using measured

spectroscopic factors for transfer to higher excited
states, ' along with estimates of the probability of these
states decaying through the 155.5 keV ( —,

'
) state of Ni,

total one-neutron transfer cross sections from sub-barrier
Ni+ Ni and Ni+ Ni are predicted to be in the range

of 1.2—1.5 times those shown in Fig. 3 for population of
just the 155.5 keV state.

The calculated population of the 339.4 keV ( —,
'

) state
of ' Ni from Ni( Ni, Ni) Ni is determined from a
sum over Ni final states with spectroscopic factors listed
in Table II. The spectroscopic factor to this —,

' state at
339.4 keV of Ni is taken from the (d,p) stripping reac-
tion S5/2 ——(2j+.1)S&/2 ——0.72. The agreement of cal-
culation with data in the lower portion of Fig. 4 shows
again that sub-barrier one-nucleon transfer cross sections
between heavy ions can be successfully calculated in the
simple DWBA. The fifth column of Table II, which lists
the cross sections of populating higher excited states of

Ni, supports the earlier proposition that transfer to
higher excited states constitutes a relatively small fraction
of the Ni(155. 5 keV) cross section. The largest contri-

tion is from neutron transfer populating the —', s
of Ni at 517.5 keV, which has measured decay branches
to all three states at lower excitation. The branch to the
155.5 keV state is about' 85%.

Using calculated nucleon pair spectroscopic ampli-
tudes, ' it is predicted from DWBA calculations that neu-
tron pair transfer cross sections are dominated by ground
state transfers. Although it is well known' that the
DWBA often significantly underpredicts nucleon pair
transfer, the calculated pair transfer cross section is less
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TABLE II. Spectroscopic factors to Ni. The fifth column
shows calculated one-neutron transfer cross sections from 180
MeV Ni+ Ni leading to states in Ni leaving Ni in the 2

state at 339.4 keV excitation.

7
2
9 +
2

339
1680
1953
2635

1948

3061

0.71

0.18
0.02
0.07

0.04

0.55

3
2

5
2

9+
2

309

689

1013

0.03

0.14

0.27

0.56

1—
2

3
2

5
2
7
2

0
1000.9

155.5
517.5

86.9
1787
1899
1294

0.24

0.26
0.61

0.21
0.57

0.03
0.06
0.08

0.52
2.42

0.82
3.43

0.23

0.45
0.82

0.093
0.095
1.631
0.446
0.051
0.025
0.048
0.084



31 ONE-NEUTRON TRANSFER IN Ni-Ni INTERACTIONS. . . 1321

than a fourth of that for one-neutron transfer. Of course,
the y-ray technique cannot be used to measure nucleon
pair transfer leading to the ground states of both prod-
ucts, but the importance of this reaction channel should
not be overlooked.

B. Connection with sub-barrier fusion

If one-nucleon transfer is associated with the larger
sub-barrier fusion cross sections for Ni+ Ni as com-
pared to those of Ni+ Ni and Ni+ Ni, then

Ni+ Ni sub-barrier reactions would be expected to ex-
hibit more transfer. This is the case, even considering just
the one-neutron transfer leading to the —', state at 155.5
keV excitation in Ni. These fusion excitation functions
just above the barrier can be described by calculating
transmission coefficients using inverted harmonic oscilla-
tor potentials with the parameters listed in Table III. In
showing transfer and fusion cross sections in Fig. 5, the
energy scale has been shifted by the appropriate barrier
height. Figure 5 indicates that the one-neutron transfer
for Ni+ Ni, which has the larger fusion cross section,
is about an order of magnitude larger than that of

Ni+ Ni at far sub-barrier energies.
Geometrical effects can be approximately removed by

dividing the cross sections by the square of the appropri-
ate radius parameters appearing in Table III. The result-
ing geometrically renormalized fusion cross sections for

Ni+ Ni and Ni+ "Ni are almost identical while, at
bombarding energies 5%%uo below barrier, the renormalized
fusion of Ni+ Ni is about 50 times larger than that re-
sulting from symmetric projectile-target combinations.
Transfer would be expected to be relatively unimportant
for the symmetric reactions because of th'e significantly
more negative Q values for neutron and neutron pair
transfers The .Q values for ground state transfers along
with the optimum Q values using the prescription of Ald-
er 'et al. ' are presented in Table III.

TABLE III. Summary of Q values (MeV) and interaction
barrier systematics for Ni-Ni reactions.

Q (1n) pickup
a

opt

Q (2n) pickup
bQ.pt

Q (2p) stripping

Opt

Ni+ Ni

—0.66
0.26

+3.89
0.50

+2.18
—0.46

Ni+ Ni

—3.56
0.32

—1.43
0.62

—6.44
—0.43

58Ni+ s8Ni

—3.22
0.39

—2.08
0.75

—5.66
—0.43

Vp (Mev)'
Rp (fm)
rp (fm)
Ace (MeV)

96.0
8.2
1.04
4.0

93.5
8.6
1.08
4.0

97.9
8.3
1.07
4.0

'Optimum Q values are evaluated at 170 MeV bombarding ener-

gy for 180 scattering using the prescription in Ref. 18.
"Optimum Q value for pair transfers are evaluated assuming a

one-step process using the expressions given in Ref. 18.
'Inverted harmonic oscillator potential parameters taken from
Ref. 3.
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FIG-. 5. Excitation functions with abscissa as the center of
mass energy relative to the appropriate barrier height Vp (Table
III). Symbols correspond to the same beam-target combinations
as in Fig. 3: Ni+ "Ni (circles), Ni+ Ni (squares), and

Ni+ Ni (triangles). Open symbols represent one-neutron
transfer leading to the 155.5 keV state of Ni, and total one-
neutron transfer is estimated to be between 20% and 50/o larger
than this cross section. The filled symbols represent the corre-
sponding fusion data. The transfer data from "Ni+ Ni in-
clude both pickup and stripping processes.

Of equal importance to the observation that the sub-
barrier one-neutron transfer cross section for Ni+ Ni
is almost an order of magnitude larger than that of

Ni+ Ni, is the fact that the sub-barrier transfer cross
sections are much larger than those of fusion. One-
nucleon transfer may be an important mechanism in
understanding the isotopic dependence of sub-barrier
fusion from Ni-Ni interactions.

V. CONCLUSIONS

The measurement of transfer-characteristic y rays is
shown to be a successful method of determining sub-
barrier transfer cross sections to excited states. Our
analysis shows that the first-order DWBA correctly de-
scribes the one-neutron transfer excitation functions at
sub-barrier energies between heavy, symmetric nuclei.
For 58Ni+ Ni, one-neutron transfer is near Q z, and the
cross sections for this reaction are well described over the
measured bombarding energy range. The one-neutron
transfer from Ni+ Ni has lower cross section and is
not well Q matched. The DWBA calculations of this re-
action underpredict the one-neutron transfer cross sec-
tions near the barrier but still provide a good description
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of the data at energies lower than 7%%uo below the barrier.
The calculations of Coulomb excitation discussed in Sec.
II A demonstrate that, for E, & 90 MeV, the target and
projectile are both in their ground states at the distance of
closest approach with at least a 90% probability.

The spectroscopic factors (presented in Tables I and II)
connecting the observed transfer product excited states
and the ground states of the target and projectile are all
large, implying that the spectroscopic factors connecting
these particular states to the 2&+ states, of either the target
or projectile, are small. The cross section for multiple
Coulomb excitation is small and none of the transfer
product states with small (ground state) spectroscopic fac-
tors are observed. The close agreement of the calculations
with the data, along with these considerations, lead to the
conclusion that these sub-barrier one-neutron transfer
cross sections are dominated by the one-step mechanism
from the ground states of the target and projectile.

One-nucleon transfer cross sections can be larger than l
mb at bombarding energies 20% below the barrier, and
the importance of the nucleon transfer channel at sub-

barrier energies cannot be overlooked. At a bombarding
energy where the sub-barrier fusion of Ni+ Ni is about
50 times larger than that of Ni+ Ni, the one-neutron
transfer for Ni+ Ni is about a factor of 40 larger than
the Ni+ Ni fusion. Therefore, even without consider-
ing other reaction channels such as nucleon pair transfer,
there is sufficient one-nucleon transfer below the barrier
which may significantly influence fusion.
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