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Abstract

An unambiguous determination of the cross sections for the one- to six

neutron transfer reactions has been made in the system 98Ni + 100Mo.

The cross

sections for multi-neutron transfer processes show an exponential falloff in

agreement with recent theoretical calculations. Upper limits for the absolute

yields to the ground states have been extracted which are smaller by a factor of

ten as compared to theoretical predictions.
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During the last 20 years there has been continuous interest, both
theoretically and experimentally in the study of multi-neutron transfer
reactions. It has been suggested many years ago [1-3] that when two heavy
nuclei are in contact during a grazing collision the transfer of several
correlated neutron-pairs could occur. Most calculations performed so far have
concentrated on superfluid Sn nuclei, and several experiments with Sn-isotopes
have been performed. Despite of considerable experimental effort, however, only
cross sections up to the four-neutron transfer reaction have been uniquely
identified, although for multi-proton transfer reactions, yields for the

transfer of up to six protons have been measured in the system l4bgy 4+ 208py

[(4].

The main difficulties in the study of multi-neutron transfer reactions are
the small cross sections encountered at incident energies close to the barrier,
and various experimental uncertainties which can complicate the analysis of
these reactions. In a recent experiment in the system 124sn + 76Ge using 7-7
coincidence techniques [S5] 7-ray transitions in 118sn have been observed. In
this case it is not clear, however, to what extent these transitions originate
from a four-neutron transfer to high-lying states in 120sn followed by the
subsequent evaporavion of two neutrons. The same uncertainty exists in an
experiment using radiochemical techniques [6], where the detection of an 110gn
activity does not necessarily prove the observation of the six-neutron transfer
reaction 1165n(58Ni,64Ni)110sn, since 110sn can also originate from a four-
neutron transfer reaction 116sn(58Ni,62Ni) followed by the subsequent

evaporation of two neutronms.

An earlier investigation using the particle detection technique studied the
production of heavy (A>59) Ni-isotopes in the system 124gn 4+ 58y4 {7]. 1In this

experiment, however, the mass resolution of A/AA = 70 was not good enough to



uniquely separate the isotopes of interest. The only experiment where a clear
signature for four-neutron transfer has been observed was performed in the
system 11255 4+ 120gq (8). The main difficulty in this experiment was the
possible interference from stable Sn recoil particles which required the use of
highly enriched target material. For instance, the detection of 116sn jons
could be caused by 1165n recoil particles from a non-negligible fraction of
116gn in the enriched 112sn target material. This effect has already been
demonstrated to influence one-neutron transfer reactions, as shown e.g. for the
system 58Ni + 162Dy [9]1. 1In this paper we report the first measurement covering
the full sequence from one- to the six-neutron transfer reactions at sub-barrier
energies in the system 98Ni + 100Mo including angular distributions and Q-value

spectra.

In order to eliminate the experimental difficulties mentioned above we have
selected the system 98Ni + 100Mo. To obtain single-mass and Z resolution at low
incident energies where enhancements in the transfer cross sections due to
pairing effects are expected, inverse reaction kinematics were used, i.e. a 58Nj
target was bombarded with 100Mo beams. With inverse kinematics, the Ni-like
reaction products from central collisions are emitted at forward angles with
sufficient energies which permit unique identification of their mass and atomic
number 2. 98Ni is available in highly enriched form and, in contrast to Sn,
shows almost no deterioration during heavy ion bombardment. From the Q-value
systematics [10]) one expects the transfer of neutrons from 100Mo to 58Ni to
dominate the reaction yield. The detection of 59-64N{ jons at forward angles is
thus a signature for one- to six-neutron transfer reactions. Since we are
searching for isotopes which are heavier than the target, the problem with

transfer followed by neutron evaporation is eliminated.



The experiment was performed at the Argonne superconducting linear
accelerator ATLAS with 100Mo beams of 380.4 MeV obtained from the positive-ion
injector. The average cm-energy was 6.1 MeV below the interaction barrier of
143.6 MeV, as calculated from the systematics of Vaz, Alexander and Satchler
[11). The target consisted of a highly (>99.8%) enriched 58Ni foil with a
thickness of 334 pglcmz. The isotopic abundances for 60,61,62,64N4 were 0.09,
0.005, 0.008 and 0.022, respectively. The scattered particles were analyzed
according to their magnetic rigidity in a split-pole spectrograph, and detected
in a hybrid focal-plane detector which measured the position, time-of-flight,
energy and nuclear charge Z [12]. From these four parameters the mass, nuclear
charge, atomic charge state of the detected particle and as well as the reaction
Q-value can be uniquely determined. The mass and Z-resolutions were A/AA = 150
and Z/AZ = 70, respectively. The energy resolution was limited to approximately
3 MeV by the energy straggling in the target. Thus no transitions to individual
levels could be resolved. Up to 7 and 5 charge states for Mo and Ni,
respectively, were detected simultaneously in the focal plane, representing more
than 807 of the total yield at each angle. Angular distributions were measured
in the range 01, = 10-50°. Using both Mo-like and Ni-like reaction products
this covered the c.m. angle range of 25°-160°. Two monitor detectors mounted on
either side of the beam were used for relative normalization. Absolute cross
sections were obtained by normalizing the most forward elastic yields to the

corresponding Rutherford cross sections.

Because of the low incident energy the transfer reactions are dominated by
neutron transfer processes. At E.p = 137.5 MeV the contributions to the total
transfer yields from one- and two-proton transfer leading to Z = 27 (Co) and 2 =
26 (Fe) channels are 167 and 7%, respectively. Fig. 1 shows a mass spectrum for

the Z = 28 (Ni), q = 23% charge state measured at 8y, = 10° which, in addition



to the A = 58 channel and a weak 57Ni one-neutron stripping yield, reveals
contributions from one- to six-neutron pickup processes. Using cross sections
for elastic scattering at the respective scattering angle and the percentages
for the target contaminants given above, the following contributions from recoil
particles to the transfer yields can be expected: 0(39Ni), 0.62(50Ni),
0.17(51Ni), 0.52(62Ni), 0(63Ni), 82(64Ni). The contributions from the target
contaminants can thus be neglected. More evidence that the 64Ni events do not
originate from 64Ni contaminants in the target comes from the measured angular
distribution. For recoil particles an increase in the yield with increasing
laboratory angle is expected, which is not observed experimentally for the 64Ni

channel.

The resulting angular distributions for the 58Ni channel and for the one to
six-neutron transfer channels are shown in Fig. 2. The angular distribution for
'elastic scattering' (including inelastic excitations) shows a smooth fall-off
from the Rutherford cross section at § = 90° and reaches a value of 0.3 at 6 =
180°. Oscillations as predicted e.g. in the calculations of Ref [2] for the
system Sn + Sn are not observed. The dashed line is the result of a coupled
channels calculation with the code PTOLEMY [13] including the first excited 2%
states in °8Ni and 100Mo. The parameters of the optical potential are given in
the caption. The solid lines for the transfer reactions serve to guide the
eyes. It should be noted that the maximum of the angular distribution for the
transfer reactions moves to larger angles (i.e. smaller distances of closest

approach) with increasing number of transferred neutrons.

The Q-value spectra measured at 8j,p = 15° (integrated over the two
strongest charge states) are shown in Fig. 3. With increasing number of

transferred neutrons the centroid of the distributions moves to higher




excitation energies and their widths increase considerably. The average
excitation energy is about 2.5 MeV for the (58Ni,59Ni) reaction and saturates at
values of about 16 MeV for the four- to six-neutron transfer reaction. As can
be seen from Fig. 3 only very small yields for transitions in the ground-state

region are observed.

The energy- and angle-integrated cross sections for the one- to six-neutron
transfer reactions are shown in Fig. 4. One observes a continuous exponential
decrease in the yields with a decrease in cross section by a factor of 3.87 %
0.17 for each transferred neutron. It should be noted that the energy-
integrated cross sections for the 2n, 4n and 6n transfers which correspond to
the 1, 2 and 3-neutron pair transfers show no enhancement with respect to the 1n

3n and Sn yields.

Although the energy resolution does not allow to extract cross sections for
transitions to individual states upper limits for the transition strengths to
the respective ground-states for the two-, four- and six-neutron transfer
reactions can be given. These yields can then be compared with theoretical
predictions involving similar systems. These upper limits are shown as arrows
in Fig. 4. They reach from 1.4 mb for the two-neutron reaction to 1.5 gb for
the six-neutron transfer. No theoretical calculations for the system 58N; +
100Mo have been performed yet, but the cross sections for similar systems e.g.
48cg + 124gn [14), 40ca + 1163n [15] and 124sn + 124sn [14] all range from 10-60
mb for the two-neutron transfer to 50-600 b for the six-neutron case. These
values are about one order of magnitude larger than the upper limits obtained
from our experiment. The reason for this discrepancy is not clear. The nuclei
Ni and Mo should be describable within the pairing model as well as Ca and Sn,
but a detailed comparison with calculations for the Ni + Mo system still remains

to be done.



While the existing calculations overpredict the cross sections for the
groundéétate transitions by about a factor of 10, they are in remarkable
agreement with the total (energy-integrated) cross sections. The same holds for
the falloff of the cross sections with increasing number of neutron transfers.
For the system 1245 (48ca,50ca) the calculated cross section is about 12 mb
while the experimental value for the two-neutron transfer reaction
100M5(58Ni,60Ni) is 28.2 mb. The predicted [14] falloff with increasing neutron
number is 12.9 per transferred neutron pair(averaged over all possible neutron
transfer reactions) while the experimental value is 15 £ 0.7. The theoretical
value from Ref. 14 normalized to the cross section for the two-neutron transfer
reaction (58Ni,60Ni) is shown as a dashed line in Fig. 4 and is in good

agreement with the experimental data.

In summary, angular distributions and Q-value spectra for the one- to six-
neutron transfer reactions in the system 98Ni + 100Mo have been measured for the
first time. The angular distributions show a smooth angle dependence without
any indications of oscillations as predicted by some theoretical calculations.
For ground state transitions upper limits for the two,four and six- neutron
transfer cross sections have been extracted which are about one order of

magnitude smaller than calculated for similar systems within the pairing model.
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Fig. 1
Fig. 2
Fig. 3
Fig. &4

Mass spectrum measured for particles with charge state q = 23%* at O1,p

= 10° in the system 38Ni + 100Mo,

Angular distributions for elastic scattering (including inelastic
excitations) and for the one- to six-neutron transfer reaction
reactions. The dashed line for the elastic scattering is the result of
a coupled-channels calculation with the potential V = 79 MeV, ry = 1.19
fm, a = 0.63 fm, W= 40 MeV, rj = 1.21 fm and aj = 0.61 fm. The lines

for the transfer reactions serve to guide the eye.

Q-value spectra measured for one- to six-neutron transfers at @14y =

15°, summed over the two strongest charge states.

Angle- and energy-integrated cross sections for the one- to six-neutron
transfer reaction in the system 58N3 4+ 100Mo (solid points). The solid
line is the result of a least-squares fit to the data. The dashed line
is the prediction from Ref. 14 normalized to the cross section of the

two-neutron transfer reaction. The arrows are the upper limits for the

ground-state transitions extracted from the Q-value spectra.
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