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SQUIDS, SUPERCURRENTS, AND SLOPE ANOMALIES:

NUCLEAR STRUCTURE FROM HEAVY-ION TRANSFER REACTIONS

MIKE W. GUIDRY

Department of Physics, University of Tennessee, Knoxvillc, TN SK996-1200

Within the past five years we have developed experimental techniques
to study heavy-ion transfer reactions to high spin states in deformed
nuclei. These methods have been turned into a quantitative tool to
assess the influence of collective excitation on single-particle and pair-
ing structure. I discuss some of the nuclear structure questions which
are being answered in these experiments: How strong is ground state
pairing? How does pairing change with angular momentum? Why is
two-neutron transfer much stronger than expected at large radial sep-
aration? What is the evidence for a nuclear Josephson Effect? What
is the evidence for a nuclear Berry phase effect (nuclear SQUID)? Why
does one-neutron transfer populate much higher spins than would be
naively expected? Conversely, why does two-n«sutron transfer populate
much lower spins than anyone expected? The answer to each of these
questions involves the influence of detailed nuclear structure on transfer
reactions, and represents quantitative new information about the effect
of angular momentum and excitation energy on many-body systems with
a finite number of particles.

Transfer reactions are among the most specific probes available for nuclear struc-
ture. Broadly speaking, one-particle transfer reactions are sensitive to the single-
particle structure, and multiparticle transfer reactions are sensitive to the corre-
lation structure of nuclei. We have known for a long time that transfer reactions
with very heavy ions could be particularly interesting because the strong inelas-
tic excitation which inevitably accompanies heavy ion collisions would mean that
the single-particle and correlation structure could be probed under the disrup-
tive influence of strong collective excitation. However, initial attempts to exploit
this field were often thwarted by the lack of sufficient resolution to separate the
most interesting states. It is now firmly established that this difficulty can be
circumvented by using particle-7 coincidence techniques in conjuction with ~ 4TT
total 7-ray energy and multiplicity arrays. In this paper I wish to describe the
use of such techniques to study multiparticle transfer reactions, and to tell you
something about what such reactions are teaching us about pairing correlations in
nuclei. The work that I will be discussing is that of several people whose names
may be found in the references, but I particularly want to mention Doug Cline
and Cheng-Yin Wu and their students and collaborators at the University of
Rochester, and Xin-Tao Liu and our students and collaborators at the University
of Tennessee.
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1. EXPERIMENTAL METHOD

A schematic cxperimcnt'il setup is shown in Fig. 1. The scattered parti-
cles from the heavy-ion beam and the recoiling target-like ions are detected in
coincidence with each other in two-dimensional position-sensitive parallel-plate
avalanche counters (PPAC). The scattering angles and the time-of-flight differ-
ence between the coincident partners is used to construct low-resolution energy-
loss spectra. A typical such Q-value spectrum is shown in Fig. 2, where we see that
resolutions are normally several tens of McY; this is insufficient to separate the
states in which we are interested, but it allows the exclusion of large energy-loss
processes such as deep inelastic scattering.
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FIGURE 1. An experimental particle-particle-Ge-Spin Spectrometer coincidence
arrangement. The Compton-suppressed Ge sector is schematic; in a typical exper-
iment there are 15-20 such detectors. The particle detectors (PPAC's) are position
sensitive, but have little energy resolution. The separation of the states of interest
is achieved through the high resolution of the Ge detectors and through the ability
of the Spin Spectrometer to identify the entrance states of the reaction with an
energy resolution of several hundred KeV, and a 7-ray multiplicity resolution of
approximately one unit.

The requisite high-resolution information in these experiments comes irom the
7-ray side of the experimental arrangement in Fig. 1. This typically consists of
15-20 Compton suppressed Ge detectors, and the Spin Spectrometer (SS) operated
with about CO Nal or BGO elements. The information from the Ge-SS sector is
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FIGURE 2. An energy-loss (Q-valuc) spectrum in a transfer reaction with very
heavy ions. The curves are gated on different neutron multiplicities KM (see be-
low). This example corresponds to a reaction about 25% above the barrier, and
is used to illustrate the strong dependence of inelasticity on neutron multiplicity;
the other examples we discuss were taken near the Coulomb barrier and have
fewer events at large negative Q. The spectrum is constructed using the angular
and time-of-flight information from the avalanche detectors, assuming two-body
kinematics. From the width of the quasielastic peak centered at Q ss 0 the res-
olution is about 30 MeV. The resolution in total excitation energy is improved
to hundreds of keV by the Spin Spectrometer information, and the resolution of
individual transitions in the Ge detectors is several keV.

pivotal for three reasons:

(1) The Ge detectors have resolutions of keV, so distinct transitions in indi-
vidual nuclei can be resolved. A representative 7-ray spectrum is shown in
Fig. 3a.

(2) The Spin Spectrometer as configured in one of the experiments describe
here typically detects 70% of all 7-rays emitted in the reaction. This allows
the total excitation energy and angular momentum of the entrance states
in the reaction to be determined with resolutions of hundreds of keV in the
energy, and a few units in the angular momentum. A representative total
7-ra.y energy and multiplicity (w angular momentum) map is shown in Fig.
3b.

(3) The Spin Spectrometer is sensitive to the low-energy neutrons which may
be emitted in heavy-ion reactions. Furthermore, since low-energy neutrons
travel at velocities which are small relative to that for the 7-rays, timing



can be used to approximately separate emitted neutrons from emitted 7-
rnys. Thus reactions can be gated both with respect to 7-ray multiplicity,
and with respect to neutron multiplicity A',v- As noted above, the former
capability allows the angular momentum of the entrance states of the re-
action to be estimated. The latter capability turns out to be a powerful
filter in restricting the events under consideration to those involving gentle
processes. Fig. 2 shows an example of the dramatic effect of a neutron
multiplicity gate on the energy-loss spectrum.
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FIGURE 3. (a) A particle-7 coincidence spectrum taken at the grazing angle in a
heavy ion reaction near the Coulomb barrier. The transitions which are marked
are in the ground-state rotational band of the 1-neutron pickup product : 60Dy; the
strong unmarked transitions are inelastic transitions in the 161 Dy target, (b) Total
7-ray energy, multiplicity map constructed from Spin Spectrometer information
in a transfer reaction. The approximate resolution is indicated by the hatched
box. This should be compared with a resolution of ten MeV or more in energy,
and no resolution in angular momentum, in a reaction studied using standard
particle spectroscopy methods (for example, see ref. 1). The relation of the
multiplicity axis to an angular momentum scale for the states populated in the
transfer reactions is discussed in ref. 2.

"We now turn our attention to data obtained using these methods. In all cases we
wish to restrict attention to gentle reactions which can be described by Rutherford-
like trajectories, since we would like to extract structure information with as little
interference from complicated reaction dynamics as possible. To bias the data in
this direction, in each case to be discussed we have imposed the following condi-
tions. (1) Beam energies are near the Coulomb barrier; (2) only data in a range



of scattering angles where the total crot,.-. section still looks Rutherford are used
in any quantitative analysis; (3) all data are g,.i*f'd on the cmasielastic peak in the
energy-loss spectrum; (4) all data are gated on emitted neutron multiplicity zero;
(5) total - rray energy and multiplicity information from the Spin Spectrometer is
used to restrict events to those populating states within 1-2 MeV of the ground
states of the nuclei produced in the reaction. We believe that this set of restrictions
applied simultaneously to the data excludes almost entirely any reactions, such as
deep-inelastic scattering or transfer in the presence of neutron evaporation, which
do not satisfy the above gentleness criterion.

2. SINGLE-PARTICLE TRANSFER REACTIONS

Our primary concern in this paper is with multiparticle transfer reactions; how-
ever, we begin with a brief summaiy of some results obtained using these methods
in one-neutron transfer reactions. In such reactions performed on deformed nu-
clei, primarily with Ni and Sn beams, we find the following general features: (1)
High-spin states are populated, typically 5-10 h higher than in the corresponding
inelastic scattering reaction on the deformed transfer product nucleus; the current
record is about spin 30 for discrete states. At grazing the transfer rivals the in-
elastic channel in strength. (2 ) spectra are remarkably clean, comparable with
that for Coulomb excitation below the barrier. (3) Two rather distinct regions ap-
pear to be populated in the deformed nucleus transfer product: the ground-state
rotational band, and 2-quasiparticle (2-qp) like bands lying within an MeV or two
of the yrast line. The 2-qp bands are populated with considerably more strength,
and to higher angular momentum, than the ground-state bands; in all cases the
population is almost entirely confined to a region with less than 2 MeV of intrinsic
excitation energy in the exit channel if the reactions are Q-matched.

These results are exemplified well by the cases discussed in refs. 2 and 3. There
we propose a new mechanism, specific to transfer reactions in the presence of
strong collective excitation, which is called the alignment filter and which appears
to account rather well for the features described above.

3. MULTIPARTICLE TRANSFER REACTIONS

I now wish to discuss some features of two-particle transfer reactions, and then
generalize to discuss four- and six-particle reactions. Most of the data we have
taken involves deformed rare-earth target nuclei, and it is this data which will
receive the most of our attention. I merely mention in passing that we have also
taken data for transfer reactions in the (near spherical) Sn+Sn system, and the
results there appear consistent (at the points where they can be compared) with
data taken by other workers using spectrographs (see, e.g., ref. 1).

3.1 The Slope Anomaly Problem

The first problem we discuss is the famous "slope anomaly problem" in heavy-ion
2-particle transfer reactions. Briefly, various measurements have indicated that the



slope of tlu° probability vs. scattering angle (~ distance of closest approach) for 2-
particlr: transfer reactions with very heavy ions on deformed nuclei are comparable
with those for 1-particlc transfer, whereas simple binding energy arguments suggest
that the slope in the former case should be twice as steep as the latter case if
transfer is between low-lying states (see, e.g., ref. 4). It was suggested that
this meant that 2-particle transfer in such cases was preferentially going through
extremely excited configurations. We used the methods described above to address
this problem and found that this interpretation appears not to be correct. In
fact, there are two component* in the transfer population, unresolved in previous
experiments, with very different behavior. There is no indication in the data
that, either component of the tvo-ncutron transfer is preferentially exciting high-
lying states: the component populating 2-qp bands decays exponentially with
approximately the expected slope; the component populating the ground-state
bands instead oscillates, and the oscillation appears consistent with predicted
interference effects between transfer occurring from diffcrenct orientations of the
deformed rotor. The superposition of these effects conspires to give a curve which
looks, within uncertainties, like exponential decay at large separation, but with a
slope which is too flat!

Since my space is limited, I won't reproduce the relevant figures, but you may
find the details in refs. 5. Thus, it seems that previous interpretations of this
effect have foundered experimentally on insufficient resolution to separate different
components of the transfer population, and theoretically on a failure to allow
nuclear structure beyond simple binding energy considerations to play a role in
the reaction. More generally, we may expect the possibility of such slope anomalies
if detailed nuclear structure (the deformation in this example) plays an important
role in transfer reactions.

3.2 Enhancement Factors in Two-Particie Transfer Reactions

Next, we turn to the question of "enhancements" in two-particle transfer re-
actions. That is, do correlations increase the probability of two-particle transfer
reactions relative to a scale set. by sequential, uncorrelated, one-particle transfer?
Such enhancements are well known in light-ion transfer (often by factors near
50), and various calculations suggest that enhancements an order of magnitude
or more larger than that seen for light ions might be realized in the collision of
two superfluid systems. We have investigated this question in the collision of Ni
and Sn projectiles with Dy isotopes. By using the Spin Spectrometer total energy
information, the probability for populating the ground band of the deformed
product nuclei has been separated from that for populating higher-lying states in
both one-neutron and two-neutron pickup reactions (the method is discussed in
ref. 5a). We define a (naive) enhancement factor F = P2n/P1

2
n, where Pxn denotes

the probability for x-particlc transfer to the exitation energy region of interest.

In Fig. 4 some results are shown for Sn and Ni projectiles as a function of the
scattering angle. The enhancement factors are seen to be larger for transfer to the



ground band than for transfer to the excited state (2-tip) region, and are larger
for Sn than for Ni in the ground-band transfer. In addition, the enhancement
factors increase for large ion-ion closest approach distances (smaller scattering
angles), reacliing order 103 for ground-baud transfer in the Sn collisions at large
separation. This is comparable with enhancements which have been predicted in
calculations for supcrfluid-supcrmrid collisions; they are an order of magnitude
larger than similar enhancement factors measured for (p,t) reactions, and arc an
order of magnitude larger than the average, enhancements wo would obtain from
the present data if the low-lying and high-lying states were not separated using the
Spin Spectrometer information. We conclude, that energy resolution at the. Me.V
level or better is essential in this kind of measurement.
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FIGURE 4. Enhancement factors defined Tor one and two-neutron transfer re-
actions as a function of classical separation between (spherical) surfaces: D,.f =
D — 1.25(A1 + Aj ), where D is the classical separation of centers at closest
approach for Rutherford trajectories.

3.3 Super-currents?

Given the large pairing correlation effects that are suggested by Fig. 4, a nat-
ural question is whether these reactions exhibit the nuclear analog of a tunneling
supercurrent between superconducting systems (nuclear Joscphson effect). An im-
portant indicator of such a supercurrent might be the degree to which multipair
transfer is enhanced relative to that expected for the tunneling of uncorrelated



particles. Indeed, as simple model calculations show, for two weakly-coupled pair
condensates the probability for multiparticle transfer may exceed that for two-
particle transfer. A major obstacle to making such a determination has been the
lack of experimental assurance that one is measuring a weakly coupled transi-
tion between low-lying paired states, rather than excited quasiparticlc tunneling,
or transfer through "shorting" of the junction ( disappearance of the burner).
As noted above, the data being discussed here has stringent gating requirements
placed on it which are designed to insure just these conditions.

In Fig, 5a we show a sp"ctrum obtained in Ni + Dy collisions which exhibits a
variety of peaks corresponding to the 4+ —* 2+ ground band transition of deformed
multiuucleon transfer products. This spectrum has been subjected to the require-
ment that no neutrons be detected, and that the total 7-nry energy emitted be
less than 1 McV; thus it should represent events corresponding to gentle collisions
transferring particles between low-lying states. These peaks require a delicate cor-
rection for contamination from inelastic excitation of target impurities, which can
be estimated rather precisely from the amount of Coulomb excitation at forward
angles. This has been done, and w° have denned an enhancement factor relative
to one-pair transfer F{G) = -P(2n)r. (-Pbn)* where x = 1,2,3,... is the number
of pairs transferred in the reaction. This quantity is displayed in Fig. 5b as a
function of the number of transferred neutrons and protons. These results should
be taken as preliminary, and the definition of an enhancement factor as crude,
but they suggest that in these collisions the probability of multipair transfer is
considerably enhanced relative to that for single pairs. Taking into account that
the single pair transfer appears to be enhanced relative to single-particle transfer
(Fig. 4), and being slapdash with respect to such important considerations as
Q-value differences, these (preliminary) results suggest that 3-pair transfer may
be about 109 times larger than expected on the basis of sequentially transferring
six uncorrelated particles. Even more preliminary results using Sn projectiles in-
dicate larger multipair effects, but the uncertainties are larger there because the
statistics are poor in the present data set.

3.4 Influence of Angular Momentum on Two-Particle Transfer

Finally, we turn to the question of whether collective angular momentum has
measurable effects on the probability of two-particle transfer. The traditional view
was that angular momentum would reduce the probability of 2-particle transfer at
sufficiently high spin because of the reduction of the pairing gap (average pairing
matrix element). More recently, most calculations suggest that this occurs at
such high spin that it may be unmeasurable in transfer reactions. However, it
has also recently been recognized that there may occur in such transfer reactions
the analog of a nuclear Superconducting Quantum Interference Device (SQUID).
This may also be viewed as a special case of Berry:s geometrical phase, and it has
been predicted that such effects might cause the transfer matrix elements to have
zeroes in the angular momentum 10-15 h region even though the average pair field
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FIGURE 5. (a) Peaks in the Gc spectrum corresponding to multipiur transfer
between low-lying states in the collision of ^Ni and 1G2Dy at the Coulomb barrier,
(b) A multipair transfer enhar.;emcnt factor F(G) ~ P^2n)x/(^n)x where x is
the number of transferred pairs.

is finite there.0 One of the signatures of this effect might be a reduction in the
probability of transfer to high spin states.

In Fig. 6 we show the ratio of the probability of 2-particle transfer to var-
ious states in the ground-state band of 160Dy in a transfer reaction with a Sn
projectile, relative to the corresponding probability for inelastic excitation of the
same state. Rather surprisingly, the data indicate a dramatic decrease with an-
gular momentum, consistent with the ratio being zero around spin 10! Although
not shown, we have obtained a similar result with Ni projectiles. This seems to
be too low in angular momentum to be described in a simple picture either by
"pairing collapse", or Berry phase effects associated with band-crossings in the
backbending region. A possible explanation is offered by the Fermion Dynamical
Symmetry Model (FDSM),7 which indicates that such effects can occur through a
kind of Coriolis antipairing (CAP) effect. Two (unpublished) FDSM calculations
are shown in Fig. 6; they are seen to qualitatively reproduce the drop of the prob-
ability ratio with angular momentum.8 I emphasize that the average pairing field
is respectably finite in this spin region; it is the S-pair transfer matrix element
which is dramatically influenced by the CAP effect in the FDSM calculation.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


