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INTRODUCTION

The concept of direct transfer of one or more nucleons between colliding
nuclei has played a pivotal role in our understanding of shell structure in
nuclei. Single-nucleon transfer is a selective and direct probe of single-
particle shell structure, while two-nucleon transfer is a direct probe of
pairing correlations in nuclei. The reaction dynamics for transfer reactions
with light ions is well understood in terms of the distorted-wave Born
approximation (DWBA) (1). Thus light-ion-induced one- and two-nucleon
transfer reactions have been exploited for almost four decades to study
single-particle structure and two-particle correlations in nuclei.

The reaction mechanism for heavy-ion-induced transfer reactions is
considerably more complicated because strong inelastic excitation causes
the "directness" to be obscured by multistep processes. This complication,
coupled with the limited energy resolution attainable in heavy-ion
reactions, has slowed progress both theoretically and experimentally for
few-nucleon transfer in heavy-ion reactions. Nevertheless, heavy-ion-
induced transfer reactions exhibit unique features that have the potential
of adding a new dimension to the use of transfer reactions for probing
nuclear structure. One feature is that the de Broglie wavelength is small,
and the loss of energy and angular momentum during the collision are
sufficiently small that the reaction mechanism may be approximated well
by semiclassical methods. A second feature is that appreciable Coulomb
excitation of the incoming nuclei, prior to transfer, allows study of the
transfer of nucleons between excited states. Coulomb excitation selectively
populates low-lying collective states. Thus heavy-ion-induced transfer
reactions make it possible to study transfer of nucleons between especially
interesting collective states in deformed nuclei. In particular, it opens the
possibility of studying the evolution of single-particle structure and the
modification of pairing with increasing angular momentum. Heavy-ion
transfer reactions also provide a unique population mechanism that has
many advantages for studying moderate- and high-spin nuclear states in
the yrast domain.

The primary motivation of this review is to exploit the specificity of
heavy-ion-induced two-nucleon transfer reactions to probe pairing cor-
relations in heavy nuclei (2). One application is to investigate the import-
ance of nonzero spin terms in the pairing potential, that is, the relative
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HEAVY-ION TRANSFER REACTIONS 287

importance of s, d, and g pairs (3). Recent theoretical and experimental
(4, 5) studies of two-neutron transfer explore these effects. Of considerable
interest is the study of the transition from the superfluid to the normal
phase that occurs at high angular momentum when the pairing is quenched
by the Coriolis force. An interesting phenomenon is the predicted oscil-
lation in phase of the pair transfer matrix elements as a function of angular
velocity in certain deformed nuclei (6). The phases change at certain
rotational frequencies and chemical potentials where band crossing occurs.
These are called diabolical points, and the phase change can be understood
in terms of a general topological phase elucidated by Berry (7).

The study of analogs of solid-state pairing phenomena in nuclei can
advance understanding of pairing in both nuclear and solid-state many-
body systems. An especially interesting aspect that may be explored with
heavy-ion transfer reactions is related to the "superfluidity" of nuclei and
the possibility of searching for nuclear analogs of the Josephson effect (8-
11). When two superfluid nuclei are brought together in a collision at
energies below the Coulomb barrier, the study of multiple pair transfer in
a tunneling process is similar to that of a supercurrent passing through
the insulating barrier between two superconductors. Large enhancement
for pair transfer reactions has been reported quantitatively for the system
Sn+Sn (12, 13) and qualitatively for Sn+Dy (13). This is the first 
toward identifying the nuclear Josephson effect. Enhancement of multiple
pair transfer was also found recently in proton transfer channels (14).

This article describes recent theoretical and experimental developments
for studying transfer reactions between heavy nuclei. A general discussion
of reaction dynamics and pairing effects in heavy-ion transfer reactions
is followed by a description of the recent development of experimental
techniques. A discussion of general features of heavy-ion-induced few-
nucleon transfer reactions and specific quantitative comparisons are pre-
sented in Section 4, which emphasizes the study of the enhancement and
the oscillating nature of two-nucleon transfer associated with pairing cor-
relations. The article concludes with a summary of the outlook for further
development of the experimental and theoretical techniques, and with the
outstanding scientific opportunities they will provide for probing nuclear
structure.

2. HEAVY-ION TRANSFER REACTIONS

2.1 Semiclassical Description of Transfer Reactions

It is well known that for heavy-ion collisions classical scattering orbits give
a very good quantitative description of various processes (15). The relation
between the distance of closest approach Rmln and the center-of-mass
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288 WU ET AL

scattering angle 0 ..... for a given center-of-mass energy Ecm (see Figure 1),
is given by

_ Z~Z~e21/ 1
Rm~n ~ ~1 + sin ~cm/2J’ 1.

The reaction cross section is obtained by multiplying the reaction prob-
ability by the scattering cross section. Most reactions discussed here are
assumed to occur at or below the "Coulomb barrier." Tl~is implies that
the contribution of the nuclear potential to the Coulomb potential ( _> 200-
300 MeV) can be neglected in the definition of the Rutherford scattering
orbit. More relevant to the discussion of the reaction probabilities is the
amount of density overlap, which we parametrize by removing the A
dependence of projectile and target through the overlap parameter do

do = Rmin/(A 113 + A l~/3), 2.

where A ~ and A 2 are the masses of the two nuclei. This gives a measure of
nuclear overlap at closest approach independent of the size of the system.
If each reaction angle corresponds to only one Rm~n, which is always
the case for energies below or close to the Coulomb barrier, a unique
transformation of the 0 or Ecm into do (Rmi,) can be obtained. In addition,

Rmin ,-~ .Rmin, the scattering orbits arewe discuss only reactions where ~
matched so as to obtain sizable cross sections (see the discussion of Equa-
tion 5 below). Thus the discussion of the relevant physical quantities
measured will not be given as function of (0, Ecru) but rather in terms 
do. Various processes (absorption, transfer, excitation, etc) have form

/

’\ .~.\/\ "TARGET"

\~

! A2

I, PROJECTILE,, /_.z ~

Figure 1 Definition of the reaction angle O~m and R~,. close to the Coulomb barrier, for
heavy-ion collisions.
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HEAVY-ION TRANSFER REACTIONS 289

factors that are slowly varying compared with the wavelength of relative
motion 2:

2 = h/~, 3.

where maa stands for the reduced mass in the scattering system. Generally,
absorption is associated with a large number of channels, in which case it
can be described by an imaginary potential or directly by an absorption
function, Pabs(do) or Pabs(0). The elastic scattering is now written in terms
of a Rutherford cross section multiplied by a "survival" function,

dd~(O) = ~ (0) [1 -- Pabd0)]. 4.

The probability of observing elastic scattering is just (1 - Pabs). Typical
data for transfer reactions on ~2°Sn show a rather universal behavior for
the quantity ae/aR as a function of do (Figure 2) (16). Absorption becomes
appreciable at an overlap of approximately do ~< 1.5 fm and reaches
G/aR ~ 0.1 at an overlap parameter of do ~ 1.4 fm for most systems (16).
The fact that the absorption functions are almost universal for heavy
systems of different size suggests that nucleon transfer is determined pri-
marily by the geometry and dynamics of the two-center complex formed
by the two nuclei.

By definition, absorption in these cases is caused by all interactions that
remove flux from the elastic + inelastic channel; these include few-nucleon
transfer channels, as well as deeply inelastic and fusion reactions. In an
explicit treatment of all nucleon orbits in a two-center potential, nucleons
in these events are promoted outside of the configurations close to the
Fermi level, which creates exit channels with complete dissipation of
probability.

For the description of transfer processes, a factorization of the prob-
abilities Pt and the dynamical factors F(Q, L) connecting the initial and
final scattering orbits can be shown to be a good approximation (16, 17).
Thus, we have, in first order, the transfer cross section dat/df~:

~-~ (0) d~re= ~ (O)Pt(O)F(Q, 5.

where Pt(0) stands for a transfer probability, which describes the transfer
at a given separation of the two ions and which we assume can be treated
as a perturbation, where F(Q, L) is a dynamical matching factor describing
the effects of mismatch of initial and final Rmin and orbital angular momen-
tum transfcr. Gcnerally, Pt(0) can be related to the square of the transfer
form factor (see Section 2.2) for a first-order process; we call it the transfer
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290 w-u ET AL

20

10

12°Sn -2~2Sn, EL= 4.55 HeV/u

°~o

[]

1~)0 120 1z~0

1.6 1.5 1.45

ELASTIC

1

lO

io

1

160 180 ~CM

do (fro)

Figure 2 Angular distributions for neutron transfer reactions for ~ 2°Sn on ’ ’2Sn. The elastic
(including inelastic excitation of ~ZSn and/or ’2°Sn) and total quasi-elastic aqo (elastic+
transfer) reactions are also shown, Reproduced from Ref. 12.

function. The same quantity can be defined from calculated values (using
DWBA; see next section) of at(0) and a~(0). For both cases, an exponential
parametrization gives a satisfactory description of the asymptotic behavior
of the Pt(do) function at large separation distances

Pt(do) = Nexp [-- 2~do(A 1,/3 A ~] 3)].   6.

Generally the decay constant c~ is related to the reduced mass/~r~ and
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HEAVY-ION TRANSFER REACTIONS 291

the binding energy EB of the bound particle. For neutrons we have ~ =
~/2#NEB/h2. For charged particles, an effective binding E~fr must be used
with an exponential (Equation 6), or it can be directly obtained from
Equation 5 by fitting the calculated value of at/ao (see next section). The
probability for multinucleon transfer is obtained, assuming successive
transfer, from the product of the probabilities:

Pxn ~(1)/9(2) iD(x)= "t IN’IN .... 1N ’~ P~CN" 7.

Here P~ stands for the probability of transferring one nucleon. Only
in special cases can the individual steps be considered equal. In cold
multinucleon transfer, the radial dependence of the transfer function has
a steeper slope with increasing number of transferred nucleons; i.e. from
Equation 7 we obtain ~xn ~ X~, as illustrated schematically in Figure 3.
Note that the slope of the transfer function for multinucleon transfer is
insensitive to whether the transfer occurs in a two-nucleon cluster or in
sequence since the pairing energy is small relative to the binding energy.

In order to assess the behavior of individual steps, in particular for
proton transfer, explicit DWBA calculations must be performed. The same
holds for the dynamical matching factor F(Q, L), which can be obtained
from DWBA calculations or expressed in an analytical form using the
semiclassical approach (17). The reactions proceed with optimum prob-
ability if the initial and final orbits match. In terms of distance of closest
approach, the matching condition reads R~in f= Rmin. The turning points
are dete~ined by the charge product Z~Zz, the center-of-mass energy,
and the angular momentum. The optimum Q value (Qopt) for neutron
transfer is equal to zero, while for charged-particle transfer Qopt ~ 0 it is the
deviation AQ from the optimum value as well as the angular momentum
transfer AL (this is also called l later on) that is important for the outcome
of the reaction. From the semiclassical theory the factor F(Q, L) is obtained
in the form of a Gaussian function depending on AQ and AL (12, 17),

F(Q, L) = exp [- C~(AQ - CzAL)2], 8.

where AQ is given by

for the process a+A ~ b+ B with a = b+c (c refers to the transferred
particle), while C~ is a measure of the reaction time,

~. r"maA(1/~)l’,~
C~ ~ L4(ZE_Eb)h2] 10.
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do’/d~(dg)

100

10

1

0.1 ~ =- AN,AZ

Pln

0.01

0.001

0.0001

3n

1.2 1.3 1.t, 1.5 1.6 d0{Rrn,n )
dg

FiEure 3 Schematic graph of transfer functions for one- up to four-neutron transfer.
Enhancement of Pz. relative to Pl~. is indicated by factor EF. The insert shows the expected
yield of isotopes on a logarithmic scale.

which depends on the asymptotic slope of the transfer form factor ~ and
on the acceleration at the turning point, which in turn depends on the
relative energy available (E--E~). The coefficient C2 is a measure of the
change of the centrifugal potential that leads to a corresponding change
in Rmin. It is given by

h 2(L + 1/2)
C2 ~ ~ . 11.

maARmin
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HEAVY-ION TRANSFER REACTIONS 293

For heavy systems and low relative angular momenta L, the contribution
of the C2 term to the width of the Q dependence is small.

In the discussion of the experimental results, the dynamical matching
factor plays an important role; therefore we give in Figure 4 two examples
for the factor F(Q, L), which were calculated using the computer program
Ptolemy (1B). Results obtained from experimental system~ti~s, where the
whole low-lying excitation energ~ spectrum ~s summed, and which r~pr~-
s~nt the d~nami~al sum-rule limit for single-particle strength, ar~ discussed
in Section 4.

In most cas~s it is ne~essar~ to cal~ulat~ th~ ~-valu~ and/-value (which
is identical to AL used earlier) dependence of the ~ross section using
quantal ~pproaches (DWBA; see next section) or to use measured s~stem-
ati~s (19) for the final discussion of the transfer functions.

2.2 The D WB~ Description of Two-Nucleon Transfer
Methods to ~al~ulate nucleon transfer by a p~rturbafive approach {n terms
o~ DWBA have been discussed extensiwl$ during the past 20 sears (1).
There has been much work on those features that are more specific ~o
reactions induced b~ heav~ ions. Whereas for single-nucleon transfer quan-
titative agreement with data is generall~ obtained, it has been ~xtremel$
di~ult to attain quantitative agreement, either in the shapes of angular
distributions or in the ~bsolute magnitude for two-nucleon transfer ~ross
sections. Two relevant aspects ~ontribute significanrl~ to this di~ult~: (a)
the poss~bH~t$ of having both one-step pair transfer ~nd sequential transfer;
and (b) the role of configuration mixing and the question of the inclusion
of higher shells.

It is su~cient to make one-step calculations with ~luster-wave functions
~or th~ ~valuation of the quantitative features of the dsnamical factors.
The differential ~ross section is given b~ th~ expression

~(0)k~_ I
= ~ Tim(O)]2. 12.

The reaction amplitude Tz~, characterized by an angular momentum trans-
fer 1 (and its projection m), can be calculated by most finite-range DWBA
computer programs (18). It is given by the six-dimensional integral,

r~m = ~(rfk 0 (~B~b ] Ve~l~A~a)~i(riki) drfdr~. 13.

Here the distorted waves ~f,~ are obtained by fits to the elastic scattering as
defined previously. The multipolarity (/, m) of the internal matrix element 
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5

’ 2
lO0

10 -~

1~-~

Q-vatue / MeV

~8 St(l{{ Sm,1{3Sm}SSSr

673 MeV ~

10.0 15.0

o
¯ t=L

--

3aSrso(szSmsz, 6oNde2)~oZrso

(D 1 EL=~ = 673 MeV
"~= e~ = 1350

0.9

¯ . O t=0.
O ,

~°

to ~.o 3.0
Q-value / MeV

Fissure 4 Calculated Q dependence of the differential cross section for one-neutron transfer
(top) and two-proton transfer (bottom); calculated points and a fit by a Gaussian are shown.
The dashed line shows the ground-state Q value.

www.annualreviews.org/aronline
Annual Reviews

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt

. S
ci

. 1
99

0.
40

:2
85

-3
26

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

R
O

C
H

E
ST

E
R

 L
IB

R
A

R
Y

 o
n 

02
/1

3/
07

. F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.annualreviews.org/aronline


HEAVY-ION TRANSFER REACTIONS 295

obtained with the usual angular momentum coupling rules between the
bound states defined by the overlap of the intrinsic nuclear wave functions:

(q~BI~PA) = Nf@~f(rxf) and (~’l~blkI/a) = NiOt~(rxi). 14.

For large values of rx~, rxe the functions Or,, (l)~f can be approximated 
exponentials fitted to Hankel or Whittaker functions. The intrinsic matrix
element in Equation 13 corresponds to the transfer function P~/2(r), which
has been introduced within the semiclassical approach. As already men-
tioned, its asymptotic behavior at large separation distances can be
approximated by an exponential function. Calculations for one- and two-
neutron transfer in the case of 112Sn + I 2°Sn show the expected exponential
behavior at large separation distances with a slope parameter ~z that is,
within 10%, given by the value calculated with the simple expression e-.
introduced in the previous section.

2.3 Sequential (Two-Step) and One-Step Two-Nucleon

Transfer

The DWBA amplitude through second order for two-particle transfer
separates into three pieces (10, 11, 20, 21):

T2N ,T,(2) ± ,T,(2) ~ ’T’(I) 15.= aSeqT ~t NOT ~t Sim~

a second-order purely successive term ~scq, a second-order "non-
orthogonality" term~No,~V(2) and a first-order simultaneous transfer term
TO) In the limit V~ 0, corresponding to pure shell-model wave rune-Sire.
tions with no residual correlation, the nonorthogonality term T~)o exactly
cancels the first-order term:~o’V(~) = _ ~Sim’~V(~) In this limit the DWBA reaction
proceeds sequentially, and the two-nucleon transfer amplitude is a sum of
products of two first-order single-nucleon transfer amplitudes. This result
is used in the semiclassical approach for the discussion of enhancement
(Section 2.4).

The other limit, where the interaction V~2 is large (strong correlation
limit), corresponds to strongly mixed two-nucleon wave functions. If this
mixing is coherent, such that the amplitudes add with similar phases,
both the one-step and two-step transfer may be strongly enhanced. If the
configuration space is expanded to many major shells, the one-step cross
section is found to increase and to converge in realistic cases, whereas
the sequential processes will eventually be cancelled by contributions of
opposite sign from alternating shells.

In nuclei sufficiently removed from closed shells, two identical nucleons
may be coupled to a spin-zero Cooper pair by the short-range residual
interaction V12. The strength of this coupling may be measured by the
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296 wu ET AL

energy gap 2A ~ 2 MeV required to break a pair. On the other hand, the
individual nucleons are bound to the nuclear mean fields by energies of
order 10 MeV. Thus, even in strongly paired systems the pairing cor-
relations are only a perturbation on the independent particle motion, and
it is not surprising that sequential transfer is found to play a dominant
role in microscopic DWBA calculations (10, 11, 20, 21).

This does not mean that a cluster approximation for transfer cannot be
used effectively in heavy-ion transfer. For example, the primary effect of
including only one-step DWBA processes for two-nucleon transfer is to
scale the total cross section by some constant (often large) amount.
However, these results imply that the clusters entering heavy-ion multi-
particle transfer are highly effective clusters, operated on by an effective
transfer interaction. An important theoretical question to be addressed
for the reactions discussed here is whether or not such effective transfer
interactions can be determined reliably.

2.4 Enhancement of Two-Nucleon Transfer

The concept of enhancement is essential to the discussion of the transfer
of Cooper pairs because it is a quantitative measure for the collectivity of
the transition, and the relation to the pure single-particle limit is important
for the microscopic understanding of the transfer process. The dynamical
features of the pairing phase are connected to the fluctuation in particle
(pair) number (2). The pairing vibration, as a precursor of the phase
transition to the superfluid case (pairing rotations), will show some
enhancement (analogous to the quadrupole vibrations of spherical nuclei)
in two-particle transfer; the transitions between members of a pairing
rotational band should be strongly enhanced and of equal strength within
a sequence of nuclei.

Similar to the case of Coulomb excitation of deformed rotational bands,
the collective enhancement of a dynamical transition may be expressed in
appropriate single-particle units. In pairing vibrations and rotations, the
enhancement has been extensively discussed for (t, p) reactions by Broglia,
Hansen & Riedcl (2). For thc pairing rotations, the one-stcp pair transfer
is given in terms of the pairing interaction parameters G (strength) and A
(gap parameter) by da(p.r.)/dO ~ (2A/G)2, but the cross section for a
single-particle configuration is proportional to (j ÷ 1/2). Thus the net result
for the enhancement (2) in the tin isotopes is ~ 100 (with A ---- 1 MeV,
G = 0.1 MeV, and averagej value = 7/2).

Calculations based on well-established knowledge of the wave functions
for pair transfer involving two tin nuclei for energies near and below the
Coulomb barrier have been performed by both Weiss (11), and Broglia 
al (10). In these calculations the reaction amplitude for transfer between
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two normal states is compared with the superfluid-superfluid case; in both
calculations an enhancement factor of between 100 and 1000 is obtained.

We can also introduce a more empirical definition of enhancement based
on semiclassical properties of the reaction between very heavy nuclei,
where the possible sequential character of the transfer process is invoked.
According to Equation 7 the probability for two-nucleon transfer would
be given by

P2N = P~NE~F. 16.

Here the idealized case is considered first: P2N refers to a 0+ ~ 0+ transition
between ground states and P~N refers to a particular single-nucleon trans-
fer. We use the corresponding definition for an overall enhancement, EF,
for a situation in which the total probabilities for one- and two-nucleon
transfer are measured experimentally. In the logarithmic plot of the trans-
fer functions versus do the completely sequential transfer process yields a

fan of straight lines (asymptotically crossing the Pt -- 1 line at the same
point if all steps occur with equal probability) with increasing slopes
~z~ = x~, as illustrated in Figure 3. Enhanced transfer will be renormalized
by the factor EF. In an experiment on one-nucleon transfer, the sum of
single-particle transitions up to a few MeV in excitation energy has beenmeasured with a magnetic spectrometer for i i 2Sn + ~20Sn’ where one tran-

sition typically may give 1/20 of the total strength based on the comparison
between DWBA calculations and the measured total cross section (12). 
similar result is also obtained experimentally with the v-ray technique (see
Section 3.3) if transfer on an odd-mass target is measured, where the final
states are partially resolved (13). Similarly the P2N strength, measured with
the magnetic spectrometer, may contain three low-lying states (the +,

2+, and 3- states) within an excitation energy of a few MeV. The true
enhancement E~, to be compared with the microscopic calculations cited
above, in this case would be a factor of 400/3 larger:

E~F- P2r~’l/3 = EF. 133. 17.
(PAN" 1/20)z

The overall enhancement EF observed in the experiments is generally 3-
10, implying the true enhancement E~F is ~400-1300. For sequential
transfer, enhancements of this size can be attributed to the coherent action
of interference terms.

2.5 Some Aspects of Transfer on Deformed Nuclei

Pairing correlations in nuclei, as modified by the deformation and by
rotation, can be probed directly by two-nucleon transfer reactions involv-
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ing heavy deformed nuclei. In the following, we cite two examples showing
interesting interference effects associated with nuclear deformation and
the consequence for pair transfer between collective states.

Nuclear deformation increases the number of pairs coupled to nonzero
angular momentum relative to that of s pairs (3). Therefore, one expects
an increase in the importance of the transfer of d pairs, g pairs, and
high-2 pairs in transfer reactions involving deformed nuclei. A recent
calculation, within the framework of the macroscopic model for pair
transfer and the scaled sudden approximation for rotational excitation,
showed distinct features resulting from nonzero spin coupling (4). Figure
5 shows cross sections calculated for the reaction t 62Dy(~ ~6Sn, ~ ’SSn)’ 6°Dy.
The reductibn of cross section with the addition of d and g pairs is clearly
visible for almost every state and is particularly pronounced for the low-
spin states. The most unique signature is the oscillating structure for low-

101

100

10-1

10--2

~ 101

,~ 100

~-~10-1

"~ 10-2

"~ 101

100

10-1

10-2

100 120

14÷

\°o.

\’- 
~~’-.. ~

100 120

(deg)
100 1~0

Figure 5 Calculated differential cross sections as a function of the maximum angular
momentum carried by the transferred pair (2m,x) for the reaction ~6ZDy(~’6Sn,~SSn) 
E~.b = 637 MeV. The dotted, dashed, and solid curves are for 2m.x = 0, 2, and 4, respectively.
Reproduced from Ref. 4.
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spin states. Note that this structure in the cross section is also related to
the interference between transfers occurring for different orientations of
deformed nuclei that classically lead to the same spin (44). Recent experi-
mental evidence (5) for this oscillating structure is discussed in Section
4.1.3.

Another interesting phenomenon is related to diabolic pair transfer in
rotating nuclei (6), which is a consequence of a phase change in the pair
transfer matrix elements at certain rotation frequencies, called diabolical
points. These are connected to a sharp level crossing between the ground-
state band and a two-quasi-particle aligned band in deformed nuclei at a
certain spin value. Because of strong inelastic excitation, the spin dis-
tribution for deformed nuclei, prior to transfer at the distance of closest
approach, may overlap with this region of diabolic pair transfer. Thus
there is the possibility that the two-nucleon transfer reaction will reflect
the destructive interference associated with the Berry phase at the diabolic
point (6).

Early calculations (22) of transfer for the reaction of 16°Dy+2°8pb
found no drastic influence of the Berry phase on the two-neutron transfer
channel unless the diabolic point, predicted to occur in ~6°Dy (23), is set
artificially low. However, a recent calculation that does not use the scaled
sudden approximation for calculating the inelastic excitation, and which
includes both an angular-dependent surface form factor plus transfer of
pairs coupled with nonzero angular momentum, shows a measurable effect
in the populations for states above spin 14+ (Figure 6) (24). A similar
conclusion was reached by de Boer et al (25). Experiments arc now search-
ing for this quantum effect involving the Berry topological phase in rotating
nuclei (26).

3. EXPERIMENTAL TECHNIQUES

3.1 Specific Limitations for Heavy Nuclei

Direct nucleon-transfer reactions measure the overlap of the wave func-
tions of the initial and final states. Interpretation of the data is considerably
simplified if the individual final states populated are resolved experi-
mentally. There are two basic methods for resolving the individual final-
state population. The first uses thin targets and a high-resolution detection
system, such as a magnetic spectrometer, to identify the residual nuclei
and resolve the final states. The second method relies on high-resolution
studies of the deexcitation y rays in coincidence with the reaction products
for identifying the residual nuclei and deducing the final-state population
distribution.

The experimental study of transfer reactions becomes considerably more
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Spin Distributions

~--0~0~~o.,_

":__ "a_ 0.01

0 4 8 12 16 20 24

Figure 6 Calculated rotational transfer population patterns for a case with a diabolical
point, ~o~Pb on ~6°Dy (filled circles), and a case without one, ~°sPb on ’~SDy (open circles).
The calculation was carried out at E~ab = 1100 MeV and 0 = 180°. The sums of the population
probabilities are in both cases normalized to one. (From Ref. 24.)

complicated as the mass of the probing nuclei is increased. Excitation of
both residual nuclei becomes important, which exacerbates the problem
of resolving final states. The transfer reaction mechanism is complicated
by strong inelastic excitation, and also by the increasing importance of
non-quasi-elastic channels such as the deep-inelastic and fusion channels as
the energy is increased above the Coulomb barrier. To avoid complications
associated with the reaction mechanism, it is common to study heavy-ion
transfer reactions below or near the Coulomb barrier, where the quasi-
elastic channels dominate. This means that the measurements involve
backscattering in the center of mass. The kinematics of similar-mass col-
liding nuclei complicates detection and identification of the backscattered
nucleus, even in the favorable case of inverse kinematics. Energy straggling
in the target and detector material and the finite energy spread of the
incident heavy-ion beams both degrade the energy resolution for heavy-
ion reactions.

Transfer reaction measurements at energies below the Coulomb barrier
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can be complicated by inelastic scattering or transfer reactions on target
contaminants that lead to the residual nucleus of interest. These processes,
as well as neutron evaporation channels, can mimic the desired transfer
reaction if the target-like residual nuclei are used for identification. This
difficulty can be overcome by identifying the isotopically pure projectile-
like final nucleus or, better still; by identifying both reaction products.

3.2 High-Resolution Charged-Particle Detection

The magnetic spectrometer has for several decades played a key role
in the study of light-ion-induced transfer reactions; this work laid the
foundation for the theoretical understanding of the direct reaction mech-
anism, as well as elucidating the importance of shell structure in nuclei.
Many of the advantages of the magnetic spectrometer apply equally well
to heavy-ion-induced reactions. The development of new focal-plane
heavy-ion detectors (27) and the adoption of "inverse" kinematics (12,
14) to detect the more energetic recoiling target nuclei, instead of the
backscattered projectile-like nuclei, have facilitated the use of magnetic
spectrometers in studies of heavy-ion reactions. As illustrated in Figure 7,
unit mass identification up to mass 100 has been achieved (12). An energy
resolution of ~ 1.5 MeV has been achieved (28), as illustrated in Figure 
consequently most individual final states are unresolved, and this technique
only observes the gross properties averaged over many final states.

The recoil mass spectrometer. (29) provides an elegant solution to the
particle identification problem for A > 100 and has been used to study
heavy-ion-induced transfer (30, 31). Unfortunately, it also suffers from
inadequate energy resolution and there is difficulty in ascertaining its
absolute detection efficiency.

High-resolution magnetic or recoil mass spectrometers in conjunction
with othcr detectors to identify both reaction products can select unam-
biguously the reaction channel of interest even when it is only a small
fraction of the total quasi-elastic cross section. This approach has the
potential of extending the study of sub-Coulomb transfer reactions to
lower bombarding energies.

3.3 Detection of Deexcitation y Rays

The inability of charged-particle detection to resolve individual final states
is a considerable disadvantage. The resolution of individual final states
has proven to be essential for studying interesting phenomena such as the
two-neutron transfer between ground states of Sn nuclei or the oscillating
structure in the population of the ground band of deformed nuclei popu-
lated in two-neutron transfer reactions. Currently the only viable way of
resolving the final states of deformed heavy nuclei is through high-resolu-
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~2OSn--.. ~IZSn, E)L= 18°, EL=/+.55MeVlu

10’00 1100

120(q,)
Mass (charge)

1200 1300 1600 1700 1800 1900

CHANNELS
Figure 7 The mass spectrum for Sn isotopes observed in the "ZSn+ ’2°Sn reaction at
Ela b = 546 MeV and 0cm = 144°. A mass resolution m/Am ,~ 250 was achieved. Reproduced
from Ref. 12.

2000

tion detection of the deexcitation ? rays in coincidence with the scattered
ions (32-35). Coincident detection of the scattered ions allows selection 
the grazing trajectories of interest and provides the information needed to
correct the observed deexcitation ? rays for the large Doppler shifts mani-
fest in heavy-ion reactions. Arrays of Compton-suppressed Ge detectors
are ideally suited for such work.

Figure 9 shows a typical 7-ray spectroscopy experimental setup for the
study of nucleon-transfer between heavy nuclei. A large solid-angle array
of position-sensitive parallel-plate avalanche counters is used to detect
both the scattered and recoiling nuclei in kinematic coincidence, as well as
in coincidence with deexcitation ? rays; thus it provides measurements of
scattering angles and time-of-flight difference. The total kinetic energy loss
(TKEL) or Q value and the approximate masses of both residual nuclei
can be derived by assuming two-body kinematics. The angle and time
resolution achieved lead to a mass resolution of m/Am m 10, which is only
sufficient to separate projectile-like scattered nuclei from recoiling nuclei.
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I00~ "--~ ~ I ; ; ; ; 1
]d c b a

58Ni + 124Sn ~
~ 60 --

EioO= :53
WI --

~ 40- -

~0 -

1250 1500
CHANNELNUMBER

Figure 8 Magnetic rigidity spectrum for elastic and inelastic yields from ~2"Sn+~8Ni at
E~ab = 330 MeV and for the q = 22+ charge state. Indicated arc positions of the elastic peak
(a) and calculated positions for peaks at excitation energies E* = 1.3, 2.6, and 4.5 MeV,
denoted by b, c, and d, respectively. An energy resolution ~ 1.5 MeV is achieved. Reproduced
from Ref. 28.

The real identification of the residual nuclei and final states is through the
detection of the deexcitation 7 decay with resolution of a few keV. The use
of the measured Q value together with measured neutron multiplicity in
these reactions is discussed below.

In principle it is possible to identify the final states and species of both
residual nuclei by simultaneous observation of deexcitation y rays from
both nuclei. The Doppler correction can be made from the measured
kinematics. Doppler-corrected coincident y-ray spectra are simple and
clean (Figure 10) but their statistics are inadequate for practical appli-
cations in the reactions investigated to date. This powerful technique will
become viable with the increase in detection efficiency expected (two orders
of magnitude) for the next generation of y-ray detector arrays, such as the
Gammasphere (36).

A deficiency of the 7-ray technique is that it selects only part of the total
transfer cross section; that is, it misses the population of the ground states
or states deexcited by internal conversion. This feature has been exploited
to determine the ground-state cross sections from comparison of comple-
mentary studies using magnetic spectrometers (12) and y-ray detection
(13).
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ROCHESTER PPAC IN CRYST,4L B,~LL
AT ORNL

CUP

No I

Ge

BEAM

Figure 9 Cross-sectional view of an experimental setup in which an array of position-
sensitive parallel-plane avalanche counters (PPAC) is enclosed by the 4~ Spin Spectrometer
comprising NaI and Compton-suppressed Ge elements (37). The Spin Spectrometer has 
inner radius of 178 mm and a shell thickness of 178 mm.

The most important advance in the study of heavy-ion transfer with the
y-ray detection technique has been the use of multi-element 4~ solid-
angle y-ray detectors. The additional information--in particular, the total
energy and multiplicity of deexcitation y-ray emission--specifies approxi-
mately the region of spin and energy of the entry states. This is essential
information for many applications. Both the Oak Ridge National Labora-
tory Spin Spectrometer (37), which consists of 72 NaI detectors covering
a 4re solid angle, and the Heidelberg Crystal Ball (33) have been exploited
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Figure 10 The two-fold y-ray spectrum integrated over a scattering angle 45° < 0 < 75° for
the reaction 23sU+ 1394-MeV 2°6pb with sum gated on the 8+ -4 6+, 10+ ~ 8+, and 12+ ~
10+ transitions of 234U (26). The integers are the initial spins of transition.

for such studies. It is typically necessary to replace some of the Nal
elements by Compton-suppressed Ge detectors in order to resolve and
identify the exit channels. The time and energy for each NaI element are
recorded for those events satisfying a kinematic coincidence of the two
scattered ions, with further requirement of at least one y ray detected by
one of the Ge detectors. The true summed y-ray energy, E, and multiplicity,
M (see Figure 11), are extracted from the measured summed energy, 
and the number of photons registered, k, by an unfolding procedure
that accounts for photon scattering between NaI elements, two photons
detected in a single element, gaps in the spectrometer caused by substitution
of Ge detectors, etc (37).

High-resolution y-ray spectra for the reactions 161,~62Dy+ 637-MeV
~6Sn are shown in Figure 12. The characteristic discrete ~, rays used
to identify the inelastic and neutron transfer exit channels are marked.
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tSlDy(116Sn’ llVSn)

3.0 6.0 9.0 12.0

0.0 3.0 6.0 9.0 12.0

7-Multiplicity

Fi#ure II The unfolded total energy-multiplicity spectra from the Spin Spectrometer (37),
gated around the grazing angle, for ~ 6°Dy populated in one- (top) and two-neutron (bottom)
pickup reactions with a Sn beam at E~,b = 637 MeV. The dashed lines are the approximate
yrast levels of the ~6°Dy assuming no projectile excitation. The angular momentum scale
(l/h) is valid only.for the Dy yrast line, with no Sn excitation.

Projections of the measured summed y-ray energy from the Spin Spectro-
meter NaI elements for the quasi-elastic channels, which were selectcd by
gating on the appropriate ~ peaks in the Ge spectrum, are shown in Figure
13. The discrete structure for the low-excitation region is visible, with an
energy resolution on the order of 100 keV below 2 MeV of total excitation
energy.
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6:57 MeV

4+

~ ~ 8+

~0

100 200 300 400 500

Fnergy (

Figure 12 Ge s~ectra integrated over the grazing angle for the reactions ~,~Dy+637-
MeV Sn. The ~ ~Dy inelastic transitions and ~ ~0~y transitions from two-neutron pickup are
seen in the upperpNt. Both the ~ ~°Dy (one-ne.utron pickup) and ~ ~Dy (one-neutron stripping)
transitions, as well as the ~y inelastic lines, are apparent in the lower

The NaI elements of the Spin Spectrometer also provide a measure of
the neutron multiplicity (Kn) because of the time-of-flight difference
between the ~, ray and neutron. A close correlation is observed between
the deep-inelastic events, indicated by the large negative Q value from the
charged-particle detectors, and neutron multiplicity Kn > 1. The cor-
relation shows that this technique allows meaningful gates to be set to
minimize the contamination of nucleon transfer channels by deep-inelastic
and other large energy loss processes.

4. EXPERIMENTAL RESULTS

4.1 Neutron Transfer
4.1,1 GENERAL FEATURES FOR ONE- AND TWO-NEUTRON TRANSFER A

structureless bell-shaped angular distribution for the cross section is the
most distinct feature for quasi-elastic few-nucleon transfer between heavy
nuclei. Figure 14 shows the cross sections in several quasi-elastic channels
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830o if6 + ~ 1 ~ I ’ I ’ I

| + t62Dy(l~6Sn ~6Sn)162Dy6252 ’

4~58

~084

~0

2OO~.50 -
~6ZDy(I~65n’II8Sn)t6ODy

~ Io0

5o

o

O.O5 2 4 6 8
TOTAL ENERGY (MeV)

Pigure 13 The total enersy o£ Na[ elements of the Spin Spectrometer (37) £o[ the inelastic
(lop), for the one- (boztom), and for the two-neutron (midd/e) pickup channels for the reaction

L~Dy + 637-~V ~ ~Sn. Discrete structurc in the lower and o[ the total cner~y spcctrum
visible.

for the reaction 2°sPb+ 375-MeV Ni (38). The cross section for neutron
transfer channels as a function of scattering angle rises rapidly because the
transfer probability grows as the internucleus distance decreases with
increasing scattering angle. The rapid falloff at even larger scattering angles
is caused by the competition with other reaction channels that open when
significant overlap occurs between the two nuclei. The peaking of the cross
section around the grazing angle is a strong indication that the quasi-
elastic neutron transfer is a surface process.

Other general systematics are related to the dependence of the total
cross sections on the ground-state Q value, mentioned in Section 2.1.
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10- ~ I ~ I

58Ni + 2°8pb

- EIob ; :375 MeV

br~
INELASTIC

"~

g ¯

o~ 2o~ 4o~ 6o~ 8o" ioo" ~zo~
O~.m.

Figure 14 Angular distribution for elastic (including inelastic with excitation up to 3 MeV)
(.pper) and for one- and two-neutron pickup channels (lower) fo£ t~e reaction 2°~Pb+
~lled cEcles). The solid lines se[ve to guide the eye. The dashed line at the bottom is the
result or DWBA calculation for one-neutron pickup as described in the text. Th~ o~ circ/e~
and the dotted line result From adding all neutron transfer channels to the elastic and inelastic
data. Reproduced from Ref. 38.

Data for one-neutron transfer over a wide range of projectile and target
combinations, after correction for the binding energy of the transferred
neutron in the entrance and exit channels, can be correlated well by
integrating over the whole spectrum with a Gaussian Q-value "window"
(see also Equation 8):

a(Qgg) = / exp [ - ( O- Oop02/2F2] dO, 18.
j- 0(3
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where N is a normalization constant containing all the information of the
spectroscopic factors, F is the width of the Q window, and Qopt -- 0 for
neutron transfer (19). Similar systematics are also found for the two-
neutron transfer channel (39) and for systems involving deformed nuclei
(13). This observation demonstrates that the total cross section for neutron
transfer at energies around the Coulomb barrier is governed primarily by
the Q-value matching conditions and by the number of states accessible
to this reaction channel. A sum-rule limit for one- and two-particle strength
appears to be of more importance rather than the details of nuclear
structure for each individual state.

The importance of nuclear structure to the reaction mechanism for
neutron transfer was illustrated by recent high-energy-resolution measure-
ments, via 3,-ray spectroscopy, on systems involving deformed nuclei (5,
32, 40). Figure 11 shows the unfolded total energy vs multiplicity plots,
equivalent to a representation of entry states, in one- and two-neutron
transfer channels for the reaction ~ 6 ~, ~62Dy + 637-MeV ~ ~ 6Sn. Two maxima
are observed in Figure 11 (see also Figure 13): One, located at low energy
and multiplicity and containing 10-20% of the total cross section, has a
pattern similar to that of the inelastic channel and corresponds to the
population of the ground-state band by removing the valence neutron or
neutrons from Dy. The other one, located at higher energy-multiplicity
and about 1-2 MeV about the yrast line, has a dominant share (~80-
90%) of the total cross section, and is believed to be dominated by the
population of two-quasi-particle bands formed by removing deeper-lying
neutron or neutrons from the target nucleus. The contribution of projectile
excitation blurs the distribution in energy-multiplicity. In fact, this struc-
ture is related to the Q-value matching condition, and to the nature of the
surface process for transfer reactions. As the nuclei rotate faster, thc
rotation alignment produced by the Coriolis force causes deeper-lying
high-j single-particle orbits to "surface" close to the yrast sequence, where
they are within reach of the allowed Q window’ for neutron transfer (32).

Populating high-spin states is another important feature of neutron
transfer reactions with deformed nuclei. For example, discrete transitions
with spin up to 18+ for the rare earth region (3~2) and + for th e actinide
region (41) have been observed in one-neutron transfer by using a 
beam near the barrier. A "cold" reaction mechanism for neutron transfer
involving actinides, similar to that found for rare earths, has been con-
firmed by measuring the total energy and multiplicity in the well-matched
Ni-induced reactions (41). This feature, plus the "cleanliness" of the result-
ing ~,-ray spectrum, which has little contamination from competing reac-
tion channels (see Figure 10), makes such reactions an attractive alternative
for populating high-spin states in actinide nuclei inaccessible by other
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means. A recent study of ~4Th, excited via the two-neutron stripping
reaction, is another example (42).

4.].2 QUANTITATIVE COMPARISONS FOR ONE-NEUTRON TRANSFER Prior to
a discussion of multinucleon transfer in heavy-ion reactions, it is necessary
to examine the extent to which the conceptually simpler process of one-
nucleon transfer is understood. A quantitative understanding of few-
nucleon transfer between heavy nuclei turns out to be difficult because of
(a) the lack of sufficient energy resolution to separate the individual states
experimentally, and (b) the lack of theoretical models other than the
distorted-wave Born approximation for interpreting the data. Even the
DWBA is of limited use because it is based on perturbation theory. Never-
theless, several authors have compared experimental data with DWBA
calculations for one-neutron transfer between heavy nuclei, where most of
the spectroscopic factors needed for the calculations are available experi-
mentally (12, 13, 38).

Figure 15 shows the measured Q-value spectrum for one-neutron trans-
fer in the reaction ~°Spb+375-MeV ~SNi (38). The shaded area is the
smoothed energy spectrum, summing over 24 transitions, calculated using
the DWBA including the states where most of the spectroscopic factor
strength lies: the 3/2- (ground state), 5/2-, 1/2-, 9/2+ states in ~gNi and
the 1/2- (ground state), 5/2-, 3/2-, 13/2+, 7/2-, 9/2 states in 2°7pb. The

i
! i I

I

(~aNi,~gNi)

E*(MeV)
,,~ 20 15 I0 5 0

4¢ -

30 -

600 650 700
CHANNEL NUMBER

Figlure 15 Energy spectrum for one-neutron pickup in the reaction 2°SPb+58Ni at
E~b = 375 MeV and 0~.b = 65°. The shaded area represents the smoothed energy spectrum
for a total of 24 transitions calculated using DWBA as described in the text. From Ref. 38.
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lower end of the excitation energy spectrum is well reproduced. The excess
experimental strength for the higher excitation energy may be a conse-
quence partially of ignoring inelastic excitation and partially of the trunc-
ated space used in the calculation. This example illustrates the difficulty
inherent to the study of nucleon transfer reactions between heavy nuclei,
which become less "transparent" compared with similar reactions using
light ions as probes.

The next example shows results for a one-neutron transfer reaction

between l l7Sn and l l2Sn at a bombarding energy of 570 MeV, from a
measurement using the y-ray technique (13). Figure 16 shows the popu-
lation of the 5/2+ state in ~ 3Sn, which is deduced from the y-ray yield of the
transition 5/2+ ~ 7/2+ at 332 keV. There is little evidence of appreciable
feeding to this state from states in the known level scheme. Since the
measurement is "inclusive" in nature, the transfer strengths to variousstates of the other partner, namely l l6Sn ’ have to be summed for the

comparison. The contributions from the ground state (0+) and excited 0+,

three 2~, two 4+, 5 , 6 states of ~6Sn, calculated by DWBA with the
measured spectroscopic factors, are shown by various lines in Figure 16.
The sum of all these transitions is shown by the dashed line. The angular

117Sn ( 1’2Sn, I~SSn 

io-2 -.\.:..

14 15 16 17

R (fm)
Figure 16 Constituents of a DWBA calculation of probability vs the distance of closest
approach for the 5/2+ state in 113Sn populated by the ~TSn(~2Sn, tt3Sn) reaction 
E~a~ = 570 MeV. Constituents contributed by the component J = 1-{, the total angular
momentum carried by the transferred neutron, are shown as dotted lines; those contributed
by the component J = l+ { are shown as solid lines. The dashed line is the sum of nine
transitions, as described in the text.
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distribution is well reproduced, while the predicted absolute magnitude is
about a factor of two too low. Similar agreement’is also reached for boththe 3/2+ state in 113Sn’ identified by the transition 3/2+ ~ 1/2+ at 498 keV.

For the first 2+ state in 116Sn, identified by the transition 2+ -~ 0+ at 1294
keV, the summed transfer strengths contributed from the 1/2+ (ground
state), 3/2+, 5/2+, 7/2+, I 1/2+, 7/2- states in l~3Sn plus its own feeding,
a total of 48 transitions, are in reasonable agreement with the data. The
total cross section for one-neutron transfer between ~2Sn and ~2°Sn is
overestimated by only 50% relative to the experimental value in a DWBA
calculation that uses known spectroscopic information (i 2). Note that the
binding energy of a neutron in nuclei alone can account for the observed
slope of the transfer function at large separation distances under the
semiclassical decription. Thus, the DWBA seems to give a correct overall
qualitative description of the reaction mechanism for one-nucleon transfer
between spherical heavy nuclei, and it reproduces the total cross section
to within a factor.of two.

The existence of strong inelastic cxcitation for heavy-ion collisions with
deformed nuclei invalidates the DWBA approach for the calculation of
nucleon transfer reactions, and thus the coupled-channel Born approxi-
mation or coupled reaction channels method is probably necessary (18).
Little work has been done on this kind of calculation for very heavy-ion
transfer reactions but is desperately needed to interpret the experiments
discussed in this review.

4.1.3 QUEST FOR ENHANCEMENT IN TWO-NEUTRON TRANSFER One of the
most significant aspects of two-nucleon transfer reactions between heavy
nuclei is the study of "superfluidity" of nuclei. The study of pairing
enhancement reveals the dynamical aspects of pairing correlations in
nuclei. The study of multiple-pair nucleon transfer between two heavy
nuclei at an energy below the Coulomb barrier may be similar to that of
a supercurrent between two superconductors separated by an insulator.

The spherical, proton-closed, Sn nuclei are ideal candidates for the study
of neutron superconductivity in nuclei. Neutron transfer reactions between
~l 2Sn and 12°Sn have been studied with the magnetic spectrometer (12) 
an "inverse" kinematic arrangement. The transfer probabilities for one
and up to four neutrons at bombarding energies of 510, 546, and 576 MeV
were measured and are shown in Figure 17. A parallel shift of the P2n
curve relative to the prediction P~n by a factor of about 3 is observed.
Finite energy resolution prohibits the isolation of the ground-state to
ground-state (0+ --, 0+) transfer component in the two-neutron transfer
channel. The enhancement must be defined relative to some "single-particle
unit," which is obtained from the analysis as a typical one-neutron tran-
sition between well-defined states. An enhancement of about 300 is
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112Sn {12°Sn,Sn) Sn
EL=/+.25 (~),/,55{,)ond /,.fl {~) HeV/u

¯ ¯ o 113Sn

~0 111Srl

1~~ i I I I I
t~0 i.~5 i.~o 1.~s 1.s0 ~.ss do [fm]

1~2Sn (12°Sn, Sn) Sn
Pf

EL=/..25 (~), /..55 (m)~nd &8(u)MeV/u
1

t30 t3s t~0 t~s is0 tss d0 [fm]
Figure ]7 Measured transfer probabilities (trans£er function) ~or one- (top) up to four-
neutron (bottom) transfer in t~e s~stcm u~Sn+ ~°Sn, as a function o£tbe overlap parameter
do. Data at three energies (4.2~, 4,55~ and 4.8 MeM/nucleon) are shown. R~produced
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obtained indirectly by considering the phase space in one- and two-neutron
transfer reactions (12). Recent measurements on neutron transfer between
118Sn and ~2Sn, made with the 7-ray technique (13), complement the
spectrometer result by measuring the cross section of transfer to the excited
states and ignoring the transfer between the ground states. Figure 18 shows
the total probability for two-neutron transfer, as a function of the overlap
parameter do, for the system ~l:Sn÷ 12°Sn, plus the probabilities for the
2÷ -~ 0÷ transition for both projectile, Ptpr°, and target, plat, nuclei in the
system 1~ ~Sn + l~2Sn. The probability for the transfer between the ground
states of Sn nuclei thus can be deduced from the above information.

The data shown in Figure 18 for Pt(0÷ -~ 0÷) are derived from the
measured Pt(tot) after correcting for the slightly different Qgg in the two
systems. An enhancement of about 760 is obtained from this extracted
probability for the 0÷ -~ 0÷ transfer and from the ground-to-ground one-
neutron transfer strength (see Figure 16) estimated by a DWBA calcu-

10-2

10-4

L.45 1.50 1.55 1.60 1.65 1.70

do(fm)

Fiyure 18 The total probability for the reaction l~2Sn(~2°Sn,~lSSn) at E~ab = 546 MeV,

measured with the magnetic spectrometer (filled circles) (12). Also shown are the probabilities

for the 2+ ~ 0+ transition for both ~4Sn (triangles) and ~6Sn (diamonds) from the reaction
~ ~ ~Sn(~ ~ 2Sn, ~ ~ 4Sn) at E~ab = 570 MeV (13). The extracted ground-state to ground-state trans-

fer probability is shown with squares. The solid lines are the best fits to the experimental

data.
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lation. A correction factor of 3 has been included to account for the
inelastic excitation. This extracted enhancement is comparable with that
mentioned earlier; it is believed to be accurate to within a factor of 2, since
a 30% change in Ptpr°(tar), which is roughly the uncertainty of the measure-
ment, alters the enhancement by about 40%. This value is also consistent
with the enhancement 100-1000 predicted for the 0+ ~ 0+ two-neutron
transfer between Sn nuclei (10, 11).

The observed slope of the transfer function for the Sn + Sn system in
the subbarrier region is close to twice that for one-neutron transfer; it can
be reproduced by DWBA calculations, and by a semiclassical description,
assuming ground-state binding energies for the transferred neutrons. This
indicates a cold pair transfer. For two-neutron transfer reactions with
deformed nuclei, the situation is different: the slope of the transfer function
in the subbarrier region is close to that for one-neutron transfer, but simple
energy arguments predict that it should be twice as large (33-35, 40, 43).
This "slope anomaly" in deformed nuclei must be addressed before we
can discuss enhancement in these systems.

Isolation of the states with different intrinsic structure turns out to be
the key to understand the slope anomaly (5). As seen in Figures 11 and
13, the members of the ground-state band are partially separated from
states with excited two-quasi-particle configurations in the two-neutron
transfer channel for the system t62Dy q- I I 6Sn" Figure 19 shows the transfer
functions for the population with excitation energy less than 1.2 MeV, that
for the population with excitation energy greater than 1.2 MeV, and the
total. In contrast to the population of higher excitation energy, where the
transfer function follows an exponential decay with a slope (~ ~ 1.0)
approaching the expected value (~ 1,2), the transfer function for the popu-
lation of the low-lying states exhibits an oscillating structure. This oscil-
lating structure is well reproduced by a recent calculation (4) in which the
transfer of a neutron-pair with relative angular momentum 0, 2, and 4 is
included in the calculation (see Section 2.5). In the semiclassical picture,
this is related to the interference between scattering amplitudes from two
different orientations of deformed nuclei that lead to the same final spin,
which was predicted earlier by Guidry et al (44). The observation of this
interference phenomenon may indicate that the particle-particle cor-
relations are such that the transfer of two particles to the ground band
does not destroy the phase information carried by the deformed rotor.
The 2°8pb(64Ni,62Ni)21°Pb two-neutron transfer reaction (45), which 
a highly negative Qgg leading to population of only low-lying states, also
exhibits a slope anomaly.

The strong coupling between the members of the ground-state band in
the inelastic excitation for heavy-ion collisions involving deformed nuclei
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162Dy (~lSSn’ ~leSn)

I0-~

~x (X51

-

IO-~

1.4 I..5 1.6 1.7 do(fro)

I ~ ~ ~ ~lab60 55 50 45

Fiyure ]9 The probability for two-neutron transfer to states with an excitation energy
below 1.2 MeV (see Figure 13) (open circles), above 1.2 MeV (filled circles), and the sum of
these two (squares) for the reaction 162Dyq- ~6Sn at E~b = 637 MeV. The dashed and solid
lines are the best fits to the data respectively for the total and for the states with higher
excitation energy ( > 1.2 MeV). The undulating solid curve is the summed probability of 4+,

6+, and 8+ states from the calculation of Rcf. 4.

imposes great difficulty in defining a simple enhancement factor for pair
transfer. Indeed, the idea of a simple average enhancement factor is prob-
ably a qualitative concept, at best, for such systems. The quantitative
information about correlations in these cases must be extracted from a
comparison of data with sophisticated calculations. It can be argued that
the transfer strength to the ground-state band in deformed nuclei is repre-
sentative of that to the ground state in spherical nuclei, i.e. a group of
states are involved in determining the enhancement. The enhancement
factor cannot yet be quantitatively estimated because of the difficulty of
determining P~, either experimentally or theoretically for deformed nuclei.
However, there is an interesting feature of the data shown in Figure
19: whereas the ground-state band population is only 10% of that for
populating two-quasi-particle states for do < 1.5 fm, the ground band and
two-quasi-particle bands are populated roughly equally at do ~ 1.6 fm.
That is, the relative importance of the ground-state band population
increases markedly at large separation distance. Furthermore, at do ~ 1.6
fm the ground-band population is comparable to that for the P~(0+ -~ 0+)

in Sn + Sn shown in Figure 18. These data suggest that the two-neutron
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transfer to the ground band is appreciably enhanced at large separation
in these collisions.

4.2 Proton Transfer

Before discussing the results for proton transfer, some general remarks are
necessary to emphasize the similarities and differences between neutron
and proton transfer.

The proton bound states in the asymptotic region (outside of the nucleus)
have for the same binding energy a steeper decay of the wave function
because of the presence of the Coulomb interaction. Thus for the same
internuclear distance (overlap of densities) the probability of transferring
a proton is typically a factor 3-5 smaller. The same conclusion is drawn
from the inspection of the two-center potentials shown in Figure 20 and
discussed below. However, the transfer probabilities for neutrons and
protons reach equal magnitudes for overlap configurations that show the
same geometry of the interior barrier. It was found that Pt(lp) ~ Pt(ln) 
0.1 for overlap parameter do(lp) ~ 1.4 fm and do(ln) ~ 1.55 fm (47).

Studies of multiproton transfer are only possible if the Q values are
matched so as to obtain sizable cross sections for one- and two-pair
transfer. Such studies have been done for spherical nuclei having closed
neutron shells (47, 48) and open proton shells, where enhancements for
transitions between pairing rotational bands of protons can be expected.
One example is discussed here.

In the system 144Sm+88Sr at energies below the Coulomb barrier
[E = 4.70 MeV/nucleon, with smallest do at do(180°) = 1.39 fro], the trans-
fer of up to four protons has been observed (14, 47). The measurement
was performed with the magnetic spectrometer at the UNILAC of GSI
by detecting recoil events of target-like products at small angles. Complete
particle identification was achieved. Almost the same energy width is
observed for one- and two-proton transfer, whereas an increasing overall
energy loss up to about 20 MeV is observed for further transfer steps (14).
This energy loss is most likely associated with the excitation of neutron
configurations, because neutron exchange can occur unhindered as a result
of the low interior barrier. In Figure 21 we show the experimental transfer
functions for one- up to four-proton transfer. An increasing slope of the
functions is observed, as predicted for cold multinucleon transfer. In the
present case, however, the individual one-proton transfer steps are not
equal because of the changing Coulomb interaction and Q value for each
transfer step.

Inspecting Figure 21, we find that the pair transfer is enhanced by a
factor of 9 compared with the square of the one-proton transfer, and the
enhancement is kept in the second pair (four-proton transfer); the latter 
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Figure 20 Two-center potentials for neutrons (one neutron) and protons (a proton pair)
for the system ~44Sm+ 8SSr at the same internuclear distance. The level of the least bound
nucleon (or nucleon pair) is indicated by dotted lines.
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0 X % ~ ~ ~
~ ~ +1p-Transfer~

x~ ~ ~ ~. +2p

I/ ¯ +3p
(+2p)~~ 5~ ¯

e~Sm~2 + 3~Srs° rX TII’~. P’

1.30 1.34 1.38 1.~2 1.{8 1.50

d0 / fm

~ig~r~ 2] Measured transfer probabilities for one up to four protons in the system
~"4Sm + ~Sr, as a £unction o£ the overlap parameter ~o. ~o~c the stron~ odd-even sta~crin~
~ndicatcd b~ the o~e~ ~rrows. The ~she~c~r~es arc fitted exponentials showin~ the incrcasin~
slopes. Erom ~c~. 14.

rather well reproduced in magnitude and slope by the square of the two-
proton transfer function. Reducing the measured cross sections to the
equivalent of a single transition by estimating the phase space for one- and
two-proton transfers gives a final enhancement of about 500, as in the case
of Sn isotopes. We therefore can call this transfer of multiple pairs a

supercurrent between the two superfluid configurations in 88Sr and ]44Sm.
Cold multiple proton pair transfer has also been observed in even heavier
systems such as 144Sm+ 2°8pb (48).

An important aspect already discussed in the context of pair transfer is
the two-center potential configuration for the bound nucleons and Cooper
pairs. For the protons the Coulomb interaction creates an interior barrier,
which persists to smaller overlap distances than for neutrons. Figure 20
shows the situation for proton pairs as well as for neutrons in the
88Srq- ]44Sm system, for a distance corresponding to a do value of 1.47 fro.
The interior barrier is still higher than the level of the macroscopic proton
pair states, and cold transfer requires tunneling between the two potential
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wells. In contrast, the interior barrier has vanished for neutrons. This point
is further discussed in the next section.

4.3 Multiple-Pair Transfer and Aspects of the Nuclear

Josephson Effect

The possibility of bringing the superfluid nuclei into contact and observing
phenomena related to the Josephson effect has stirred the imagination of
many authors (8-11). Two aspects of such contact between two superfluid
nuclei are discussed here. The first is the case of strong coupling where
multiple exchange of pairs can be anticipated with sizable probability. This
situation has been explicitly discussed by Hara (49) and Dietrich (50).

The predictions in this work have been tested for neutron transfer in
~2Snq-~2°Sn (12). The main limitations for realistic systems come from
the absorption into deeply inelastic collisions, once the interior barrier for
neutrons and neutron pairs has vanished. In the present case, a probability
of 0.5 for pair transfer is reached at a distance corresponding to do -- 1.40
fm. At this distance the absorption probability is 90%; a flux oscillation
is thus difficult to observe. In a coupled-channel calculation using the
experimentally observed pair transfer strength to represent one transition,
a flux oscillation of 30-50% because of multiple (two) pair transfer back
to the elastic channel can be predicted for ~ 2Sn + ~2°Sn at a higher energy
than that of the case presented, EL = 590 MeV. This is illustrated in Figure
22, where coupled-channel calculations for two channels (the elastic and
the two-neutron transfer) are shown for various energies.

This effect could be increased and observed at lower energy if the binding
energy of the neutron pairs was decreased to 10 MeV. Such possibilities
could be created using the most neutron-rich isotope (~ :~4Sn) as the target
and a possible radioactive beam of ~3°Sn, for which an overall increase of
the pair transfer probability by a factor of 3-5 relative to the ~ 2Sn + ~2°Sn
case can be expected.

Multiple-neutron pair transfer has also been discussed in the weak
coupling limit Pt(1 pair) ~ 0.1 using the macroscopic form factor approach
(51). In this approach the simultaneous transfer of two pairs is a feature
whose amplitude depends on the gauge phase. More conspicuous may be
the influence of the Coulomb potential on the gauge phase, which can
occur for proton pair transfer.

This second aspect of the nuclear Josephson effect connected to the
gauge phase coupling occurs if two superconductors are brought into
contact with a definite potential difference. This can be illustrated best in
the context of proton pair transfer. We already discussed the matching
condition for scattering orbits for the Q value. Each bound state is influ-
enced by the Coulomb interaction, with the other center giving rise to an
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Two neutron transfer
I2OSn+ 11ZSn

112Sn{12°Sn,11s Sn)11~ Sn 0,=0
~EL=576MeV I =2
---EL=58~HeV

transfer
o=o.~ /;

/

¯ Dota points 576MeV
I/~.8 HeV/u)

elastic

\

\

100 120 Iz, O 160

Figure 22 Data and coupled-channel calculations for the elastic and two-neutron transfer
channel in the system 112Sn + ~ ~0Sn" Curves for the transfer coupling/~ = 0.4 are shown in
both panels; on the left (lower energy) are also shown dashed curves for/3 = 1.5. The latter
exhibit a classical flux oscillation.

180

effective binding energy E~~r= Ei÷~cZb/R. An effective Q value is thus
obtained, Q~n-(R) = (E~ + Z~Z~/R) - (Er+ ZoZA/R) = Q + for t he pro-
cess a + A ~ b + B, with a = b ÷ c, where c refers to the transferred particle.
This Q value depends on the internuclear distance R, and the matching
condition is simply Q~fr = 0. The situation is illustrated for S8Sr+ ~44Sm in
Figures 20 and 23, where the shifted and unshifted position of the bound
levels are indicated and the final value of Q~n is shown.

For Q~fr = 0 (the matching condition also for the scattering states) 
have a situation corresponding to a direct-current Josephson junction,
where the potential difference A V across the barrier is represented by
A V = Q~fr = 0. For a finite Q~r a situation corresponding to an alternating-
current Josephson junction is obtained. Neither situation is stationary
because the chemical potential will change as a function of pair number.
Thus a coupled equation is obtained, which has been discussed for nuclear
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Figure 23

323

Z~=60
Z2=38

Effective Binding Energies for a Proton Pair
Illustration of the geometry of a nuclear Josephson junction (see also Figure 20).

The difference in effective binding energies of the two macroscopic pairing states, each bound
in its potential, represents the potential difference A V = Qo~ across the interior barrier. The
height of the latter depends on the internuclear distance.

collisions by Kleber & Schmidt (52) and for cold fission by Gaudin (53).
Observing various effects in this weak coupling limit may be difficult
because of the short time interval in which the nuclei interact. The main
features of the nuclear Josephson junction that will be observable (or have
been observed) are the supercurrent of pairs in one direction or the multiple
exchange of pairs in the strong coupling limit.

5, FUTURE DEVELOPMENTS

The unique features of heavy-ion-induced transfer reactions have the
potential to add a new dimension to the study of nuclear structure. Unfor-
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tunately, the considerable experimental and theoretical difficulties associ-
ated with such studies have delayed exploiting this technique. Recent
results described in this paper point the way to exciting research oppor-
tunities in this field.

Two promising and complementary experimental techniques are being
developed. The first is a particle spectroscopy method, which involves
detecting both exit particles, in kinematic coincidence, with high energy
and mass resolution using a magnetic spectrometer. This method has the
potential of attaining an energy resolution below 1 MeV for heavy ions
and, by identifying both products, will allow the measurements to be
extended much further into the sub-Coulomb region without significant
difficulty from target and beam contaminants. The second experimental
technique exploits the Gammasphere 4~ array (36), consisting of 110 high-
efficiency Compton-suppressed Ge detectors, which will give more than
an order-of-magnitude increase in particle-), coincidence rate compared
with the present generation of experiments, plus total energy and ),-multi-
plicity information. However, it is the increase (two orders of magnitude)
in particle-),-), triple coincidence rate and the ability to perform even higher-
fold coincidence experiments that will open new frontiers. These advances
will allow simultaneous identification of both reaction products, or at least
greatly improve the sensitivity for studying ),-ray spectroscopy in one of
the product nuclei. The important discoveries in traditional high-spin ),-
ray spectroscopy are a direct consequence of the improved sensitivity
provided by observation of ),-ray coincidences, and similar advances can
be anticipated when applied to transfer reactions.

The theoretical calculation of heavy-ion transfer reactions is a for-
midable task because of the many strongly coupled channels involved.
Advances in computers already make it feasible to perform simplified
calculations using either coupled-channel calculations or the elegant and
economical semiclassical approaches. The accelerating pace of computer
developments may lead in the near future to more realistic and complete
reaction calculations, as well as to model calculations of spectroscopic
amplitudes, etc. Such calculations are sorely needed to interpret experi-
mental data presently available; they will be indispensable for interpreting
data from the next generation of experiments.

There are many applications of heavy-ion transfer reactions to nuclear
spectroscopy. One obvious possibility is to exploit the features of these
reactions selectively to populate states with spin greater than 30 that are
not readily populated by other reactions. This will allow ),-ray spectroscopy
studies with high-efficiency detector arrays like Gammasphere. Heavy-ion
transfer reactions permit the study of more neutron-rich nuclei than do
fusion evaporation reactions, and the y-ray spectra are less complicated
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because of the final-state selectivity. In contrast to fusion evaporation
reactions, well-matched heavy-ion transfer selectively populates states in
the yrast domain and thereby suppresses the fission decay channel. This
opens the opportunity of studying the spectroscopy of actinide as well as
rare earth nuclei. Selective population of maximally aligned two-quasi-
particle configurations by transfer reactions also has interesting spec-
troscopic applications. These reactions have the potential to probe, in a
controlled way, nuclear structure and the damping of rotational motion
(54) at nearly zero temperature through study of the quasi-continuum 
rays.

Heavy-ion transfer reactions will be exploited to probe, in a direct and
sensitive way, single-particle structure and its interplay with collective
degrees of freedom. It should be possible to study the localization of the
spatial distribution of Nilsson orbits (44), as well as the importance 
Coriolis effects on these orbits. Another potential application is to the
identification of high-j orbits in actinide nuclei (55), which are of con-
siderable interest in the predicted stability of superheavy nuclei. Finally,
we note that the possibility of using highly neutron-rich nuclei from a
radioactive beam facility could greatly expand the scope of the experiments
discussed here, and would provide opportunities to study the spectroscopy
of neutron-rich nuclei as well as the transfer reactions.

The importance of pair and multinucleon transfer reactions for studying
correlations in nuclei has been emphasized in this paper. Studies to date
are only a prelude to the exciting physics that should be accessible to the
next generation of detectors. Studies of analogs of solid-state pairing
phenomena in such reactions could provide a substantial advance in the
understanding of pairing phenomena in the many-body quantal systems
of interest in both nuclear and condensed-matter physics.
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