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Abstract. Cold 2n transfer has been studied using the reaction 2Dy (*'°Sn,''¥Sn)'®°Dy at energies in
the vicinity of the Coulomb barrier. The experiment was performed at the Heidelberg-Darmstadt Crystal
Ball spectrometer which was extended by 6 Compton suppressed Ge-detectors. It is demonstrated, that
the direct population of intrinsically cold states in the deformed '%°Dy transfer product can be selected by
identifying and suppressing excitations to states above the yrast line using the Crystal Ball. The probability
for populating yrast states in the deformed %°Dy nuclei in a 2n transfer reaction increases from 7 % at
grazing collisions up to = 50 % at large impact parameters, while the probability for populating the ground
state in the spherical 2n transfer product '®¥Sn stays about constant at ~ 45 % for all measured impact

parameters.

PACS. 25.70.Cd Elastic and quasielastic scattering and transfer

1 Introduction

Enhanced correlated transfer of nucleon pairs in grazing
collisions of two superfluid heavy nuclei has been exten-
sively studied in recent years [1-5]. This so-called pairing
enhancement, proposed in the early 70’s by Dietrich et al.
[6], is expected to occur between nuclei that exhibit strong
pairing correlations. Ideal candidates for studying neutron
pairing are the stable even-even mid-shell Sn nuclei. When
investigating 2n transfer reactions between these spheri-
cal nuclei, an enhancement factor of 102 — 103 relative to
DWBA values was observed for the transfer between the
ground states of even Sn nuclei 0F,0" — 07,07 [4,7],
which is in agreement with transfer calculations including
pairing [8].

Extending the correlated pair transfer investigations to
deformed nuclei, one should be able to study the modifi-
cations of the pairing correlations due to deformation and
rotation. For heavy spherical nuclei impinging on well de-
formed nuclei, like 'Sn —162Dy, Coulomb excitation of
the members of the rotational band built on the ground
state of the deformed nucleus, which form the yrast se-
quence of these nuclei up to spins around 167, will al-
ways accompany the reaction. Since the Coulomb force
is of long range while the nucleon transfer peaks around
the turning point of the quasi-elastic scattering trajectory,
the transfer takes place when the deformed nucleus has
already acquired a certain rotational angular momentum.
Calculations [9,10] show, that for well deformed nuclei
the angular momentum near the turning point is rather
well defined within a few h and can be shifted up and
down by choosing an appropriate kinematic of the quasi-

elastic scattered ions. Thus, by measuring the correlated
2n pair transfer leading to yrast states in the deformed
transfer product 1°Dy (cold transfer) under various kine-
matic conditions, it should be possible to gain informa-
tion about the pairing correlations as a function of rota-
tional frequency and their quenching caused by the Corio-
lis force. Furthermore, due to the nuclear deformation an
increasing influence of transfer multipolarities other than
L = 0 is expected, resulting in distinct modifications of
the 2n transfer cross sections for individual yrast states of
the deformed nucleus [11]. Experimental evidence for such
modifications has been claimed in different scattering sys-
tems using 2C [12,13] or 16Sn projectiles [14] impinging
on well deformed rare earth nuclei.

In scattering systems involving deformed nuclei, how-
ever, uncorrelated transfer to high lying quasiparticle
states (hot transfer) is the dominating process. In order
to study the 2n transfer leading from the yrast states of
the initial nucleus to the yrast states of the transfer prod-
uct one therefore has to have a sensitive method to dis-
tinguish cold and hot transfer events. As this is a criti-
cal prerequisite for any further studies concerning corre-
lated pair transfer involving deformed nuclei, the main aim
of the present investigation was to demonstrate a tech-
nique for selecting cold transfer events in reactions like
162y (116G 118G ) 160y,

To be more precise, the events we would like to select
are — in analogy to the 0%,0" — 0T,0" transfer stud-
ies between spherical nuclei mentioned above — the 2n
transfer leading from an yrast state of the initial deformed
nucleus A to an yrast state of the final deformed nucleus
A +£ 2 (see Fig. 1) with the initial and final spherical col-
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Fig. 1. On the definition and selection of cold 2n transfer
events. Coulomb excitation takes place before and after the
transfer process

lision partner B and B F 2 remaining in their respective
0" ground states. Due to the Coulomb excitation taking
place before the transfer process, however, not only the
ground state (yrast-) band of A is excited but also collec-
tive surface vibrations built on the ground state of A as
well as of B. Although the ground state band excitations
will dominate, the contributions from vibrational excita-
tions cannot be disregarded in these transfer studies. On
the other hand, as long as one is primarily interested in
investigating the pairing correlations as a function of rota-
tion and deformation, we may as well extend our selection
criteria for cold transfer events by allowing for collective
surface vibrations in the initial and final channels, as these
excitations are expected to preserve the pairing correla-
tions of the corresponding ground states. For the collision
system studied in the present investigation cold transfer
events may thus involve the first excited 2] states in the
spherical Sn nuclei as well as the v-bands in the deformed
Dy-isotopes.

To shed more light on the cold transfer process in
heavy collision systems involving deformed nuclei we will
also be interested in transfer processes where one of the
reaction products stays in its ground state or ground state
band, respectively, while the excitation of the other prod-
uct is disregarded. In the following we will refer to these
classes of events as semi-cold transfer events to distinguish
them from the (true) cold transfer events defined above.

Before and after the transfer process the selection cri-
teria for cold transfer events are guaranteed by the selec-
tivity of the Coulomb excitation process. For an event by
event decision whether a cold or hot 2n transfer has taken
place, however, one has to resolve the final states. Par-
ticle spectrometers are not suited because of their small
solid angle and because they only allow to determine the
total excitation energy with insufficient resolution. Even
with an optimal @ value resolution of 1.5 MeV [5], one
can only measure averages over many final states. Essen-
tial tools to overcome these restrictions are highly efficient
47 ~-ray arrays, which allow to determine the individual
~-transition energies as well as the total excitation energy
(via the y-sum energy) and spin I (via the y-ray multi-
plicity) on an event by event basis. As one cannot trigger
on cold transfer by gating on individual ~-rays (see also
Fig. 1), the strategy is to suppress hot transfer, which asks
for an as high as possible total v-efficiency of the array to
optimize its suppression function.

The selection methods developed in the present inves-
tigation are used to determine the fraction of cold transfer
events, and to study the semi-cold transfer as a function
of the impact parameter.

2 Experimental method
2.1 Experimental details

The experiment was performed by bombarding an
850 pg/cm? target highly enriched to 97.5 % in 62Dy
with '6Sn projectiles provided by the heavy ion accel-
erator facility at the MPI fiir Kernphysik in Heidelberg.
The isotopic contamination of '°Dy in the 62Dy tar-
get was measured to be only =~ 1.5 - 10~2. This allows
to estimate contributions from the Coulomb excitation of
the contaminating '°°Dy, which cannot be distinguished
from the cold 2n pickup transfer. The 2n pickup chan-
nel 102Dy (116Sn,118Sn)1%0Dy, which has a Qg , value of
+1.6 MeV, was studied at two beam energies of 609 MeV
and 639 MeV slightly above the Coulomb barrier. In ad-
dition, a calibration run at a ’safe’ energy of 509 MeV
was carried out, where only Coulomb excitation can take
place.

Deexciting v-rays were measured with the Heidelberg-
Darmstadt Crystal Ball [15] consisting of 162 individ-
ual Nal-modules, that offers a unique possibility to ef-
fectively suppress hot processes and thereby to select cold
events due to its high efficiency and 47 geometry (gq01 &
95 %). In order to identify the reaction channels by char-
acteristic  transitions, 6 Nal-modules were replaced by
high resolution Ge-detectors with active Compton sup-
pression, adding up to a total Ge-photopeak efficiency
of epn(Ey, = 1 MeV) ~ 0.1 %. A system of 6 paral-
lel plate avalanche counters (PPAC), covering an angular
region in the forward hemisphere of 30° < t,, < 85°
and 0° < @ < 360° was used to detect target-like
and projectile-like nuclei in kinematic coincidences with
an angular resolution of 2° and 3° respectively for ¥,y
and @, Therefore, the PPAC array allows to reconstruct
Rutherford-like trajectories assumed for quasi-elastic col-
lisions in the center of mass angular region from 6 = 60°
to 120° and to correct for the Doppler shift of the v-rays.
Particle-vy coincidence data, demanding at least one ~y-ray
to be detected in a Ge-detector, were taken as well as
scaled down particle singles.

The ¥-v—correlation and the time-of-flight information
of both scattered particles were used to distinguish be-
tween projectile-like and target-like reaction products. As
deep-inelastic reactions with a total transfered energy of
E* > 50 MeV and a transfered mass of Am > 4 amu
change the Rutherford trajectory in a traceable way, the
PPAC information allows in addition for a coarse dis-
tinction between quasi-elastic and deep-inelastic reactions.
The final selection of quasi-elastic reactions is done with
the Crystal Ball by demanding that (i) the measured ~-
sum energy is smaller than 10 MeV, (ii) the y-multiplicity
is smaller than 12 and (iii) all Nal-detectors have only
prompt time signals, thereby discriminating neutrons from
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Fig. 2. Doppler corrected Ge-spectra, assuming «y-ray emission from target-like (left panel) or projectile-like nuclei (right panel)
at safe distances of 6.5 fm < A < 7.5 fm (upper spectra) and at reaction distances of 2.3 fm < A < 3.8 fm (lower spectra)

~-rays via their different time of flight. From the symmetry
of the Crystal Ball time spectra after applying condition
(i) and (ii) one can conclude, that together with cut (iii)
contributions of events accompanied by neutron evapora-
tion can be kept below 5 % even for the smallest impact
parameters.

To quantify the distance of the surfaces of the two col-
liding nuclei at the turning point, we shall use in the fol-
lowing a generalized surface distance A(fem) [16] defined

by
A(bem) = D(0cm) — (C1 + Cs). (1)

D(0cr) is the distance of closest approach between the
centroids of the two colliding nuclei as a function of the
scattering angle 6., and C; are the radii of the diffuse
Fermi mass distribution of the two colliding nuclei with

(2)
(3)

Since the surface diffuseness of nuclear mass distributions
is almost constant for heavy nuclei, the surface distance
A is to a great extend independent of the mass of the two
nuclei and therefore an appropriate measure of the nuclear
overlap. Distances of A > 6.5 fm are generally regarded
as ’safe’ distances [16], where nuclear contributions to ex-
citation probabilities are less than a few percent. With
decreasing distance, the nuclear overlap increases and nu-
cleons start to be exchanged. The region 2.3 fm < A <

R; = 1.284}"% —0.76 + 0.784; /% [fm].

and

3.8 fm, which corresponds to grazing collisions leading to
the maximum of the transfer cross section, will be called
below the 'reaction distance’ region.

The possibility of selecting the kinematics via the
PPAC array and thereby the possibility to vary the nuclear
overlap is nicely visible in Fig. 2, which shows Ge-spectra
for quasi-elastic events at safe distances (upper spectra)
and at reaction distances (lower spectra). The Doppler
correction of the measured v-rays is performed assum-
ing that the ~-rays are emitted either by the target-like
Dy (target emission’) or projectile-like Sn nuclei ("projec-
tile emission’). The spectra corrected for projectile emis-
sion were not incremented, if the measured energy — af-
ter Doppler correction assuming target emission — cor-
responded to an yrast transition in '%2Dy. Thus, wrongly
corrected yrast transitions in 92Dy, which would lead to
broad lines dominating the projectile-corrected spectra at
low energies are avoided. At safe distances only transi-
tions in the Coulomb excited 92Dy and ''®Sn nuclei are
visible in Fig. 2. In the target-corrected Ge-spectrum the
yrast transitions of %Dy up to 16; — 14 can be iden-
tified, whereas in the projectile-corrected spectrum the
lowest transitions in 16Sn are visible. At reaction dis-
tances, in addition, transitions of the transfer products of
the 2n (1°Dy and ''8Sn) and 1n pickup channel (161Dy
and '17Sn) can be observed. The stripping as well as other
transfer channels are strongly suppressed because of their
unfavorable negative Q)44 values of —3 MeV and below.
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Fig. 3. v-sum energy vs. y-multiplicity (left panel) and the
'yrast projections’ (right panel, see text) for the Coulomb ex-
citation channel at safe distances 6.5 fm < A < 7.5 fm (top), at
reaction distances 2.3 fm < A < 3.8 fm (middle), and for the
2n transfer channel at reaction distances (bottom). All y-rays
are Doppler corrected assuming target emission. The shaded
projections are obtained if events are selected where no ~y-ray
with E, > 720 keV was observed (see also text)

2.2 Selection of cold events

The left panels of Fig. 3 show for different event types
the correlations of the y-sum energy Fg,, (assuming tar-
get emission) versus the y-multiplicity N, of the ~y-rays
detected in the Crystal Ball and the Ge-detectors. All
prompt v-rays were considered in an event with one possi-
ble exception: A y-ray corresponding to the 27 — 0% yrast
transition in 1'6Sn (1.294 MeV) or 18Sn (1.230 MeV)
after Doppler correction for projectile emission is disre-
garded and taken out of the event. These transitions are
therefore not included in the spectra shown in Fig. 3 and
are not subjected to later energy cuts. This procedure al-
lows to retain events where the first excited 27 state in
the Sn-like nuclei has been excited. The Coulomb excita-
tion and the 2n pickup channel were selected by gating
on the 45 — 27 or 6f — 4} transition in '?Dy and
160Dy, respectively, detected in one of the Ge-detectors.
The upper and the middle spectrum correspond to the
Coulomb excitation channel at safe distances and at reac-
tion distances, respectively. As expected from the increas-
ing interaction strength at smaller surface distances, the
population of higher yrast states as well as the increased
population of states above the yrast line Evy, is clearly
visible in Fig. 3. The bottom spectrum corresponds to the
2n pickup channel at reaction distances. The yrast line for
160Dy indicated in this spectrum was obtained from a cor-
responding Coulomb excitation measurement on a 59Dy

target. While a large fraction of the population in the
Coulomb excitation channel leads directly to yrast states,
it is obvious that the 2n pickup channel mainly populates
states with energies 2 — 3 MeV above the yrast line, with
an increasing tendency for increasing spins, i.e. most of
the observed 2n transfer is hot. The population above the
yrast line is illustrated in a more quantitative way on the
right hand side of Fig. 3 which displays the projection of
the Egym vs. N, plane along lines of constant energy above
the yrast line ("yrast projection’).

In order to select cold events on an event by event ba-
sis, we make use of the fact that a direct population of
an yrast state in the Dy-like nucleus is followed only by
yrast transitions with energies below = 700 keV for all
conceivable yrast states (I < 18). Therefore an event is
assumed to be cold if no energy signal with E, > 720 keV
was detected (neither in the Crystal Ball nor in the Ge-
detectors). Moreover, events involving excited levels in the
Sn nuclei other than the first excited 2] state (the corre-
sponding 21+ — 0% decay being taken out of the event)
are equally well suppressed by this energy cut. The ef-
fect of this E, < 720 keV condition is shown in Fig. 3
by the dashed histograms in the ’yrast projections’. The
remaining symmetric peaks around zero indicate that this
cut selects indeed events in which the yrast sequences in
the Dy nuclei have been directly populated. It is moreover
obvious from Fig. 3 that this selection method, which is
based on the detection of individual -rays, is more effec-
tive than a cut along the yrast line in the Egym vs. IV,
plane, the latter criterion being unable to suppress events
accidentally lying on the yrast line due to undetected ~-
rays.

The fraction of events, where no E, > 720 keV ~-
ray was detected, decreases for Coulomb excitation events
from (78 +2) % at safe distances to (44+1) % at reaction
distances and drops to (8 £ 2) % for 2n pickup events,
the large error of the last value being due to the statistics
of the 199Dy gating transitions in the Ge-spectrum. Espe-
cially in the 2n pickup channel, however, part of the se-
lected events may be still due to hot events because of the
finite v-detection efficiency of the setup. To estimate this
contribution we have to consider the efficiency for detect-
ing an E, > 720 keV ~v-ray (¢(E, > 720 keV) = 0.7) and
the observed multiplicity distribution for E, > 720 keV ~-
rays. For the 2n pickup channel at reaction distances, the
average observed multiplicity is N,(E, > 720 keV) ~ 2
with tails up to Ny(E, > 720 keV) = 5. Taking this into
account the fraction of true cold 2n pickup events, i.e. of
events where both reaction partners remain cold, reduces
to only (3 +2) %. For the Coulomb excitation channel,
this correction is less dramatic and the fractions reduce
from 78 % to 74 % and from 44 % to 38 % at safe and
reaction distances, respectively.

In contrast to the Sn nuclei, where we explicitly allow
for the population of the first 2 vibrational states in the
selection cut for cold events, events leading to a population
of the ~-vibrational bands in the Dy nuclei, which decay
to the yrast band by emitting y-rays in the energy region
between 0.7 MeV to 1.2 MeV are also suppressed by the
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E, < 720 keV condition. Unfortunately this cannot be
avoided because by increasing the energy cut to 1.2 MeV
the suppression power for the dominating hot events in
the 2n pickup channel at reaction distances is significantly
spoiled; in fact, by requiring £, > 1.2 MeV, the selected
‘cold’ events were found to increase by a factor of two
whereas only an increase of about 30 % is expected.

The fraction of only 3 % of cold 2n pickup events as
compared to the total 2n pickups at surface distances of
2.3 fm < A < 3.8 fm is surprisingly small. It underlines
the need for a very selective and efficient method if one
is aiming at a detailed investigation of cold 2n transfer
events involving deformed nuclei. The method proposed
in the present chapter seems to be able to meet these
requirements provided the efficiency of the Ge-part can
be considerably increased without spoiling the overall ~-
efficiency of the setup. Due to our limited Ge-efficiency
in the present experiment, we were not able to investi-
gate these cold 2n transfer events in more detail. To get
nevertheless more insight into the transfer process involv-
ing heavy and deformed collision partners, we shall select
and discuss below semi-cold transfer events, which were
defined in Sect. 1.

2.3 Selection of semi-cold events

To determine the number of events, where the ground
state band in Dy was directly populated, disregarding
the excitation of 1'¥Sn (semi-cold Dy transfer events), we
exploited the effect of the Doppler transformation on the
~v-angular distribution to deduce the relative percentage
of the y-rays with £, > 720 keV which are emitted by the
target- or projectile-like nucleus.

This so-called Doppler asymmetry analysis can be
nicely demonstrated using the 2} — 0% transition in the
Coulomb excited 116Sn. In a laboratory system where the
z-axis coincides with the recoil direction of the projectile-
like nucleus (projectile lab. system), the angular dis-
tribution of this ~-transition is distorted due to the
Lorentz transformation of the solid angle inyab =1+
23, cos ¥P) AL, Here, 3, denotes the velocity of the
recoiling projectile-like nuclei and 9% the polar angle of

Fig. 4. Angular distribution W (¥¢,) and Doppler asym-
metry V(d,) of the 27 — 0T transition in ''®Sn, anal-
ysed in the target and projectile lab. system, respectively

the emitted ~-rays in the projectile lab. system. This dis-
tortion results in an asymmetry Vp(ﬁg) with respect to
¥ = 90° of the polar angular distribution WP (%), which
can be quantified by the so-called Doppler asymmetry pa-
rameter AP:

WP(0R) — WP(180° — 9P)
WP () + WP(180° — ob)

VP(95) = AP cos I = (4)
In case of the 2 — 0F transition of 11°Sn, the Doppler
asymmetry parameter in the projectile lab. system is sim-
ply given by AP = 23,. The open circles in Fig. 4 present
the polar angular distribution function Wp(ﬁg) of the
2{ — 07 transition and the Doppler asymmetry VP (JP)
for events taken at Ej,, = 639 MeV and at A = 3.3 fm,
i.e. for B, = 0.074. From the measured values an asym-
metry parameter of AP = 0.15 4 0.01 has been extracted,
which is in excellent agreement with the expected value of
AP = 0.148. Considering the same y-transition in a labo-
ratory system, where the z-axis coincides with the recoil
direction of the target-like nucleus (target lab. system), i.
e. analysing

t (49t t b
o W) — WH(180° — 97
TOWE(9E) + WE(180° — 99t

vt (ﬁfy) = At cosd (5)

only a very small Doppler asymmetry is expected, since
the angle between the z-axis of the target and projectile
system, (pt, is close to 90° due to the rather symmetric
scattering system. The filled circles in Fig. 4 represent
the angular distribution W*(¥",) and Doppler asymmetry

VE(9h) of the 2] — 0T transition of '*5Sn when analysed
in the target lab. system, where a pronounced E2 angular
distribution but no asymmetry with respect to 19?y = 90°
is visible. The extracted Doppler asymmetry parameter is
A* = —0.003 £ 0.011, in reasonable agreement with the
expectation of A* = 20, cos (,x = —0.025 for (py = 100°.
In the general case, where the observed v-rays are ei-
ther emitted from the projectile-like (fraction A, average
velocity ;) or from the target-like reaction product (frac-
tion (1 — \), average velocity f3;), the Doppler asymmetry
parameters AP and A® defined by (4) and (5) are expected
to be given by (assuming that the projectile- and target-
like nuclei emit their «-rays on the average isotropically
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Fig. 5. Angular distribution W (¥¢,) and Doppler asym-
metry V(0J,) of all E, > 720 keV 7-rays in the 2n pickup
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in the respective rest systems, see [17] for more details):

AP = 2(ABp + (1 — )G, cos Cpt) (6)
A" =2((1 = N) B + ABp cos Cpt)- (7)

Figure 5 displays the W (¢,) and V (¢,) distributions for
v-rays with E, > 720 keV connected with the 2n transfer
channel leading to %°Dy and ''¥Sn at reaction distances
2.3 fm < A < 3.8 fm. Note that the 8Sn(2] — 07)
transitions have again been taken out of the events and
thus do not contribute to W (¢,) or V(d,). Fitting the
two Doppler asymmetries VP(92) and V(%) by V (9,) =
Acos?, (Fig. 5, right panel) and using (6) and (7) to-
gether with 8, = 0.070, 8, = 0.071 and (¢, = 101°, we
find consistently in both coordinate systems that on the
average A = (28 £7) % of the remaining E, > 720 keV
y-rays are emitted by 1¥Sn. Up to a distance of A ~ 6 fm
no significant change of this fraction has been observed.

Using A = 0.28 + 0.07 and assuming the emission
of £, > 720 keV ~-rays from the projectile and target
like nuclei to be independent, the fraction of semi-cold 2n
transfer events leading to yrast states in 50Dy regardless
of the excitation of 18Sn are found to be (7 £ 3) % at
reaction distances (2.3 fm < A < 3.8 fm).

The reliability of the Doppler asymmetry procedure
was tested by applying it also to the Coulomb excitation
channel, where the fraction A of £, > 720 keV ~-rays
emitted by the projectile can be alternatively determined
by measuring the individual non-yrast transitions in the
Ge-detectors. This spectroscopic method can be used in
Coulomb excitation, as the non-yrast yield is focussed in
well known states which are coupled to the ground state
in ''6Sn or to the ground state band in 62Dy by large
E2 or E3 matrix elements. Applying both methods to the
Coulomb excitation channel, the fraction A was found to
be independent of the surface distance A and the average
fraction of A = (69 & 5) % extracted with the Doppler
asymmetry method was found to be in good agreement
with the average fraction of A = (65+5) % obtained using
the spectroscopic method.

In order to estimate the counterpart to the semi-cold
Dy transfer, namely the semi-cold Sn transfer, i.e. the frac-
tion of transfer events, where the ground state of '¥Sn was
directly populated regardless of the excitation of 169Dy, we

channel (with the exception of the 2 — 0% y-transition
in 118811) at reaction distances 2.3 fm < A < 3.8 fm

could also use a more direct procedure: The probability
for observing the 2 — 0% transition in *'8Sn in coinci-
dence with the 4} — 21 or 6] — 4 decay in Dy is a
direct measure of the probability that '8Sn was excited
in the transfer process, as virtually all relevant excited
states in 1'8Sn decay via the first excited 2] state and
as the direct population of the 2} and 0F state in Dy,
which are missed by our gating condition, is negligible
small at reaction distances considered. The resulting effi-
ciency corrected probability for the 21+ — 0T transition
in 1¥Sn amount to (55 £ 10) % of the total 2n pickup
probability at these surface distances, which means that
(45410) % of the 2n transfer events lead to the 07 ground
state of 118Sn. This surprisingly large number of semi-cold
Sn transfer events as compared to semi-cold Dy transfer
events of (7 £ 3) % is corroborated by the result of the
corresponding Doppler asymmetry analysis. This analysis
results in a fraction of (43 +£10) % of the 2n pickup events
which are not connected with a y-ray of £, > 720 keV
from the decay of excited states in ''®Sn, however, with
the contribution of directly populated 2] states in '®Sn
still included. Comparing this fraction with the fraction of
directly populated 01 states in '*¥Sn determined above,
the fraction of directly populated 2f states can be esti-
mated to (=2 £ 15) %, i.e. to < 15 %, which is consistent
within any reasonable transfer scenario. The semi-cold Dy
and Sn transfer and their A-dependence will be discussed
in the next section.

3 Discussion of transfer probabilities

The population probability P for a specific final chan-
nel f in a quasi-elastic event q can be written within the
semiclassical approximation as

_ do.f(A(ecmv EO))

Pf(A) _ 10 /daq(A(ocmaEO))

ds?

(8)

dgf(AEf;zm‘E”)) denotes the cross section for the final

dog(A(Ocm,
d

where

channel f and E0) the quasi-elastic cross section,
i.e. the fraction of the Rutherford cross section, which has
escaped absorption into non quasi-elastic reaction chan-
nels.
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Fig. 6. Comparison of the total transfer probabilities for ob-
serving a 1n pickup event (circles and crosses) and a 2n pickup
event (open squares and triangles). In addition the hot 2n
transfer probabilities, where at least one E, > 720 keV ~-
ray was detected (disregarding the 2 — 01 transition in
1183n) are shown by filled squares and triangles. The circles
and squares (crosses and triangles) are deduced from the mea-
surement at a beam energy of 639 MeV (609 MeV)

The population probabilities for different transfer
channels, corrected for the kinematic factor sin(fcm/2)
(see below), are shown in Fig. 6 as a function of the surface
distance A. The open squares and the triangles represent
the total 2n transfer probability Pa, (I > 4) deduced from
the 47 — 2} transition in '“Dy at two different beam
energies of 639 MeV and 609 MeV, respectively. These
2n transfer probabilities are in good agreement with val-
ues extracted by Kernan et al. [4], who also investigated
the system 162Dy (*16Sn,1188n)1%0Dy at similar beam en-
ergies. For distances below A = 5 fm, where it is possible
to generate y-sum energy vs. y-multiplicity planes for the
2n pickup channel, the probability P, (I > 4) is a good
measure for the total 2n pickup probability Pe, since the
population of low spin states feeding directly to the 2;
or Og state can be shown to be negligible small (compare
Fig. 3). At larger distances, however, an increasing frac-
tion of events feeding directly the 2; or Og state cannot
be ruled out. Note, moreover, that at surface distances
larger than A = 4 fm the probability for Coulomb exci-
tation of the 89Dy target impurity (= 1.5-1073) starts
to compete with the 2n transfer probability to 1°Dy. The
contribution from the Coulomb excitation of the 69Dy
target impurity has been subtracted from the data shown
in Fig. 6 and 7. Also plotted in Fig. 6 are the experi-
mental values of the 1n pickup probability P, (I > 3/2)
(circles and crosses), which were deduced from the lowest
transition 3/2% — 1/2% in '7Sn (see Fig. 2), which is

expected to represent at least a lower limit of the total 1n
pickup probability Py, ; a low lying isomer in ''7Sn and di-
rect transitions of low spin states to the ground state may
cause an underestimation of the 1n pickup probability.

As long as the transfer probabilities are well below
P, ~ 10 %, i.e. at distances A, where the nuclear over-
lap is sufficient small, the 1n and 2n transfer probabilities
are exponentially decreasing functions, as expected in the
framework of the semiclassical tunneling model [18]. In
this model, the transfer probability for z neutrons can be
written as

Py (A)/sin(em(A)/2) x exp(—2aznA), (9)

where the slope « is related to the reduced mass u of the
transfered particle(s) (In or 2n) and to the binding en-
ergy Ep of the neutron(s) with ay, = «/2uEg/h. The fac-
tor sin(fem/2) results from the fact, that the contact time
and thereby the tunneling probability at the distance of
closest approach is changing with kinematics. Since the
mass transfer is small compared to the masses of the ini-
tial nuclei and also the structure of the initial and final
nuclei are rather similar, the slope of the 2n transfer asy,
should be approximately twice the slope of the 1n transfer
Qa1n, no matter whether the transfer of two independent
neutrons (uncorrelated pair transfer) or of a correlated
neutron pair (correlated pair transfer) is considered. As
known already from previous 2n transfer studies on de-
formed heavy nuclei, however, the slope of the In and
2n pickup behave quite differently: While the measured
slope of the 1n pickup with ay, = (0.56 & 0.03) fm~! lies
close to the expected value of ay, = 0.53 fm~! (using a
binding energy of Eg = 6 MeV), the observed slope of
the 2n pickup with ag, = (0.72 £ 0.05) fm~! is too flat.
This observation is usually referred to as slope anomaly
[14,16,19]. Wu et al. [14] and more recently Develin et al.
[5] suggested that this anomaly might be caused by the
cold component of the 2n transfer. Indeed, when selecting
hot transfer events by requiring at least one 7-ray with
an energy of E, > 720 keV (disregarding the 2{ — 0%
transition in 1'¥Sn), the resulting efficiency corrected 2n
pickup probabilities (shown in Fig. 6 by the filled sym-
bols) exhibit a steeper slope for A > 3.5 fm. The resulting
slope parameter of oot = (1.0 £ 0.2) fm~! is close to the
expected one of ag, ~ 201, = (1.12 4 0.06) fm~1. At dis-
tances of 2.3 fm < A < 3.8 fm, which were used in the
previous sections to demonstrate our analysis methods,
the hot transfer exhausts > 95 % of the total 2n transfer
probability, that is the cold 2n pickup probability is less
than 5 %, in agreement with the result of section 2.2. At
distances A 2 3.5 fm, however, the fraction of cold events
seems to increase significantly.

Although the statistics of our present experiment does
not allow to extract the A-dependence of the true cold 2n
pickup probabilities, it is sufficient to determine the sur-
face distance dependence of the semi-cold events. Figure
7 shows in addition to the total 2n pickup probabilities
(open symbols) the semi-cold Dy 2n pickup probabilities
(filled symbols). Regarding both probabilities, it is ob-
vious, that the fraction of 2n transfer events populating
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Fig. 7. Comparison of the total probabilities for observing
a 2n pickup event and the semi-cold Sn and Dy 2n pickup
probabilities determined at two different beam energies (see
also Fig. 6). The hatched area shows the results obtained by
the authors of [4] for the ’cold’ 2n pickup probabilities using a
different selection criterion

directly the yrast sequence in the deformed 69Dy transfer
products shows a large A dependence; from A = 2.3 fm
up to A = 6.3 fm this fraction increases from ~ 7 % up to
almost 50 %, but at the same time the absolute semi-cold
Dy pickup probability is reduced by a factor of about 50.
This behaviour seems to be independent from the exci-
tation of the '8Sn partner, as we found no evidence for
a change when demanding explicitly the excitation of the
27 state in '8Sn or not. Our values for the magnitude
and A dependence of the semi-cold Dy 2n transfer proba-
bilities are in agreement with the corresponding results of
Kernan et al. [4] (hatched area in Fig. 7), although their
selection criterion for cold events differs from ours. In par-
ticular, we explicitly retain also the cold high spin events
which should get increasingly important at smaller surface
distances. Remarkably enough, the two experiments seem
to agree even at small surface distances which might be
somewhat fortuitous. The present result, however, proves
that the decrease of the fraction of semi-cold events at
A < 4 fm, responsible for the considerable shallower A-
dependence of this class of events, is not due to the neglect
of the high spin yrast states as suggested by Devlin et al.
[5] in view of the data of [4], but must be caused by the
2n transfer mechanism itself.

Also shown in Fig. 7 are the probabilities for semi-cold
Sn 2n pickup events. The semi-cold Sn and Dy 2n transfer
probabilities obviously exhibit a completely different be-
haviour. While the fraction of semi-cold Dy transfer events
of the 2n pickup events increase with increasing A, the
fraction of semi-cold Sn transfer events is almost indepen-

dent of the surface distance A, keeping an average value
of (45+10) %.

It is remarkable, that the present semi-cold Sn pickup
probabilities involving a deformed collision partner behave
similarly in absolute and relative magnitude to the corre-
sponding probabilities observed in collisions with spherical
Sn-isotopes [4,7] if compared at similar surface distances.
It looks as if the semi-cold Sn events, where one sums over
the cold and (dominating) hot final states in the remaining
donor nuclei, are independent of where the two picked-up
neutrons come from, i.e. that the probability of the Sn nu-
cleus to end up in the ground state after a 2n pickup does
not depend on the structure of the donor nuclei nor — as
reflected in the constancy of the semi-cold fraction on A
— on the spin and excitation energy of the donor before
the transfer. This observation underlines that one has to
study (true) cold events in order to be able to extract in
these investigations information about the pairing corre-
lation in the ground states or ground state bands of the
participating nuclei.

Considering now the semi-cold Dy events, their un-
expected shallow slope as compared to the semi-cold Sn
events seems to point at the deformation of the Dy nu-
clei as the possible origin of this behaviour. Indeed, when
considering deformation effects in transfer calculations,
namely the increased importance of higher transfer mul-
tipolarities as suggested by calculations of Landowne et
al. [11], distinct modifications of the population pattern
of the 189Dy transfer product are predicted, in particular
a strong reduction of the cross section for populating the
yrast sequence in '%°Dy with decreasing surface distance
A. The predicted oscillations of the cold cross sections
leading to low spin yrast states in 159Dy, however, should
not be visible in our data, as we are summing over all pop-
ulated yrast states. On the other hand, the result of Ker-
nan et al. [4], which is restricted to final spin values < 107,
seems to reflect a structure, which in fact has been inter-
preted by the authors of [4] as evidence for the oscillatory
behaviour predicted by Landowne et al. Unfortunately,
our present data is not yet accurately enough to make a
sensible contribution to this issue; our data is not in con-
tradiction with the result of [4] although we would have
to assume in this case that the contribution from yrast
states with I > 10" to the semi-cold Dy transfer are con-
siderably smaller than expected. A new experiment, where
the Crystal Ball has been extended by 5 Ge EUROBALL
CLUSTER detectors with a total photo peak efficiency of
epn(Ey = 1.3 MeV) ~ 2 %, dedicated to investigate this
effect in more detail is presently being analysed [20].

4 Conclusion

The present investigation performed with the
162Dy (11690, 1188n) 169Dy reaction has demonstrated
the feasibility to study cold transfer events in collisions
between spherical and deformed heavy nuclei using a
highly ~v-efficient 47 scintillator array together with a
heavy ion detector system to select binary events and
high resolution Ge-detectors for final channel selection.
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However, as the ratio of the cold to the total 2n transfer
events turned out to be as small as 3 %, the overall
Ge-efficiency of the present setup was not yet sufficient
for a more detailed study of these cold transfer events,
but allowed only to investigate semi-cold Sn and Dy 2n
transfer probabilities, i.e. to select 2n transfer events
where either the Sn or Dy nucleus stays in the ground
state or yrast band, respectively, while the excitation
of the transfer partner is disregarded. By increasing the
Ge-efficiency by at least an order of magnitude it should
be possible to study also the cold 2n transfer probabilities
for individual final states as a function of the surface
distance A.

The semi-cold 2n transfer probabilities are obviously
rather insensitive to the structure of the other transfer
partner and do not seem to depend on the excitation en-
ergy or spin of the latter at the moment the transfer pro-
cess takes place. On the other hand, the probabilities for
semi-cold transfer events seem to depend strongly on the
deformation of the considered isotopes: While the frac-
tion of semi-cold Sn 2n pickups as compared to the total
2n pickup events is large ((45 + 10) %) and constant over
the measured range of surface distances, the correspond-
ing fraction of semi-cold Dy events decreases from approx-
imately 50 % at A ~ 6 fm to about 7 % at A ~ 2.8 fm.
The large number at large distances is similar to the Sn
value and might indeed suggest pairing correlations also
for the system 152Dy (116Sn 18Sn)150Dy as proposed by
the authors of [2-4]. We have shown that this decrease of
the semi-cold Dy fraction is not due to a high spin cut off
caused by our selection criteria for cold events but has to
be traced back to the transfer mechanism itself. In fact, the
shallow A-dependence of the semi-cold Dy events is qual-
itatively explained by including also higher transfer mul-
tipolarities in the calculations [11] which gain their strong
influence on the transfer probabilities from the large de-
formation of the Dy nuclei. It is obvious that these strong
modifications of the transfer probabilities caused by the
deformation have to be studied in detail experimentally
as well as theoretically before one can start to investigate

further effects like the influence of the rotation on the
transfer process.

We would like to thank the accelerator crew of the Max-Planck-
Institut fiir Kernphysik for the excellent *'®Sn beam, and Dr.
F. Kéck and Dr. Ch. Ender for their continuous help in keeping
electronics and data acquisition of the Crystal Ball in good
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