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Abstract

New experimental data from the scattering of He+2%®Pb at energies around and
below the Coulomb barrier are presented. The yield of breakup products coming
from projectile fragmentation is dominated by a strong group of a particles. The
energy and angular distribution of this group have been analyzed and compared
with theoretical calculations. This analysis indicates that the « particles emitted at
backward angles in this reaction are mainly due to two-neutron transfer to weakly
bound states of the final nucleus.
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1 Introduction

Reactions involving nuclei far from stability at energies around the Coulomb
barrier provide an excellent tool to study the novel properties of exotic sys-
tems. The increase in intensity of radioactive ion beams achieved along the
past two decades has contributed decisively to the improvement of the accu-
racy of these experiments. One of the exotic nuclei that has received more
attention in recent years is the ®He. Its interesting Borromean structure, con-
sisting of an « core plus two-weakly bound halo neutrons, and its relatively
long half-life (807 ms) makes this nucleus an excellent candidate for this kind
of experiments. Reactions induced by SHe on several targets [IJ23]J4/56] at
energies around the Coulomb barrier exhibit some common features, such as
a remarkably large cross section for the production of o particles. This effect
is clearly associated with the weak binding of the halo neutrons, that favors
the dissociation of the ®He projectile in the nuclear and Coulomb field of the
target.

To place our work in the appropriate context, we first review some recent ex-
periments with °He at Coulomb barrier energies. In the work of Aguilera et al.
[1] a simultaneous analysis of the elastic and two-neutron removal channels for
the SHe+2%Bi reaction revealed that, at energies below the Coulomb barrier,
the reaction cross section is almost exhausted by the a channel while the com-
plete fusion cross section is very small. In a more recent measurement of the
same reaction [2] in which neutron-« coincidences were recorded, the authors
concluded that more than half of the o particles produced beyond the grazing
angle arise from two-neutron transfer to unbound states of the 21 Bi residual
nucleus. Similar conclusions were achieved in an experiment done by Di Pietro
et al. [3], where about 80% of the measured « particles coming out from the
reaction He+%7Zn were identified as coming from transfer or breakup. As a
further example, we mention the measurements of Navin et al. for *He+%Cu
at Ep, = 19.5 and 30 MeV [4]. The %Cu yield is largely underestimated by
statistical model calculations, suggesting that an important fraction of these
products have an origin different from fusion evaporation. The observation of
the characteristic v rays from heavy products (such as ®*Cu) in coincidence
with projectile-like particles, confirm that these other processes could be 1n
and 2n transfer followed by evaporation.
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Recently, Raabe et al. [5], measured fission fragments for the reaction *He+2%U
at energies around the fusion barrier. Based upon kinematical considerations,
they concluded that the large observed yield for fission below the barrier is
entirely due to a direct process, the two-neutron transfer. Their conclusions
were supported by calculations performed in the distorted wave Born approx-
imation (DWBA) for the two-neutron transfer to excited states of the %U
target.

In this work, we present new data for the breakup of He on 2°®Pb at energies
around the Coulomb barrier, measured at the CYCLONE RNB facility at
the Centre de Recherche du Cyclotron (CRC) of the Université catholique
de Louvain (UCL), Louvain-la-Neuve, Belgium. The elastic scattering data
from the same reaction has been analysed and presented before [7J8[9]. A
comprehensive optical model analysis of these data revealed the existence of
a long-range absorption effect, which is a clear indication of the presence of
reaction mechanisms that remove flux from the elastic channel at distances well
beyond the strong absorption radius. The same effect has been also reported
in other reactions induced by SHe [10] and by other weakly bound nuclei, such
as "F+2%Pb [11]. The inclusion of a dynamic polarization potential (DPP)
in the phenomenological projectile-target interaction showed that part of this
long-range absorption effect arises from the distortion produced in ®He due
to the intense dipole Coulomb interaction [I2]. The phenomenological optical
model required a very large imaginary diffuseness in order to reproduce the
elastic data even after the inclusion of the DPP. Thus, the nuclear interaction
contributes also to this long-range absorption.

Given the dominance of the *He channel in these low energy reactions, it
is plausible to suggest that the mechanisms responsible for the production
of these fragments are also responsible for the long-range absorption effect.
Guided by this motivation, in this work we present an analysis of the two-
neutron removal channel measured in the same experiment. In this experi-
ment, the energy and scattering angle of the a particles emitted at backward
angles were recorded. The purpose of this work is to understand the reaction
mechanisms which are relevant in the collision of He on 2°®Pb, by examining
the angular and energy distributions of the a particles produced in the col-
lision. To do this, for each beam energy, the angular distribution as well as
the angle-integrated energy distribution of the « particles have been evaluated
and compared with theoretical calculations.

The paper is organized as follows. In section 2 we describe the experimen-
tal setup and analysis method, and discuss general features of the measured
observables. In section 3, we compare these observables with theoretical calcu-
lations performed with the transfer to the continuum method, direct breakup
calculations using continuum discretized coupled-channels calculations, and
neutron transfer calculations in DWBA. In section 4 we discuss our results



and compare them with previous works. Finally, in section 5 we present the
summary and outlook of this work.

2 Experimental setup and analysis procedure

The scattering of a *He beam on a 2°*Pb target was studied at the radioac-
tive beam facility of the CRC/UCL at Louvain-la-Neuve. The °He beam was
produced by the "Li(p,2p)°He reaction in a LiF powder target with a graphite
container. The atomic beam was ionized in an ECR source, purified by mag-
netic separation and reaccelerated in the CYCLONE110 cyclotron at the
CRC/UCL. This technique provides a highly pure beam, essentially free of
contaminants. The only contaminant ever observed in this beam has been re-
ported in the the work of Miljanic et al. [I3] where “He'HJ ions were observed
as an impurity in a 17 MeV SHe beam with a ratio of intensities of 1:5400.
For the angular range covered in the present experiment, the contribution of
this impurity turned out to be negligible. The He beam was produced at
laboratory energies of 14, 16, 18 MeV within the first harmonic of the accel-
erator with an average intensity of 4-10° ions per second and at 22 MeV at
the lowest limit of the second harmonic with an intensity of 1.5-10° ions per
second. A high intensity He beam at laboratory energy of 12 MeV was used
for normalization of the elastic cross section.

The elastic data obtained from this experiment are published elsewhere [9].
We briefly review here the main features of the setup. For a more detailed
description of the experimental setup we refer to previous publications [7J9].
The size of the 4He beams were reduced by passing the beam through a set
of two collimators of 5 mm and 7 mm diameter with the latter at 400 mm
from the target. The targets consisted of self-supporting foils of enriched 2*Pb
(87%) mounted on a movable ladder with a thickness of 0.950 mg/cm? for the
12 MeV “He and 14,16,18 MeV SHe beams and 2.080 mg/cm? for the 22 MeV
SHe beam. The latter was used to compensate for the low intensity of the
beam.

The reaction products were measured using four LEDA detectors in the stan-
dard form and six LEDA detectors in the LAMP configuration covering angles
in the forward direction from 5° to 65°. For a detailed description of the perfor-
mance and efficiency of these detectors see [14]. In the backward direction, the
most relevant for this analysis, the DINEX telescope array [15l7] was placed
at a distance of 37 mm and 42 mm from the 0.950 mg/cm? and 2.080 mg/cm?
thick 2°Pb targets respectively. The DINEX telescope covered therefore dif-
ferent laboratory angles for the different targets ranging from 136.3° to 166.6°
for the thin target and from 131.8° to 164.5° for the thick target of 2.080
mg/cm? used only for the 22 MeV *He beam. The DINEX array consisted of



four quadrants forming a CD [15], each composed of single sided Si strip de-
tectors (AE) 40 um thick with sixteen radial strips stacked in a 500 pm thick
single PAD Si-detector. Each strip subtended an angle of about 2°, although
this value depends on the scattering angle.

The energy calibration was performed using a triple alpha source for the front
single sided Si strip detector of the telescope. The telescope as a whole was
calibrated using the elastic scattering peaks of the *He and °He beams from the
208Ph target at different energies below the Coulomb barrier where the elastic
peak at backward angles still has significant statistics. To evaluate the energy
losses of the beam and ejectiles in the different media, i.e. target thickness and
dead layers of the front and back detectors, a simulation programme developed
by R. Raabe [16] and adapted to the geometry of our setup was used. The
energy losses of the *®He ions were calculated in tables using SRIM [17] and
inserted into the simulation programme. The fact that the interaction region
had a finite size, was also taken into account in the simulations.

In order to obtain the energy of the ejectile we first added the signals from
the two detectors of the telescope, AE and E. The latter was multiplied by
a matching constant a(f) that depends on the relative gain of the different
electronic chains (see [9] for more details). Then we used the energy of the
elastic peaks of “He at 12 MeV and ®He at 14, 16 and 18 MeV to calibrate the
total telescope signal.

The DINEX telescopes allow mass and charge separation of the reaction prod-
ucts. A typical mass spectrum, AE versus total energy, Fr, obtained with the
DINEX array for a °He beam energy of 22.0(1) MeV and 6, — 144° + 1° is
shown in Fig.[Il Using these calibrations and the mass and charge separation
obtained with the telescopes we are able to identify the energy distribution of
the breakup products as well as the elastic counts in every ring (6;), as shown
in this figure. The energy loss in the 40 pm thick AE detector is displayed
versus total energy. The elipsoids select the elastic and breakup events used in
the analysis. The low energy selection corresponds to protons. The background
events are remarkably low considering that no condition beyond coincidence
between the front and back detectors of the telescope is applied.

We obtained the breakup cross section by making use of the ratio of breakup to
elastic events seen in the telescopes. To have reasonable statistics, we grouped
the breakup events in 1 MeV bins. Then, we evaluated for each detector
strip §; and for each energy bin F; the ratio of breakup to elastic events
Ny (0;, E;) /Ngi(0;). Note that uncertainties associated with beam intensity,
solid angle, efficiency of the electronic chain or target thickness disappear in
this ratio. When we add these ratios for all the energy bins, we obtain the ratio
of breakup to elastic cross sections as a function of the scattering angle. These
ratios are shown in Fig. 2 as a function of the laboratory scattering (LAB)
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Fig. 1. Two dimensional plot of the 22 MeV SHe scattered from a 2.08 mg/cm?
208Pb target at laboratory angle of 144(1)°. The regions enclosed by solid lines
correspond to the “He and He events. The plot includes all events in coincidences
with multiplicity > 1 to stress the low background level. Therefore one can see events
fully stopped in the AFE detector corresponding to «’s from the grand-daughter of
210ph and Z4Th present in the target in very small amount. The count rate was less
than two « particles every 10 min for this angular coverage.

angle , at several beam energies. It is noticeable that, at Ey,, = 22 MeV, the
yield of « fragments exceeds the elastic ones by a factor of ten. As discussed
in the introduction, this large « cross section has been reported for other reac-
tions induced by ®He on several medium-heavy targets, such as °Cu [4], ®*Zn
3], and 2%Bi [1].

The breakup double differential cross section, with respect to the angle and
the energy of the « particle, depends on energy and angle, and can be related
to the ratio of the number of counts and to the elastic differential cross section
by the following expression:

d20'bu . Nbu(ﬁi, Ej) 1 dO’el (1)
dEdQE; 6, Na(0;) AE; \ dQ )/,

where AE; =1 MeV is the bin width. The differential elastic cross section for
the different laboratory angles are taken from [9/I8§].

If this expression is integrated over the energy of the breakup fragment, one
obtains the differential breakup cross section, as a function of the scattering



angle, which is given by:

dabu szinax Nbu(eluE]) <d06l> (2)
'l ~ 4= TNJ0) \d2),”

These differential cross sections are presented in Fig. Bl Errors bars correspond
to statistical errors. It should be noted that the breakup differential cross sec-
tions are highest around the Coulomb barrier (£ = 18 MeV), and they decrease
both at lower energies and higher energies. However, for 14 MeV, which is well
below the barrier, the breakup cross sections are still sizeable. This indicates
that the mechanism producing alpha particles is effective for projectile-target
separations as large as 17.3 fm, which corresponds to the distance of closest
approach for a head-on collision at this energy. This mechanism, indeed, will
be a source of the long range absorption which we have seen in the analysis
of elastic data.

Similarly, if, for each energy bin of the « particles, the double differential
cross sections are integrated with respect to the angle, over the angular range
covered by the CD detectors, one gets a breakup differential cross section as
a function of the energy, which is given by

dabu =16 Aez Nbu(QZ,E]) <d0'el> (3)
0;

dE |, ; TS0 X5 TN G\ do
These cross sections are presented in Fig. [l

Our purpose is to understand which mechanism is responsible for the large
production of a particles. The fact that the o particles are produced with
relatively large energies, that increase with the projectile energy, leads us
to conclude that the process should be a direct one, and not a compound
nucleus formation. Within the direct mechanism picture, we can consider three
mechanisms:

a) Transfer to the continuum: As the ®He nucleus gets close to the target,
it leaves the two neutrons with low kinetic energy with respect to the 2°8Pb
target, and the remaining « particle escapes. If this is the case, we would
expect that the o particle would have an energy distribution centered around
the energy of the elastically scattered ®He.

b) Direct breakup: The ®He nucleus breaks up in the field of the target and it
goes to a continuum state with low excitation energy. In this case, we would
expect that the a particle (and the neutrons) to have a similar velocity to the
elastically scattered He, and hence its energy would have a broad distribution
around 4/6 of the energy of ®He.

¢) Neutron transfer: One of the neutrons of ®°He is transferred to the target,
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Fig. 2. Ratio between the measured “He and %He events, as a function of the labora-
tory scattering angle, at several bombarding energies. The angular range at 22 MeV
is different to that covered at energies below the Coulomb barrier due to different
positioning of the target. See section 2 for more details. Errors bars correspond to
statistical errors.

producing a bound state of 2*Pb and leaving *He in a broad resonance, that
rapidly decays producing *He. In this case, the kinetic energy of the 5He
resonance, although dependent on the Q-value, would be similar to that of
the elastically scattered ®He (for @ ~ 0), and the alpha particles would have
a broad distribution around 4/5 of the energy of He.

It should be noted that, in our work, direct breakup, 2n transfer and 1n
transfer correspond to different approaches to describe the mechanism that
produce alpha particles, rather than to different reaction channels. From the
theoretical point of view, these three mechanisms describe the removal of the
valence neutrons in %He, but they do not lead necessarily to different final
states. They should be seen as different approaches to a very difficult 4-body
problem (a + n-+ n+ 2*®Pb) which cannot be solved accurately. Each of these
methods emphasize a different way in which the fragmentation is produced. In
the direct breakup method, one assumes that the SHe is broken up by exciting
the neutrons to continuum states with low relative energy with respect to
the a core, and hence a representation in terms of the ’He continuum states
is used. In the transfer to the continuum approach, it is assumed that the
fragmentation occurs by transfer of the valence neutrons to weakly bound
states of the target, and hence a target representation is preferred in this case.
Finally, the 1n transfer corresponds to an intermediate situation, in which one
assumes that one of the neutrons is transferred to states of low relative energy
with respect to the target, while the other remains in a low energy state with
respect to the alpha core. Then, these approaches should be understood as
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Fig. 3. Angular distribution of o particles arising from ®He fragmentation, in the
laboratory frame, for several incident energies. Experimental angular distributions
are compared with transfer to the continuum (TC) calculations (solid lines). The
distribution obtained at 22 MeV is also compared with a direct breakup (DBU)
calculation, performed within the CDCC approach (dashed line), and a DWBA
calculation for the one neutron transfer (NT) leading to bound states of the 209Ph
nucleus (dotted-dashed line).
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extreme pictures that emphasize different degrees of freedom of the breakup
process, and not different reaction channels. For instance, it has been shown
[19] that, if a large basis is included in both the direct breakup and transfer
to the continuum representations, there is a strong overlap between the states
populated in both methods. As a consequence, the cross sections calculated
within the two approaches can not be simply added to obtain the total breakup
cross section.

It is apparent from Fig.dl that the position of the energy peak is not consistent



with the expected value in a direct breakup picture, in which the fragments
are produced with essentially the beam velocity. The results for this estimate,
calculated at 6y,, = 151°, are shown by the arrows in Fig.[4l Notice that these
values are significantly smaller than the measured energy of the o particles
and hence it is not expected that the direct breakup model is suitable for
understanding the present data.

Under the assumption that the relative energy between the halo neutrons
remains small during the process, the gain of kinetic energy of the outgoing o
particles implies that these neutrons are left with a small (or even negative,
if they are transferred to bound states) relative energy with respect to the
target. Energy conservation demands that the available kinetic energy is used
to excite the target, or to accelerate the a particles, as we observe in this
experiment. This indicates that the processes responsible for the production
of these o fragments are of a more complicated nature than suggested by the
simple direct breakup model.

From these semiquantitative considerations, our data suggest a transfer to the
continuum picture, in which the valence neutrons are transferred to highly
excited states of the target, lying around the 2'°Pb— 2%Pb-+2n breakup
threshold. Final states above this threshold can be interpreted as a three-body
breakup of the projectile, while those below the threshold would correspond to
a pure transfer process leading to bound states of the 2!°Pb residual nucleus.

3 Theoretical calculations

In this section, we present a more quantitative analysis of the data, by per-
forming calculations for the different mechanisms described in the preceeding
section (transfer to the continuum, direct breakup or one neutron transfer).
The goal of this study is to see which of these mechanisms is more appropriate
to describe the present data.

3.1 Transfer to the continuum

We use the transfer to the continuum method, in which the two-neutron re-
moval is treated as a transfer of the valence neutrons to bound and unbound
states of the 2n+2%®Pb system. For simplicity, these calculations are performed
within the DWBA approximation. Although the DWBA method has been
traditionally applied to the transfer between bound states, it has also proved
to be a useful method in situations where final states lie in the continuum
[20121122123)24]. To simplify our description of the reaction process, we assume
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Fig. 4. Energy distribution of detected « particles for the reaction *He+2%Pb at 14,
16, 18 and 22 MeV, integrated in the angular range 132°-164°. Experimental data
(circles) are compared with transfer to the continuum (TC) calculations (solid lines).
The arrows indicate the expected energy of the « particles scattered at 01,1, = 151°,
assuming an extreme direct breakup picture. In the panel for Ej,, = 22 MeV the full
direct breakup calculation, performed within the CDCC method, is also presented,
multiplied by a factor of 5.

that the relative motion of the two halo neutrons is not affected during the
process. At least for the Coulomb interaction, which is known to be very im-
portant in this reaction, this assumption is expected to be reasonable because
this interaction will act only on the a fragment, tending to stretch the He
system, with the neutrons moving against the « core. So, in these calculations,
we emphasize the dineutron-« relative coordinate, under the assumption that

11



this is the *He main degree of freedom which is excited during the process.
These transfer couplings are schematically depicted in Fig. Bh.

(a) (b)

208 4
(" Pb+2n)+ He (“He + 2n) +**Pb
yTN
A
4 Lo
°He +*"Pb
"He **Pb
“He +*"Pb

Fig. 5. Schematic representation of the couplings included in the transfer to the
continuum (a) and direct breakup (b) calculations.

In this reaction, the post form expression of the DWBA transition amplitude
involves a matrix element of the operator

Vizn—a] + Uja—208pp) — Upa—210pp).

The potential parameters required in the calculations are summarized in Table
0l For the a-28Pb system, we used the parameterization of Barnett and Lilley
[25]. The optical potential for the SHe-2®Pb system, which is used to generate
the distorted waves for the incoming channel, is taken from a fit of the elastic
angular distribution [9/I8]. The same parameters were used for the outgoing
channel (a-*'"Pb). As explained above, the neutron pair was allowed to be
transferred to both bound and unbound states of 2°Pb. The 2n-2*Pb rela-
tive wavefunctions were generated with the deuteron-2*Pb optical potential
derived in Ref. [26]. In order to permit the inclusion of bound states, only the
real part of this potential was considered. Reduced radii (r,) were converted
to physical radii (R,) as Ry = r,(A1> + Ay/®), for the SHe-2Pb and a-210Pb
systems, and as R, = r, for the 2n-a system.

In the di-neutron model, the 2®*Pb-+2n final states should be considered as
doorway states to which the di-neutron is transferred. The doorway states
subsequently fragment into bound or continuum states of 2!Pb. To evaluate
the wavefunctions of these doorway states, we take into account the average
separation energy of the 2n single particle configurations for each L value,
(€an), according to the available experimental information [28]. Then, we eval-
uate the number of nodes of the 2®Pb-2n relative wavefunction, N, preserv-
ing the Pauli principle. This is done using the Wildermuth condition [29//30]:

12



Table 1
Potential parameters used in the calculations.

System Vo 70 ag Wo T a;  Ref.
(MeV)  (fm)  (fm) (MeV) (fm) (fm)
6He-208Phe b 1.015 1.15 c 1.015 1.70  [9]
a-2%Ph 9644 1376 0.625 32 1216 042 [25]
2n-2%ph 8555  1.20 0.751 - - - |26]
2n-a 87.18  1.90  0.39 - - - 27

@ The same parameters were used for the *He-?'°Pb distorted potential.
b Vo= 32.8 31.4, 33.1 and 5.89 MeV for Ey,, =14, 16, 18 and 22 MéV, respectively.
¢ Wp=0.04, 4.6, 5.1 and 9.84 for Ej,, =14, 16, 18 and 22 MeV, respectively.

Table 2
2n-208Pb potentials used to generate the bound and unbound states of the 219Pb
nucleus in the transfer to the continuum calculations.

JT ot 1~ 2t 3~ 4t 57 6*
Vo (MeV) 85.9 732 85.6 1003 856 97.3 85.1
N 7 7 6 6 5 5 4

(ean) (MeV) -49 1.0 -48 -64 -50 -51 -54

2(N—-1)+L=2(n1 —1)+ 1 +2(ny — 1) + Iy, where (ny,1) and (ns,ls) are
the single-particle configurations which have to be populated in a simple shell
model picture to produce a state with the desired J. In all cases, we used a
Woods-Saxon form, with radius 1.2x208'/3 fm and diffuseness a = 0.75 fm
[26]. Finally, we adjust the potential depth, V;, to produce a state with the
given L, N, and (€g,). The case L = 1 deserves a special consideration, since
no single-particle pair configuration of bound single-particle states couples to
J = 17. To obtain these states one neutron has to be promoted to the next
shell, and this will increase the energy of the 1~ state by hw ~ 6 MeV, leading
to a resonance around (e,)=1 MeV, above the two-neutron breakup thresh-
old. Then, the potential depth was adjusted in this case to obtain a resonance
at this energy. The values of N, V{ and (eg,) are listed in Table

The states of 2I°Pb above the 2*®Pb+2n threshold are described by means
of 1 MeV continuum bins, obtained by superposition of the 2n-2Pb scat-
tering wavefunctions, up to a maximum excitation energy of 8 MeV. Thus,
the two-body spectroscopic strength is naturally distributed along the contin-
uum. However, for bound states, the fragmentation does not appear. To take
this into account, we consider that the doorway states are fragmented into N,
states, with two neutron separation energies of Sy,—0.5, 1.5,...,7.5 MeV, each
one with an spectroscopic factor of 1/N,. In practice, we took N, = 8 but

13



we verified that the results did not depend strongly on this number. For the
continuum states, we assumed unit spectroscopic factors.

The a-2n interaction, required to generate the He ground state wavefunc-
tion, was parameterized using a standard Woods-Saxon form, with radius
Ry = 1.90 fm and diffuseness a; = 0.39 fm, which corresponds to the set
IT of Ref. [27]. A pure 2S configuration, with unit spectroscopic factor, was
assumed for this state. The potential depth was obtained using the energy sep-
aration method, that is, the depth was adjusted in order to reproduce the two-
neutron separation energy. However, instead of using the experimental sepa-
ration energy (Sz, = 0.975 MeV) we used the modified value Sy, = 1.5 MeV.
This change is motivated by the fact that the 2n-a wavefunction, calculated
with the experimental separation energy, extends too much in configuration
space, as compared to a realistic three-body calculation. As a consequence,
couplings to the continuum are largely overestimated, leading to unrealistic
results for the scattering observables, as shown recently for the elastic scatter-
ing of *He-+2Pb [31] and *He+2%Bi [32]. By increasing the binding energy to
San, = 1.5 MeV the wavefunction obtained in the di-neutron model simulates
fairly well the three-body wavefunction in the (nn)-a coordinate. The physical
idea behind this choice is that, in °He, the neutron-neutron pair contributes to
the binding energy with a positive average energy which, added to the (nega-
tive) relative energy associated to the (nn)-a motion, should give the correct
binding energy. Further details of this method will be published elsewhere [33].

In order to get convergence of the angular cross section within the angular
range covered by the present data, we found it necessary to include partial
waves up to L = 6 for the 2n-2°Pb motion. The total angular momentum was
set to J = 50, and the distorted waves were calculated up to 200 fm. A range of
non-locality of 9 fm was required for the transfer couplings. These calculations
were performed with the coupled-channels computer code FRESCO [34].

The differential angular distribution for each final state is proportional to
the square of the DWBA amplitude. By energy conservation, the energy of
the outgoing o particles is obtained from the excitation energy of 2'°Pb. This
procedure provides a double differential cross section with respect to the angle
and energy of the scattered o fragments. In order to permit a meaningful
comparison with the data, these magnitudes were transformed to the LAB
frame. For this purpose, the calculated center-of-mass (CM) double-differential
cross sections were converted to LAB system using the appropriate Jacobian
for the kinematical transformation for (¢, ES™) — (Oiap, E2P).

The calculated angular distributions are represented by the solid lines in Fig.[3l
The overall agreement with the data is good, although for the higher scattering
energies (Fj,p, =18 and 22 MeV) the experimental distributions are somewhat
underpredicted. This underestimation, which could be due to the approxima-

14



tions involved in our method, might indicate the presence of other channels
not included in our calculations. Dynamical effects, such as multi-step trans-
fer processes, not considered in the DWBA calculations, could also affect the
results. We would like to note that the calculation of absolute cross sections
in two-neutron transfer reactions is a very complicated problem [35]36], and
discrepancies as large as one or two orders of magnitude between theory and
experiment have been reported by some authors. Keeping in mind these diffi-
culties, the degree of agreement between the present data and the transfer to
the continuum calculations is very encouraging.

Finally, the calculated energy distributions of the o particles, in the LAB
frame, are given by the solid lines in Fig. 4l The transfer to the continuum
calculations (thick solid lines) reproduce very well the shape of these distri-
butions. In particular, the position of the peak is very well accounted for at
all energies. The absolute values of these distributions are also reasonably
reproduced, except for the underestimation at the higher energies discussed
above.

We would like to stress that these calculations do not include any free param-
eter. They are based on a direct application of a fully quantum mechanical
expression of the transition amplitude, within the DWBA approximation, and
the ingredients are the potentials between the fragments taken from the liter-
ature, and a physically motivated model for the initial and final states in the
SHe and 2!°Pb nuclei, respectively.

3.2 Direct breakup

The direct breakup component of the « inclusive spectrum could be also cal-
culated within the standard continuum discretized coupled-channels (CDCC)
method [37]. In the direct breakup picture, the fragmentation process is for-
mally treated as an inelastic excitation of the projectile to the continuum (see
Fig. Bb). From the semiquantitative arguments outlined in Sec. 2 we do not
expect this scheme to be appropriate for the present reaction, since the ob-
served energy of the a particles is significantly larger than the values estimated
by kinematic considerations assuming a direct breakup picture. These consid-
erations, along with the calculations presented in Sec. B, clearly suggest that
the energies of the observed « particles at backward angles are consistent with
the transfer of the valence neutrons to weakly bound states of the target. These
states are indeed better described in a basis of the target representation, as we
have done in the transfer to the continuum calculations. The direct breakup
representation, by contrast, is expected to be less efficient in this case, in the
sense that a large basis would be required to describe 2n-target states with
small relative energy and angular momentum. In order to test these arguments

15



we have performed CDCC calculations for the Ej,;, = 22 MeV case.

Again, we assumed a simple di-neutron model for °He. Partial waves s, p and
d were included for the 2n-*He relative motion. For each partial wave, the He
continuum was divided into energy bins, according to the scheme detailed in
[31]. In analogy with the prescription used in the transfer to the continuum
calculations, the effective two-neutron separation energy Sy, = 1.5 MeV was
used to generate the He ground state and continuum wavefunctions. With
this prescription, the elastic angular distribution is very well reproduced. The
breakup angular and energy distributions obtained from this calculation are
represented in Figs. Bland [ by the dashed line (bottom panel). It can be seen
that the experimental data are underestimated by almost an order of magni-
tude, at all the measured angles. The inclusion of higher partial waves did not
solve the discrepancy. Hence, as we anticipated, the direct breakup picture is
inadequate to describe the present data. From the figure, we see also that the
CDCC distribution dominates the small angle region, with a pronounced peak
around 30°. At these angles, the transfer to the continuum curve is very small,
suggesting that for the description of the « particles emitted at forward angles
the direct breakup scheme should provide a more suitable representation than
the TC.

We note that a proper CDCC calculation for the present reaction would require
a three-body description of °He, thus giving rise to a four-body scattering
problem. This kind of calculations has been recently reported by the Kyushu
group for C [38] and ?*Bi [32] targets. Although our results will be modified
to some extent if a realistic three-body description of He is used, we believe
that our simplified calculations retain the essential physics to illustrate the
inadequacy of the CDCC method to describe the present data.

3.8 One neutron transfer

Another channel that could contribute to the production of a particles is the
one neutron stripping, 2**Pb(°He,’He)?*Pb. This process will produce *He in
a resonant state, which will eventually decay into n+*He. The calculations
for this process were performed within the DWBA approximation. Due to Q-
value considerations, this process populates mainly bound states of the 2*Pb
nucleus, similar to what occurs in the 2*Pb(d,p)?**Pb reaction [39]. Thus,
we included the known bound states for the 2°Pb nucleus, and assumed unit
spectroscopic factors, since these are known to be mainly single-particle states.
Concerning the spectroscopic factor for He — °He-n, in a strict shell model
picture, with maximal pairing, spectroscopic factor for neutron transfer is
equal to number of valence neutrons, what would give 2. We adopt however
the value 1.60 for this spectroscopic factor, reported by Nemets et al [40], and
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obtained using the method detailed in Ref. [41].

For the entrance channel, *He+2%8Pb, the effective potential obtained from
CDCC calculations was used. For the exit channel, He+2%Pb, the poten-
tial was calculated by folding the n+2%Pb potential from the compilation of
Varner et al. [42] and the a + 2°*Pb potential of Goldring et al. [43] with the
ground state wave function of 5He. The latter was represented by an energy
bin of a width 1.2 MeV placed at an excitation energy of 0.8 MeV above the
SHe—*He+n breakup threshold. The binding potential for *He+n was taken
from Ref. [44].

The calculated angular distribution is shown by the dotted-dashed line in the
lowest panel of Fig. Bl (E,=22 MeV). It should be noted that, in this case,
the scattering angle corresponds to the center of mass of the *He* system,
rather than the *He angle. At intermediate angles (O =~ 90°), our calcu-
lation predicts a significant contribution of the 1n transfer, although the «
yield is still dominated by the 2n transfer. This result is in agreement with
the experimental data of De Young et al. |2] in which the 2n transfer was
identified as the main mechanism producing « particles at these angles, with
a small contribution arising from 1n transfer. We note however that the cross
sections reported in [2] for the 1n and 2n transfer processes are inferred from
the a particles observed at 90 and 120 degrees, while in our experiment the
observed « particles correspond to larger angles (above 130°). Therefore, the
cross sections reported in Ref. [2] cannot be readily extrapolated to our case.
Moreover, even if we compare the same angular range, we do not expect to get
the same quantitative results, because the states populated in both reactions
(namely, 2Pb and 2?'°Bi) are different.

[t can also be seen that at the angles of interest of our experiment (6., >
130°), the contribution of the 1n transfer is negligible and the production of
a particles is essentially due to 2n transfer. Moreover, the 1n transfer cannot
explain the energy of the a particles since the maximum kinetic energy of the «
particles emitted in this process, which corresponds to a transfer to the 2°°Pb
ground state, is about 17.5 MeV, while the experimental energy distribution
extends beyond 20 MeV. Therefore, we conclude that the one neutron stripping
channel is not responsible for the underestimation of the data at these angles.

4 Discussion

The results found in this work are consistent and complementary to our pre-
vious analysis of the elastic scattering for the same reaction [9]. The optical
model analysis performed in the previous work revealed the importance of a
long range absorption mechanism. With the present analysis, one can conclude
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that this mechanism is presumably related to the two-neutron removal process
discussed in this work. In order to draw more definite conclusions it would be
desirable to obtain data in a wider angular range.

Furthermore, in order to understand more clearly the importance of different
reaction mechanisms, it would be very useful to perform a similar experiment
in which the neutrons could be detected in coincidence with the a particles.
Given the small detection efficiency for neutrons, and the fact that the two
neutrons can be emitted, in principle, in arbitrary directions, this experiment
is also very challenging from the experimental as well as from the theoreti-
cal points of view. Despite these difficulties, a similar experiment has been
recently performed for the reaction *He+2%Bi at 22 MeV [2]. By measuring
neutron-« coincidences it is concluded that approximately 55% of the observed
a yield around and beyond the grazing angle is due to two-neutron transfer
to unbound states of the ?!'Bi nucleus.

Our results are also consistent with other experiments on ®He induced reac-
tions on several targets, such as 54Zn [3], ®Cu [4] and ?*3U [5], for which large
1n and 2n transfer cross sections have been inferred using different experimen-
tal techniques.

In the case of the reaction using the 28U target, these conclusions are sup-
ported by the recent calculations of Céardenas et al. [45]. Using a schematic
coupled-channels calculations, the authors show that the 2n removal cross
section from He can be well accounted for by an incoherent superposition of
several transfer processes with different () values. Similarly, the calculations
in this work involve also an incoherent sum of 2n transfer to final states with
a wide range of () values.

5 Summary and outlook

In this paper we have presented new experimental data for the reaction *He+2°Pb
at energies around and below the Coulomb barrier. The reaction cross section

at backward angles is dominated by a prominent *He group, which was inter-
preted as coming from projectile fragmentation.

For each scattering energy, the angular and energy distributions of the “He
fragments have been analyzed and compared with transfer to the continuum
calculations, in which the two-neutrons are assumed to be transferred as a
cluster to both bound as well as unbound states of the target nucleus. Ac-
cording to these calculations, most of the observed « yield comes from the
transfer of the valence neutrons to highly excited states of the target in the
proximity of the two-neutron breakup threshold. By contrast, direct breakup
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calculations and one neutron transfer calculations fail to explain the present
data.

This analysis suggests a scenario in which the 5He nucleus is broken up in the
field of the target, and the valence neutrons are left with a small relative en-
ergy with respect to the target. By energy conservation, the kinetic energy lost
by the neutrons is transferred to the a particles, which are therefore acceler-
ated with respect to the beam velocity. These conclusions are consistent with
previous measurements for other reactions induced by He on several targets,
for which large transfer cross section have been also reported [TI2/3]4)5].

Further measurements for this reaction, including complete kinematics, wider
angular coverage, detection of fission and evaporation products, etc, would
be very useful to disentangle more clearly the importance of different reaction
mechanisms, and improve our understanding of the processes that take place in
the scattering of exotic nuclei at energies around the Coulomb barrier. Some of
these measurements have been already performed and the subsequent analysis
is underway.

Despite the reasonable quantitative agreement with the data, the transfer to
the continuum calculations can be improved in both the structure and reaction
aspects. Concerning the structure model, the main approximation involved in
our calculation is the assumption of the validity of the di-neutron model. Four-
body DWBA calculations have been performed by Chatterjee et al. [46] for the
scattering of °He on Pb and Au at high energies, using a realistic three-body
description of the ®He nucleus. By comparing with a conventional three-body
DWBA calculation based upon a di-neutron model of °He, they find that the
latter calculation gives too large breakup cross section. The disagreement is
attributed to the bigger rms radius in the di-neutron model, as compared to a
realistic three-body model. In our calculations this effect is accounted for by
increasing the 2n separation energy in %He. Also, the description of the final
states in 2°Pb could be improved by using a more realistic level density for
this nucleus.

Concerning the description of the reaction mechanism, these calculations could
be improved by including couplings among final states in 2!°Pb, by means of
the CCBA method. These couplings could be generated in a cluster model,
by folding the 2n-a and a+2%Pb interactions with the internal wavefunctions
for the 2'°Pb states. Also, couplings between the transfer/breakup channels
and the elastic channel could be incorporated beyond the first order, thus
performing a coupled-reaction channels calculation. This calculation would
permit permit an assessment of whether the explicit inclusion of these chan-
nels can explain the long-range absorption effect encountered in the analysis
of the elastic data. If this is the case, the optical potential required to repro-
duce the elastic data in presence of transfer channels should have a smaller
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diffuseness, as compared to the phenomenological optical potential derived in
absence of these channels. Notice that, in the DWBA approach, these higher
order effects are accounted for in an effective way by an appropriate choice
of the phenomenological optical potentials used to describe the incoming and
outgoing distorted waves. These CCBA and coupled reaction channels cal-
culations are beyond the scope of this work, and hence they have not been
attempted.
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