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Abstract

Angular distributions for 1n and 2n transfer are reported for the 6He + 65Cu system at Elab =

22.6 MeV. For the first time, triple coincidences between α particles, neutrons and characteristic

γ-rays from the target-like residues were used to separate the contributions arising from 1n and 2n

transfer. The measured differential cross-sections for these channels, elastic scattering and fusion

have been analyzed using a Coupled Reaction Channels approach. The measured large ratio of the

2n/1n cross section and the strong influence of 2n transfer on other channels point towards the

dominance of a di-neutron configuration of 6He in the reaction mechanism.

PACS numbers: 25.60.-t, 24.50.+g, 25.70.Jj
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Reactions near the Coulomb barrier have been shown to be an ideal tool to study the effect

of multidimensional tunneling and obtain information about the structure of the interacting

nuclei [1]. New features arising from the weak binding in nuclei far from stability on reactions

near the Coulomb barrier have been recently discussed [2]. Neutron rich nuclei near the drip

line, especially Borromean nuclei offer a unique environment to study neutron correlations

at low densities, which are necessary inputs for nuclear structure models and the study of

neutron stars. Theoretical analyses suggest that at low neutron density, strong spatial di-

neutron correlations are expected [3, 4]. Such correlations have been theoretically studied in

two-neutron Borromean nuclei like 6He and 11Li [5]. The structure of the lightest two-neutron

halo nucleus, 6He, with an inert α core and known α-n interaction has been investigated via

a variety of techniques [6–9], mainly at energies well above the Coulomb barrier.

The ratio of the 2n/1n transfer cross section can provide information about the structural

correlation of neutrons in 6He. The cigar shape, where the two neutrons are expected to lie

on opposite sides of the α particle, should preferentially populate 5He by 1n transfer while

the di-neutron configuration should be responsible mainly for 2n transfer [10]. The recently

reported charge radii of 6,8He provide an independent method of studying correlations in

these Borromean nuclei [11]. Michel et al. have investigated the Wigner threshold law in

weakly-bound nuclei using the Gamow shell model [12]. The authors show the influence

of the Wigner cusp on the spectroscopic factors. Thus, the study of transfer angular dis-

tributions with Borromean nuclei is of interest in the context of this general phenomenon

observed in various fields of physics [13].

Alpha-n coincidences measured in the 6He + 209Bi system, at a lab energy of 22 MeV,

showed the relative dominance of the 2n channel [14, 15]. Reactions on medium-mass targets

are experimentally more challenging and are also controversial with respect to the influence

of weak binding on the fusion process [16]. Theoretical treatment of reactions involving

Borromean projectiles, especially at energies near the barrier, represents a complex problem

as calculations have to include the unbound spectrum of a four-body system. However,

state-of-the-art continuum discretized coupled-channel calculations that take into account

the three-body nature of 6He [17, 18] or its simplification as a 2n+α cluster [19] have been

performed. These calculations can presently compute only elastic scattering and breakup re-

actions. A theoretical formalism that can simultaneously describe elastic scattering, transfer

and breakup reactions is desirable but not yet available.
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FIG. 1: (color online) Schematic of (a) The experimental setup. (b) Reaction mechanism for 2n-

and 1n- transfer

With the motivation of understanding the Borromean structure and its influence on re-

actions around the Coulomb barrier, the present work reports a novel triple coincidence

measurement of angular distributions of transfer channels with ISOL beams. A first theo-

retical attempt, for Borromean nuclei, towards understanding the importance of the role of

coupling transfer channels to elastic scattering and fusion is also presented.

Intense radioactive ion beams (∼ 4 × 107 pps) of 6He at an energy of 22.6 MeV were

obtained from the ISOL facility SPIRAL at GANIL. The target was a 2.6 mg/cm2 thick

self supporting foil of 65Cu, isotopically enriched to 99.7 %. Beam intensities were measured

with a high stability current amplifier connected to a Faraday cup. The experimental setup

(Fig. 1a) consisted of an annular Si telescope, the EXOGAM γ array [20] with 11 Compton

suppressed clovers, and a neutron array consisting of 45 liquid scintillator elements [21].

Charged particles were detected and identified in an annular Si telescope consisting of

∆E(∼ 50µ) and E(∼ 500µ) elements with active inner and outer diameters of 22 mm and

70 mm covering an angular range of ∼ 25◦ to 60◦ at a distance of 2.5 cm from the target.

The angular resolution was ≃ 1.7◦. The solid angles of each ring/sector combination of
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the annular telescope were determined both from simulations and comparison with elastic

scattering measurements on a Au target. The energy resolution for elastically scattered

particles was ≃ 300 keV. The Neutron Wall consisted of 45 hexagonal detectors, located at

a distance of 55 cm from the target and covered ≃ 18 % of 4π [21]. The time of flight (TOF)

was obtained with respect to the E detector of the annular telescope. The TOF resolution

was ≃ 3 ns (corresponding to an energy resolution of 270 kev at En=1.5 MeV). Neutrons

were separated from γ-rays by two-dimensional gates in the plot of TOF vs. pulse-shape

discrimination and detected at mean angles of 19◦, 30◦, 35◦, 47◦, and 57◦ with an angular

resolution of ±6.5◦. Small corrections for cross talk between the neutron detectors were

suitably taken into account [22]. The absolute efficiencies of the neutron detectors, as a

function of energy, were determined from a comparison of the measured neutron spectra

from a 252Cf source placed at the target position and the known multiplicity and spectral

shape [23]. The measured efficiencies compared well with Monte Carlo simulations of the

neutron array [22]. Eleven Compton suppressed clover detectors located at a distance of

14.7 cm from the target were used to select the residual nuclei from the measurement of

their characteristic γ-rays. The cross sections for various evaporation residue channels were

obtained from the yields of characteristic γ-rays, following the method outlined in Ref. [16].

The sum of the measured evaporation residue cross sections was used to obtain the total

fusion cross section. Statistical model calculations using the code CASCADE [24] were made

and showed good agreement for all the residues except 66Cu. The yield of 66Cu from fusion

evaporation is negligible (≈ 5 %); it is produced mainly by 1n and 2n transfer (see also [16]).

Fig. 1b shows a schematic of the reaction mechanism indicating that the final state, as

a result of the Borromean nature of 6He, is similar in both 1n and 2n neutron transfer. In

both cases we have a neutron, an α particle and γ-rays from the excited 66Cu residue. The

figure also shows that there is an angular correlation between α particles and neutrons for

1n-transfer but not for 2n-transfer. Triple coincidences between n, α and γ-rays from the

excited 66Cu residue were used to deconvolute the 1n and 2n transfer contributions and also

to eliminate projectile breakup. The extraction of the transfer cross section was made as

follows. Data with conditions for neutron, α particle and γ transitions in 66Cu were first

selected. These events were then used to obtain the angles and energies for the selected

neutrons and α particles and their relative angles θnα and energies Enα. The population of

the 3/2− ground state of 5He was verified from the measured correlation between the θnα

5



0

200

400

600

800

1000

1200

0 400 800 1200 1600

C
ou

nt
s/

0.
5 

ke
V

Eγ (keV)

❍  66Cu

❍

❍

❍

❍
❍

❍

❍

❍

▲ 65Cu

▲▲ ▲▲

▲

▲

▲

Triple coincidence 
         α-n-γ

-60 -30 0 30

∆ x (mm)
-60

-30

0

30

∆ 
y 

(m
m

)
FIG. 2: (color online) Gamma spectrum in coincidence with α particles and neutrons obtained by

selecting events outside the region marked in the inset (see text). The inset shows a 2D plot of the

difference in positions of the detected α particle and neutron at the plane of the Si detector.

and Enα. In the 1n transfer reaction, neutrons and α particles are emitted by the breakup

of 5He in this state. Reaction kinematics restricts θnα to a maximum value (θ0) of 31◦ for

these events. Such a directional correlation is absent in the case of 2n transfer where the

neutron arises by evaporation from excited 67Cu nuclei as shown in Fig. 1b. Thus the region

θnα > θ0 consists of events arising from 2n transfer and the corresponding differential cross

sections were obtained by restricting to events in this region. The region θnα < θ0 contains

contributions from both 2n and 1n transfer. Fig. 2 shows the sum of the added-back γ-

ray spectrum of the EXOGAM array in coincidence with α particles and neutrons for θnα

> θ0. The prominent transitions in 66Cu and those in 65Cu arising from the α2n fusion-

evaporation channel are indicated. The inset shows the division of the kinematic region in a

two dimensional plot of ∆x vs. ∆y, where ∆x and ∆y are the difference in positions of the

detected α-particle and neutron at the plane of the Si detector. The central region (marked

by a circle in the inset) represents the 31◦ cone. The differential cross sections for 1n transfer
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were obtained by subtracting the contribution of the 2n transfer that were obtained from

the yields outside the cone (scaled with the appropriate solid angles) from the total yields in

this region. The emission angle of 5He was approximated as the measured θα. The fraction

of the solid angle of the Neutron Wall corresponding to the two regions, inside and outside

the cone, were obtained from simulations.

The absolute cross sections were obtained from the known efficiencies, target thickness

and integrated beam intensity. The extracted differential cross sections for 1n and 2n transfer

reactions are presented in Fig. 3. Only statistical errors are shown in the figure and range

from 2-3 % and 15-20 % for the 2n and 1n transfer reaction respectively. In Fig. 3, for 1n

transfer, θ5He was assumed to be the same as θα. The relative insensitivity of the extracted

cross sections to the precise value of θ0 was verified by repeating the analysis with a 5◦

variation. The measured elastic angular distributions are shown in Fig. 3b.

Coupled Reaction Channel (CRC) calculations [2] were performed using the code

FRESCO [25] to understand the angular distributions and the role of channel coupling

on the various processes. The full complex remnant term and non-orthogonality correction

were included. In the present calculations coupling to the breakup channel was not consid-

ered. This is based on lower breakup contribution (as compared to transfer) observed in

[26] and also the reduced importance of Coulomb breakup in this lower Z target. Entrance

and exit channel bare potentials consisted of double-folded real and interior Woods-Saxon

imaginary parts. The M3Y effective interaction [27] and the 6He and 5He matter densities

were from Refs. [28] and [29], respectively. The Woods-Saxon potential parameters were:

W = 50 MeV, R = 1.0 × (A1/3
p + A

1/3
t ) fm, a = 0.3 fm.

The positive Q-value of the 65Cu(6He,5He)66Cu reaction favors population of relatively

high-lying states. However, the measured trend of (2J+1)S values as a function of excitation

energy derived from a direct transfer analysis in the 65Cu(d,p) reaction shows a rather rapid

decrease with increasing excitation energy (below ∼3 MeV) [30]. Thus, a restricted number

of states in 66Cu were included as suggested from the above studies. Configurations and

spectroscopic factors and neutron+65Cu potentials were taken from [30, 31]. Transfer to the

3/2− ground state resonance of 5He was also included, with spectroscopic factor taken from

Ref. [32]. The n+5He binding potential was of a Woods-Saxon form with radius parameter

r0 = 1.25 fm, diffuseness a = 0.65 fm, and a spin-orbit component of the same geometry

and a depth of 6 MeV.
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FIG. 3: (color online) Angular distributions for 6He + 65Cu for (a) 1n and 2n transfer. CRC

calculations for 1n and 2n transfer are shown. (b) Elastic scattering. CRC calculations with no

coupling (dotted curve), only 1n transfer couplings (dashed line) and both 1n and 2n transfer

couplings (solid line) are shown.

The inclusion of 2n transfer in the CRC calculation is more challenging, as the Q value

for this reaction favors high-lying states in 67Cu. The Q matching conditions, together with

the fact that no γ rays for transitions in 67Cu were observed, suggest that if the mechanism

is conventional transfer only states above the 1n separation threshold in 67Cu (9.1 MeV)

but below the 2n threshold (16.2 MeV) should be considered. Two-step sequential transfer

was omitted, as attempting to include it would increase the number of unknown factors

in the calculation. Due to the lack of detailed information on high-lying states in 67Cu,

structural information of high lying states in 65Cu observed from (p,t) studies [33] were used

instead. The validity of this approximation is strengthened by the observed similarity of

the low-lying spectra of 65Cu and 67Cu. Thus, states in 67Cu in the range from 10.9 to

14.3 MeV, with spins, parities and excitation energies of known states in 65Cu [34] were

included. A dineutron-like cluster structure for these states with the lowest possible 2n

angular momentum relative to the 65Cu was assumed. The 2n+65Cu binding potentials

were of Woods-Saxon form, radius R = 1.25 × (21/3 + 651/3) fm and diffuseness a = 0.65

fm. All spectroscopic factors were set to 1.0. The form factor for the 2n+4He structure of
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6He, was taken from Ref. [35]. The optical potential used were the same double-folded plus

Woods-Saxon combination as for the other channels, with the 4He matter density derived

from the charge density of [36].

Calculated angular distributions for transfer and elastic scattering are shown in Fig. 3.

The solid curve in Fig. 3a is the sum of the angular distributions for 1n transfer to the

calculated individual states in 66Cu; the agreement with the data is good, supporting the

assumption that the mechanism is conventional single neutron stripping to bound states

in the target-like nucleus. The calculation for 2n transfer, denoted by the dotted line in

Fig. 3a reproduces well the shape of the angular distribution. The difference in absolute

magnitude is not surprising in view of the uncertainties in calculating a two neutron transfer

angular distribution. The present calculations support the suggestion, prompted by the very

large cross section, that the 2n transfer is largely the result of a direct, one-step transfer

of a dineutron-like cluster. These calculations using the simple assumptions of a large

spectroscopic factor for both configurations can be justified as the two configurations are

not orthogonal to each other. This is similar to the case of 6Li where the sum of the

spectroscopic factors for the α+d and 3He+t configurations is much greater than one.

The effect of the transfer couplings on elastic scattering is shown in Fig. 3b. The dotted

curve shows the result of the calculation with no coupling. The dashed curve denotes the

effect of coupling to 1n transfer only. It can be seen that this coupling has a small effect

on the elastic scattering. The solid curve denotes the result of the calculation including

both 1n and 2n transfer couplings. The effect of coupling to the 2n transfer channel can

be seen to be much stronger than that due to 1n transfer, acting to further damp the

oscillations and increase the larger angle cross section to better match the data. Although

the elastic scattering is still oscillatory compared to the data, a problem usually associated

with insufficient absorption, the magnitude of the data is well described. The fusion cross

section was calculated using the in-going wave boundary condition. Calculations with no

coupling, coupling to 1n transfer only and to both 1n and 2n transfer yielded values of 1655,

1631 and 1551 mb, respectively, in good agreement with the measured fusion cross section

of 1396(90) mb. The influence of 1n transfer coupling on the fusion process, like that for the

elastic channel is seen to be weak. The relatively good agreement between the measured and

calculated values for the various channels as seen from Fig. 3 for this system represents an

important step towards an understanding of the reaction mechanism for Borromean nuclei
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at energies near the Coulomb barrier. De Young et al.[15] pointed out the large yield of α

particles in reactions of 6He. In particular, the results with a 209Bi target show that the

ratio of 2n transfer cross section to 1n is about 2.5-3. For the medium mass target studied

here, the ratio is about 10. This difference could arise from the role of target structure and

different channel couplings. The present coincidence measurements show unambiguously

that, there is no need to invoke transfer to states in the 2n continuum of 67Cu to explain

the large observed cross section.

In summary, exclusive measurements for 1n and 2n transfer, elastic scattering and fusion

for the Borromean nucleus 6He incident on a medium mass target at an energy near the

Coulomb barrier are reported. The first successful application of triple coincidences, with

low energy ISOL beams, between α, neutrons and γ rays from the target-like residue and

their angular correlations were used to uniquely obtain the 1n and 2n transfer angular

distributions. The present work shows that the main contribution to transfer arises from

the 2n component, thereby indicating [10] the dominance of the di-neutron structure in

6He. CRC calculations illustrate the important role played by the coupling of the two

neutron channel on the reaction mechanism. The availability of low energy beams of double

Borromean 8He, having the highest N/Z ratio, would provide an excellent opportunity to

study correlations between the four valence neutrons and to investigate the effect of the

continuum in this drip line nucleus.
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