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Abstract. The nuclear break-up of 6He on a 208Pb target was studied at 20 AMeV using a secondary beam
of 6He produced by the SPIRAL facility at GANIL. α-particles were detected in coincidence with two
neutrons with a large angular coverage and the reaction mechanism was identified. From the distribution
of the relative angles between the two neutrons the correlation function was extracted. It shows a strong
correlation at small relative angles attributed to the contribution of the di-neutron configuration of 6He.

PACS. 24.50.+g Direct reactions – 25.10.+s Nuclear reaction involving few-nucleons systems – 24.10.-i
Nuclear reaction models and methods – 25.60.Gc Break up and momentum distributions

1 Introduction

The 6He nucleus is an archetype of three-body nuclear sys-
tem in which an α core is surrounded by two correlated
neutrons. In its ground state, the coexistence of two con-
figurations is predicted: one in which the two neutrons are
close together (di-neutron configuration) and one where
the two neutrons are on opposite sides with respect to the
core (cigar configuration) [1]. A better knowledge of this
nucleus should help to understand other drip-line nuclei.

The correlation between the two halo neutrons of 6He
have been studied by different experimental techniques.
The delayed emission of deuteron observed in the β-decay
of 6He [2,3] is in favor of a di-neutron configuration [4]. On
the other hand, with radiative capture of a 40MeV proton
on 6He, no decay in the α + t channel was observed indi-
cating rather a cigar configuration [5]. As far as the reac-
tion mechanism is concerned, two-neutron transfer seems
to be a powerful tool to study neutron correlation and to
extract spectroscopic factors for each configuration. For
different targets and beam energies [6–11] the 2n trans-
fer cross-section could be understood within DWBA or
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CRC calculations including only direct 2n transfer and
therefore suggesting a di-neutron configuration. The con-
tribution of the two-step transfer [12] and of the triton
transfer [9], respectively, seem to be very low. Coulomb
break-up reactions have also been performed at 40AMeV
and the distance between the two neutrons was extracted
using the method of neutron interferometry [13]. A rela-
tive distance between the two neutrons of 5.9±1.2 fm was
found suggesting a cigar configuration for the two neu-
trons. From the above discussion, it is clear that there is
no consensus between all the results on the 6He configu-
ration obtained through different reaction mechanisms.

2 Nuclear break-up as a probe for correlations

Nucleon emission from 6He induced by nuclear pertur-
bation of a target during a collision is expected to vary
significantly with initial correlations of the two neutrons
in 6He, making nuclear break-up an interesting reaction
mechanism to study correlations.

One-neutron nuclear break-up has already been pro-
posed as a tool for spectroscopic studies [14]. A
time-dependent non-perturbative calculation solving the
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Fig. 1. Intuitive picture of the nuclear break-up of 6He in the
di-neutron and the cigar configuration. When the two nucleons
are close to each other, their relative angle after emission is
small whereas it is large when they are on opposite sides with
respect to the core.

Schrödinger equation (TDSE) [15] showed that nuclear
break-up leads to emission of a nucleon at large angle
with a typical emission pattern where the remnant core
and the towed nucleon are expected on opposite sides with
respect to the beam axis. This phenomenon was already
observed for stable nuclei [14] and for the one-neutron halo
nucleus 11Be [16] where it showed a strong cross-section
of about 0.5 barns. Moreover, this mechanism appears to
be very sensitive to the quantum properties of the emitted
neutron.

As far as neutron correlations are concerned, nuclear
break-up should disentangle the two configurations of 6He
as depicted in fig. 1. In the di-neutron configuration, both
neutrons will be attracted by the target and a much closer
emission in phase-space is expected leading to small rela-
tive angle between the two neutrons. In the cigar config-
uration, only one of the two neutrons is expected to feel
significantly the nuclear target potential while the other
will follow the quasi-projectile and will be emitted along
its direction as depicted at the right side of fig 1. From
this simple picture of nuclear break-up, the distribution
of relative angles between the two neutrons is expected
to depend strongly on initial neutrons configuration (see
bottom of fig. 1).

The nuclear break-up of correlated nucleons has been
theoretically studied for 16O using a time-dependent
transport model based on the mean-field approach and
taking into account 2p-2h correlations [17]. This model is
based on the Time-Dependent Density Matrix (TDDM)
theory [18,19] with the assumption that correlations are
dominant for pairs of time-reversed single-particle wave

Fig. 2. Two-body correlation as a function of the relative an-
gle between the two neutrons at initial and final time of the
dynamical evolution for 16O using an attractive (full line) or a
repulsive (dashed line) residual interaction.

functions. Within this approach, only the last two neu-
trons of 16O were considered to create two-body corre-
lations. To mimic nucleons which are close (respectively,
well-separated) in phase-space, we have used an attrac-
tive (v0 = −300MeV fm3) (respectively, repulsive (v0 =
+300MeV fm3)) schematic interaction of the form

v12(r1, r2) = v0

(
1 − 1

2
ρ

ρ0

)
δ(r1 − r2),

where ρ0 = 0.16 fm−3 is the normal density. The attractive
force gives a di-neutron–type configuration and the repul-
sive force a cigar configuration. At the initial time the at-
tractive force leads to close neutrons in coordinate space
and a large relative angle in momentum space whereas
the repulsive force leads to large distance between the two
neutrons and small relative angle in momentum space (see
top of fig. 2). In this calculation, the two-body correlations
at initial and final time of the dynamical evolution have
been extracted in momentum space. In fig. 2, the corre-
lated part of the emission is shown as a function of relative
angle between the two neutrons, θ12, defined by

cos θ12 = cos θ1 cos θ2 + sin θ1 sin θ2 cos(φ1 − φ2),

where (θi, φi) are the coordinates of the i-th neutron.
For both configuration, the correlation looks very dif-

ferent after the break-up has occured than before it, show-
ing the effect of the dynamics in this process. Moreover,
the attractive force (di-neutron configuration) leads to an
emission at a small relative angle and the repulsive force
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Fig. 3. Experimental set-up.

(cigar configuration) leads to an emission at a larger rel-
ative angles confirming the scenario given in fig. 1. This
theoretical calculation shows that nuclear break-up is sen-
sitive to the initial correlations of the neutrons so that it
will be able to probe neutron correlations in 6He.

3 Experimental set-up

The nuclear break-up of 6He on a 208Pb target was per-
formed at the GANIL facility. The 6He beam was pro-
duced by the ISOL technique and accelerated at 20AMeV
by the CIME cyclotron at the SPIRAL facility [20] with
an average intensity of 5 × 106 pps. The target was a
10mg/cm2 thick 208Pb foil. The experimental set-up is
shown in fig. 3. The charged particles were identified using
an annular telescope consisting of a double-sided Si-strip
ΔE detector with a thickness of 500μm backed with a
3.4mm thick Si(Li) E detector. The Si-strip detector had
4 quadrants, each with 16 strips made of 2mm wide rings
on the front side and 24 strips made of 3.4 degrees sectors
on the rear side. The telescope was located at a distance
of 11.8 cm from the target and covered an angular range
in the laboratory from 8 to 18 degrees relative to the in-
coming beam axis. The angular resolution of the telescope
was about 1◦. The choice of a 208Pb target was guided by
this detector because the charged particles needed to be
deviated enough to be detected.

The ΔE-E plot shown in fig. 4 enables the identifi-
cation of the 6He beam as well as α-particles originating
from break-up.

Regarding the detection of neutrons, a large angular
coverage was needed, which was achieved by using two
liquid-scintillator–based neutron detector arrays: the Neu-
tron Wall detector [21] and EDEN [22]. The 45 detectors
of the Neutron Wall, each with a thickness of about 15 cm,
were positioned at 51 cm from the target and were cover-
ing ≈ 20% of 4π for angles ranging from 10◦ to 60◦. Due
to the thickness of the detectors and the close distance

Fig. 4. Correlation between energy loss in the Si-strip detector
versus energy loss in the Si-Li detector. 6He, α, t, d, p can be
identified.

Fig. 5. Crosstalk rejection (see text for details).

to the target, the energy resolution of this detector was
about 50% at 20MeV. At this energy the intrinsic neu-
tron detection efficiency was about 30%.

EDEN detectors, 39 modules of 5 cm thickness and
20 cm in diameter were located on each side of the tar-
get at distances ranging from 1.5m to 1.9m and covered
3% of 4π from 70◦ to 110◦. The intrinsic efficiency of the
EDEN detectors at 20MeV was about 15% and the energy
resolution was about 4%.

Energies of the neutrons were deduced from time-of-
flight measurement where the Si-strip detector gave the
START signal and the neutron detector the STOP sig-
nal. The overall time resolution was about 2.5 ns. The
neutron-γ separation was done using the charge compar-
ison and zero-crossover methods for the EDEN and Neu-
tron Wall detectors, respectively.

One of the major issue of the detection of pairs of neu-
trons is to differentiate a real event from the crosstalk
phenomenon [23]. For that purpose, a GEANT4 simula-
tion was performed assuming the detection of one neutron
between 5 and 20MeV. 20% of the events gave crosstalk
events in the Neutron Wall while only 5% in EDEN. The
crosstalk was reduced according to the algorithm given
in [24] with the following rejection conditions being (see
fig. 5 for notations):
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Fig. 6. Differential cross-section as a function of the relative
angle between the two neutrons for triple-coincidence events
(α + n + n) with neutrons of energies larger than 5 MeV.

– the energy deposition in one detector, Eloss(1), is
greater than the energy obtained from the time of
flight, Etof (1): Eloss(1) > Etof (1);

– the neutron in the first detector has enough time to
go to the second detector and enough energy to make
the energy deposit: Eout(1) > Eloss(2) and Eout(1) >

Emin, where Emin = 1
2mn

d2
min

(t2−t1)2
and t1 and t2 corre-

spond to the time of flight of the first and the second
neutron, respectively.

For neutrons measured in two neighboring detectors of
the Neutron Wall, the second part of the second condi-
tion is automatically fulfilled (Emin = 0). With this al-
gorithm, the GEANT4 simulation shows that only 4% of
crosstalk events remain. The distribution of relative an-
gle between the two neutrons, θ12, after this crosstalk re-
jection procedure is shown in fig. 6 for triple-coincidence
events (α + n + n). To avoid the contribution of target
evaporation, only neutrons of kinetic energies greater than
5MeV were considered. The peak at angles lower than
30 degrees correspond to 30% of the initial events (no
crosstalk events) which is significant compared to the 4%
estimated remaining crosstalk events. In order to obtain
information on the correlation, this distribution has to be
compared to the one that would have been obtained if
there was no initial correlation between the neutrons.

4 Angular correlations between emitted
neutrons

4.1 Method and tests

The angular correlation function is defined by

C12(θ12) =
P (θ12)

P (θ1)P (θ2)
, (1)

Fig. 7. Distribution obtained by mixing the real events com-
pared with the distribution obtained from a GEANT4 simu-
lation of an isotropic distribution of neutrons with an energy
lower than 5MeV.

where P (θ12) is the experimental distribution and P (θ1)
P (θ2) is the independent emission of one neutron at the
angle θ1 and of another neutron at θ2, respectively. The
correlation function is equal to 1 if there are no correla-
tions. To get the independent emission probability from
the experimental data, an event mixing technique is used.
To simulate events with uncorrelated neutrons one neu-
tron is picked up in one experimental event and another
from a second event and their relative angle is computed.
The two distributions obtained by this method contain
the same experimental effects such as the acceptance of
the experimental set-up. This method has already been
used in refs. [13,25]. For strongly correlated systems, the
event mixing procedure needs several iterations because
it may happen that the pairs of neutrons picked up dur-
ing the mixing are very close to the original experimental
event. To avoid this, starting from the second iteration
each neutron is weighted by the inverse of its average cor-
relation with all other neutrons in other events [13]. In our
case, up to five iterations were necessary for the method
to converge.

Tests of the correlation function were performed for
neutrons with an energy lower than 5MeV mainly aris-
ing from the target evaporation. The correlation function
extracted is compatible with 1 except at very small an-
gles where there is a small correlation. This correlation
certainly comes from the remaining neutrons emitted by
break-up with energies lower than 5MeV.

A GEANT4 simulation of our experimental set-up has
been performed. An isotropic relative angle distribution of
neutrons with an energy lower than 5MeV was extracted
and the distribution obtained is very close to the one ob-
tained with the event mixing technique. The structures in
the distribution are not due to statistical fluctuations but
they are due to the discretization of relative angles in our
experimental set-up (see fig. 7). To avoid these structures,
a randomization of the relative angle, based on GEANT4,
has been used.
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Fig. 8. Top: distribution of relative angle compared to the
distribution obtained by mixing events. Bottom: correlation
function for neutrons with an energy greater than 5 MeV.

4.2 Correlation function for the total distribution

The correlation function has been extracted from the ex-
perimental data for neutrons with an energy greater than
5MeV (see fig. 8). The experimental and the mixed dis-
tributions have different shapes at small relative angles
and at large relative angles. In order to extract the cor-
relation, the mixed distribution is normalized to the large
relative angles, where no correlation is expected. The cor-
relation shows a strong deviation from 1 at small relative
angles. Using instead another normalization (for example,
normalizing to the total number of counts), the correlation
shape remains the same but the value of each contribution
differs.

4.3 Correlation function for nuclear break-up

To select only the contribution due to nuclear break-up in
our data, a condition that at least one neutron is emitted
at angles larger than 30 degrees is imposed to construct
the distribution of the relative angles. The contribution
due to the Coulomb break-up is then excluded as its cross-
section falls down above 20 degrees in the single-neutron
angular distribution and the nuclear break-up dominates.

The correlation function in this case (see fig. 9) shows
strong correlation at small relative angle. This contribu-
tion is significant and remains dominant for every con-
dition on the emission angle of the neutron. From the
calculation shown in fig. 2, we do expect that the di-
neutron configuration leads to emission at reltavie an-
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Fig. 9. Distribution of relative angles (top) and correlation
function (bottom) for events in which at least one neutron was
detected at an angle larger than 30 degrees.

gles lower than 30 degrees, whereas the cigar configura-
tion leads to emission of neutron at relative angles around
30 degrees. Although specific calculation dedicated to the
6He case are needed, a comparison between figs. 8-9 and
the schematic/preliminary calculation presented in fig. 2
seems to indicate that no cigar contribution is observed in
our experimental data and the small-angle contribution
stems from the di-neutron configuration only.

5 Conclusion

Two-neutron correlations in 6He have been studied. The
naive picture (fig. 1) of the possibility to observe the di-
neutron and cigar configurations of 6He in a nuclear break-
up reaction, was predicted by the time-dependent density
matrix theory (fig. 2). A clear experimental signature of an
enhanced di-neutron component was observed in this work
(fig. 9). To further proceed with the study of the configu-
ration mixing in 6He and to extract an upper limit on the
cigar configuration, a comparison with a theoretical calcu-
lation is necessary. Four-body CDCC calculations of the
break-up of 6He on a 208Pb target are in progress [26]. In
parallel, a time-dependent theory going beyond the mean-
field has been developed and applied to oxygen isotopes
and an extension to the study of 6He is in progress.

This work was partially supported by the Swedish Research
Council. The European Gamma-Ray Spectroscopy Pool is ac-
knowledged for lending us the Neutron Wall equipment.
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