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The three-body break-up *He —*He + n + n is studied experimentally, using a secondary *He ion
beam of 240 MeV/u incident on carbon and lead targets. Integrated cross sections for one- and
two-neutron knock-out and differential cross sections do/dE* and do/d¥ for inelastic nuclear or
electromagnetic excitations into the ®*He continuum are presented. The El-strength distribution
is deduced from electromagnetic cross sections and is found to exhaust (10 £ 2) % of the energy-
weighted TRK sum rule or (40 + 8) % of the cluster sum rule for excitation energies below 5 MeV.
Both the energy-weighted and non-energy-weighted dipole cluster sum rules are almost exhausted
integrating the strength up to 10 MeV, a fact, from which a root-mean-square distance between the
@ core and the two valence neutrons of ra—2n = (3.36 + 0.29) fm is derived. The known I™ = 2+
(1.80 MeV) resonance in ®He is observed in nuclear inelastic scattering; model dependent values of
the quadrupole deformation parameter §; = (1.7 + 0.3) fm or B(E2, 0% — 2*) = (3.2 £ 0.6) e*fm*
are derived. No clear signature could be obtained for predicted higher-lying 2% resonances, but
low-lying continuum strength of multipolarity other than dipole, likely of monopole and quadrupole
multipolarity, is indicated by the data. Two-body correlations in the decaying *He + n + n system
are investigated. The astrophysical relevance of the data with regard to the two-neutron capture
process *He(2n,v)%He is briefly discussed.

PACS number(s): 27.20.4n, 25.60.+v, 25.70.De, 29.30.hs

I. INTRODUCTION lence nucleon wave function, penetrating far into classi-
cally forbidden regions. Although of non-resonant char-
acter, the associated strength distribution may still be
characteristic of the specific ground state single-particle
structure [12]. The role of coherent excitations, i.e.low-

frequency oscillations of halo nucleons against the resid-

Continuum excitations play a key role in exploring the
single-particle and collective structure of weakly bound
nuclei located near the driplines. Such nuclei have very
few or no bound excited states, and thus, a study of

transitions to resonances embedded into the continuum
replaces, in some sense, the discrete level spectroscopy
applicable in strongly bound nuclei. Furthermore, quite
in contrast to properties known for stable nuclei, a con-
siderable low-lying multipole strength has been predicted
[1-7]. Low-lying dipole components, in fact, were ob-
served experimentally in the neutron-halo nuclei !'Li
[8-10] and ''Be [11]. The origin of multipole strength
close to the break-up threshold is found, in a single-
particle approach, in the optimal matching of the wave-
length of the continuum scattering state with the va-

ual core in their weak mutual field, were alternatively
discussed in Refs. [13-15].

It was suggested, moreover, that break-up reactions
may give access to study correlations among loosely
bound valence (halo) nucleons, arising from residual in-
teractions {16]. Borromean-type nuclei such as ®He,
where each of the two-body subsystems is unstable, are
evidently only stabilized by such forces. In high-energy
break-up reactions, under circumstances allowing for a
description of the reaction dynamics in the sudden ap-
proximation, initial-state two- or three-body correlations



were expected to be reflected in momentum correlations
between the break-up residues.

A study of the $He break-up may also deliver data
which are of astrophysical relevance with regard to
the stellar nucleosynthesis. The two-neutron capture
‘He(2n,y)5He was discussed in the literature as a pos-
sible route bridging the instability gap at mass A= 5
[17,18]. We shall show that the inverse break-up reaction
provides information relevant for calculating neutron-
capture rates.

The present experimental study is devoted to ®He,
which is known to exhibit a neutron halo formed mainly
by two p3sp neutrons outside the a core. The differ-
ence in proton and neutron rms radii was estimated to
(0.61+0.21) fm in Ref. [19] and to (0.93+0.06) fm in Ref.
(20]. The threshold for ®He break-up into a + n + n is
found at 975 keV, while 3He is unbound [21]. Thus, *He
appears to be an ideal study case in exploring the effects
discussed above, having in mind as well that He has
been subject to numerous theoretical studies comprising
the shell model approach, cluster models, and ’ab-initio’
many-body calculations based on nucleon-nucleon scat-
tering data and including three-body forces (see Refs.
[22-25] and references therein). The experiment, in a
first place, is aiming at identifying low-lying multipole
strength, and sets out to investigate correlations between
the decay residues in a measurement which is kinemati-
cally complete in the three-body channel a + n + n.

II. EXPERIMENTAL METHOD AND DATA
ANALYSIS

The secondary ®He ion beam (240 MeV/u) was pro-
duced in a fragmentation reaction utilizing a primary 80
beam (340 MeV /u) delivered by the synchrotron SIS at
GSI, Darmstadt, and a beryllium target of 8 g/cm? thick-
ness. The He fragments were separated in the fragment
separator FRS [26] and then transported to the exper-
imental area. For isotope separation a degrader acting
as a dispersive element was inserted in the midplane of
the FRS. Contaminants in the secondary beam were ob-
served on a few percent level only. Beam-ions incident
on the secondary target (1.87 g/cm? C or 0.87 g/cm?
Pb) were uniquely identified by means of an energy-loss
measurement in a Si pin-diode and a time-of-flight mea-
surement using thin organic scintillators. The trajectory
of the secondary beam was determined by two multi-wire
proportional counters (MWPC). Typically, a beam inten-
sity of 10% ions/s was obtained. Behind the secondary
target, the ‘He fragments were deflected by a large-gap
dipole magnet. The nuclear charge of the fragments was
obtained by a second Si pin-diode detector placed down-
stream close to the target. A third MWPC located be-
tween target and magnet served to determine the scatter-
ing angle ¥ of the fragments (resolution g9=3.2 mrad).

Their time of flight (ToF) was measured in an array of 20
organic scintillators with an active area of 2 x 2 m? placed
about 12.5 m downstream from the target (reselution
ar1.r = 300 ps including the velocity spread of the beam).
The acceptance in transverse momentum for the o parti-
cles was limited to about —200 MeV /c < p, < 180 MeV /c
and —100 MeV/c < p, < 140 MeV/c. Neutrons were
detected in the large-area neutron detector LAND [27]
with an efficiency of (824 7) % in case of a single neutron
hit, an angular resolution of g9 & 3 mrad, and a time-
of-flight resolution of or,p = 250 ps. LAND consists
of two hundred separate detector elements, allowing for
multiple-hit recognition. The acceptance in transverse
neutron momentum was limited to about —50 MeV /¢ <
Pzy < 50 MeV/c. Coincidences between a charged frag-
ment and at least one neutron were selected by a fast
trigger decision and were registered. Events triggered by
any incident beam ion were registered in a down-scaled
mode. This event class served for normalization to beam
intensity, but was also used to measure reactions in the
target without a coincident neutron. Results from this
experiment concerning other physical aspects than con-
sidered here were published in Refs. [28,29].

As a first step during the data analysis, the o par-
ticle was identified and the 4-momentum components
of the o particle and the coincident neutrons were de-
termined {examples of a- or neutron-momentum distri-
butions are found in Ref. [29]). The events were then
discriminated according to the apparent neutron multi-
plicity m,, = 0,1,2 registered in LAND. As shall be out-
lined below, the apparent neutron multiplicity charac-
terizes the reaction mechanism. For each neutron multi-
plicity, integrated cross sections were determined, taking
into account corrections for the detection efficiency and
limited acceptance (see above). For the acceptance cor-
rection the momentum distributions of the a particles
and neutrons measured within the acceptance were pa-
rameterized appropriately and extrapolated. Acceptance
corrections for the o particles amounted to typicaily 20 %
for both targets and all neutron multiplicities except for
neutron multiplicity my, =2 with the Pb target where the
correction was found to be 2.5 % only. A specific problem
is related to the neutron detection: Neutrons impinging
onto LAND fire a number of its sub-modules and a pat-
tern recognition algorithm has to be employed in order to
disentangle multiple neutron hits. The algorithm and its
performance, under the circumstances of an experiment
very similar to the present one, is described in Ref. [10].
The main effect appears in a reduced double-hit recogni-
tion capability in the case where two neutrons interact in
close vicinity to each other in LAND. Such detection de-
ficiencies were corrected for on the basis of realistic event
simulations, adjusted to the present experiment, and uti-
lizing the LAND response from calibration measurements
with tagged neutrons. A correction for reactions taking
place outside the target, e.g.in the detector material, was



accomplished by means of a measurement without tar-
get. Data from this measurement were analyzed in the
same manner as those obtained with target and were sub-
tracted after proper normalization from all spectra. In a
final step, correlations between the 4-momenta in the 3-
body a+n+n system or in its two-body subsystems were
analyzed. To a large extent, we rely on the Lorentz in-
variant quantity /s = /(3 ; Pi)?, where p; denotes the
4-momentum of particle i. The quantity /s — >, m?,
where m is the rest mass, provides the total kinetic en-
ergy in the center-of-mass frame of the particles involved.
In case of the decay of an excited nucleus, here $He with
the ground state mass m,, its excitation energy E* is
obtained simply as E* = /s — m,.

As we rely heavily on such excitation energy distribu-
tions for He in Section IV, we present in Figure 1 the in-
strumental response of our detection system with regard
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FIG. 1. Overall resolution og-«(top panel) and efficiency
e(E*) (bottom panel) with regard to the excitation energy
E* of ®He, obtained from event simulations (see text). The
experimental value of the resolution at E* = 1.80 MeV, shown
in the top panel, was derived from the I™ = 2% resonance in
5He observed with the C target.

to this quantity. The response for a given excitation en-
ergy of *He and subsequent decay into a+n+n is derived
by the event simulation described above, taking into ac-
count intrinsic detection efficiencies, position resolutions,
the time-of-flight resolution and finite acceptances for the
« particle and the neutrons. The algorithm to disentan-
gle the two neutrons impinging onto LAND is identical
for the analysis of simulated and real events. For the
event simulation, we assume zero momentum transfer to
the excited 5He and that the available kinetic energy is
distributed among the o« particle and the two neutrons
according to standard phase space distributions. We have
estimated that these simplifications give an uncertainty

of about 20 %. As shall be shown later, only small de-
viations from phase space distributions were observed in
the experimental data. With this procedure, we obtain
response functions which can be well described by Gaus-
sian distributions. Small non-Gaussian wings are present
on a few percent level which can be neglected under most
circumstances. Experimentally, we were able to check the
derived resolution from the I = 2% resonance at E* =
1.80 MeV measured with the C target (see Section IV).
The value of 0. = 0.16 MeV is consistent with the value
obtained in the event simulation, see Figure 1. The same
procedure also delivers the detection efficiencies shown in
Figure 1. The apparent decrease in efficiency, at low E*,
is due to the limited capability to resolve two neutrons
with a small relative distance in LAND. The decrease at
higher excitation energies is due to the finite solid angle
acceptance.

III. REACTION MECHANISMS AND CROSS
SECTIONS

Apart from excitations due to the nuclear or electro-
magnetic fields in distant collisions, nucleon knock-out
processes occurring at close impact contribute substan-
tially to the total break-up cross sections obtained at high
bombarding energies. Inelastic excitations and knock-out
reactions™ can be distinguished in our experiment on the
basis of the observed neutron multiplicity. For a detailed
discussion in a related context, we refer to Ref. [10]. The
main argument is that knock-out neutrons are scattered
to large angles, thus escaping from detection in the lim-
ited forward angle cone covered by the neutron detector.
In the present case of He, a simultaneous knock-out of
the two valence neutrons yields an apparent neutron mul-
tiplicity m, = 0 and the knock-out of a single neutron
yields m,, = 1. In the latter case, as shown in Ref. [29],
the remaining o + n system forms the He ground state
resonance to a large extent. Due to the Lorentz boost,
the decay neutron from this resonance falls within the
acceptance of the neutron detector. In case of inelas-
tic excitation into the continuum of ®He, both decaying
neutrons fall within the acceptance of LAND for excita-
tion energies below about 4 MeV while the acceptance
gradually decreases towards higher excitation energies,
see Figure 1. Consequently, we may associate neutron
multiplicites my,, = 0,1,2 to double knock-out and single
knock-out, and inelastic excitations, respectively.

For these different reactions, integrated cross sections
were extracted, applying corrections discussed in Sec-

*We note that in the literature knock-out reactions and in-
elastic excitations are frequently referred to as stripping re-
actions and diffractive scattering, respectively.



tion II. The results are given in Tablel for the C and

TABLE 1. Measured integrated cross sections for inelas-
tic excitation (oine1.), single- (o_1n), and two-neutron (g_2n)
knock-out in ®He (240 MeV/u) on C and Pb targets, leading
to break-up into a and neutrons. The sum of all three cross
sections (¢,um) and the cross section for the I™ = 2% reso-
nance at 1.80 MeV in ®He are given as well. Errors include
systematic and statistical ones. In case of the Pb target, the
electromagnetic cross section (¢..m.) was estimated as dis-
cussed in the text.

o (mb) C target Pb target
Tinel. 30£5 650 + 110
O—1in 127 £+ 14 320 £+ 90
O—2n 33+ 23 180 + 100
7(2%) 4008 14t4
Osum 190 + 18 1150 + 90
Te.m. (520 + 110)

Pb targets. In Figure 2, we compare these cross sections
with the theoretical predictions of Ref. [30]. This cal-
culation is based on the eikonal approximation which is
appropriate at high energies. The cross sections were cal-
culated for one- and two-neutron knock-out (in Ref. [30]
referred to as “stripping”) and for inelastic excitation (in
Ref. [30] referred to as “diffractive” scattering) for ®He
(240 MeV/u) on a C target. The calculation takes into
account recoil and core shadowing effects. The compari-
son of calculated and measured cross sections, displayed
in Figure2, shows perfect agreement. By applying the
same theoretical method, we performed calculations for
the Pb target as well, and the results are also shown
in Figure 2. While the one- and two-neutron knock-out
cross sections are reproduced within the experimental er-
rors, we find a considerable excess for the experimental
inelastic cross section. We attribute this excess in cross
section to excitations in the strong electromagnetic field
of the Pb target since electromagnetic processes are not
considered in the model calculation. By comparing the
measured and calculated cross sections, we derive a total
electromagnetic cross section for *He with the Pb tar-
get of (520+ 110) mb. We note that the nuclear inelastic
cross sections obtained in eikonal approximation increase
by a factor of 4, comparing that of the C target with
the one of the Pb target, somewhat in excess of what
would be obtained from a simple scaling with the nu-
clear radii. In turn, if we scale the electromagnetic cross
section of the Pb target to that of the C target, adopting
a Z%,,.: dependence, we derive the value 3 mb, being
small in comparison to the measured inelastic cross sec-
tion of (30 + 5) mb.

Results from the knock-out reactions and their physics
implications have already been presented in earlier pub-
lications [28,29]. The following section focuses on a dis-
cussion of the inelastic excitations.

O Pb
0.6 1

e C

d (barn)

0.2r

-2n -in inel.

FIG. 2. Measured integrated cross sections for single-
(—1n) and two-neutron (—2n) knock-out, and for inelastic
excitation (inel.) in ®He (240 MeV/u) on a C target (solid
symbols) and a Pb target (open symbols), leading to break-up
into « and neutrons. The solid and dashed lines connect the
values from calculations in an eikonal model for the C target
{30] and for the Pb target (see text), respectively. Electromag-
netic excitations are not included in the model calculation.

IV. INELASTIC EXCITATIONS

As described in Section II, the excitation energy of SHe
can be derived from the invariant mass of the a + n+n
system. The spectra are shown for the C and Pb tar-
gets in Figure 3. They are corrected for efficiency and
solid angle acceptance, however, no attempt was made
to fold out the energy resolution (see Section II). Since
any deconvolution procedure enlarges statistical errors
tremendously, we prefer to fold the response into calcu-
lated spectra if these are to be compared with the exper-
imental data. For further theoretical comparisons, the
experimental spectra and the detector response matri-
ces which should be used to convolute calculated cross
sections are provided upon request.

We point out that decay of ®He into other channels
than a+n+n can occur only at excitation energies above
12.3 MeV, which represents the threshold for decay into
two tritons. The excitation energy spectra thus comprise
the full strength for E* < 12.3 MeV. As discussed in
an earlier publication [29], the appearance of resonant
structures may become enhanced in an appropriate cor-
relation function, which eliminates residual effects due to
detector response or finite solid angle acceptances. We
follow the procedure outlined in [29] and refer to it for
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FIG. 3. Top: Excitation energy (E*) spectra of ® He deduced from the invariant mass of the a+n+n decay channel, obtained
with the Pb target (left) and the C target (right) at 240 MeV/u bombarding energy. Differential cross sections do/dE* are
given. The spectra are corrected for detection efficiency and solid angle acceptance, but they are not deconvoluted with respect
to the resolution in E* (see text). In case of the Pb target, the dotted curve represents the calculated electromagnetic cross
section using the dB(E1)/dE* distribution from the three-body model of Ref.[7] and a semi-classical perturbative calculation.
The solid curve is obtained by convoluting the dotted curve with the instrumental response. The excitation energies of a known
(E* = 1.80 MeV) and a predicted (E* = 4.3 MeV [6] I™ = 2% resonance are indicated by arrows. Bottom: Corresponding

correlation functions obtained as explained in the text.

details. The correlation function R(E*) = ﬁ%,
where do"" /dE* denotes the excitation energy spectrum
obtained from the invariant mass, was constructed by
random combinations of o particles and neutrons from
different events.

A. Electromagnetic scattering

We first concentrate on a discussion of the excitation
energy spectrum and the respective correlation functions
obtained with the Pb target. As was outlined in Sec-
tion III, the major part of the cross section giner. =
(650 & 110) mb obtained for the inelastic scattering on
the Pb target can be assigned to electromagnetic excita-
tion. The calculation of the nuclear contribution in the

eikonal approximation (see Section III), delivers 127 mb,
i.e. a contribution of only 20 %.

In principle, the electromagnetic cross section may be
composed of various multipolarities. Explicit multipole
strength distributions for ®He have been presented in
Refs. [3,7,31] (see references therein) by deriving contin-
uum state solutions of the three-body equations for the
a core and two neutrons. The dipole (I* =17) strength
distributions of Refs. [31] and [7] are shown in Figure4.
In a first step of the analysis, we used such theoretical
strength distributions as input into a calculation of the
electromagnetic cross section of the system under inves-
tigation applying the semi-classical method in the per-
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FIG. 4. Top: Dipole strength distributions adapted from
Ref. (31] (dotted curve) and from Ref. [7] (dashed curve).
The experimentally derived E1 strength distribution and the
errors are given by the full drawn line and the broad band, re-
spectively. The abscissa is the excitation energy E* minus the
two-neutron separation energy En,, the experimental value
of which amounts to 0.975 MeV .

turbative approach as formulated in Ref. [32] f. The re-
sulting cross sections for dipole excitation are compared
with the measured data on an absolute scale in Figure 3.
The magnitude of the measured cross section seems to be
fairly well reproduced, keeping in mind that nuclear ex-
citation processes are not taken into account. The cross
section for the continuum electromagnetic quadrupole ex-
citation, using the E2 strength distribution of Ref. {31],
is found to contribute about 17 mb in total, thus be-
ing negligible. We expect that contributions from higher
multipolarities are negligible as well.

In a second step of the analysis, we attempted to ex-
tract the dipole strength distribution directly from the
data. For that purpose, we first corrected the experi-
mental spectrum for contributions from nuclear excita-
tions: The excitation energy spectrum obtained with the
C target was multiplied with 4 and subtracted from that
obtained with the Pb target. The scaling factor of 4 was
deduced from the calculations in eikonal approximation
as discussed in Section III. Starting from a trial E1 dis-
tribution, cross sections were calculated in semi-classical
approximation, conveluted with the detector response,
and compared to the experimental data. In an itera-
tive procedure, the E1 distribution was modified until
the experimental data were reproduced. The resulting
distribution is shown in Figure 4 in comparison to the

'Besides the strength distributions, the only free parameter
in such a calculation is the range of the integration over the
impact parameter. We use a sharp cut-off minimum impact
parameter of buin=9.6 fm relying on the ®He interaction cross
section measured in Ref. [33].

theoretical results of Refs. [31] and [7]. The differences
between the two theoretical results may reflect the dif-
ferent interactions being used.

By integrating the experimental E1 strength distribu-
tion up to 5 MeV excitation energy, we derive that the
energy-weighted Thomas-Reiche-Kuhn sum rule (Srrk),

9 K2 NZ
STRK = -5 0 (1)
is exhausted to (10 & 2) % (see table 2).

In a halo nucleus like SHe, the most interesting com-
parison of the electromagnetic E1 strength function is
provided by its relation to cluster sum rules. This is con-
nected with the fact that the main mode of motion at low
energies only contains the o particle and two neutrons.

The energy-weighted (EW) “cluster” sum rule {34,35]
is obtained by splitting the strength of the dipole motion
into that of the core, that of the halo nucleons, and that of
the relative motion between core and halo. For a neutron
halo, one obtains

9 Nn22e? B?
EW __ c
Scius = 4 AA. 2m'’ @)

or the ratio
SEN, _ Z:N -
Strx AN

where indices ¢ and h refer to core and halo, respectively.
The E1 non-energy weighted (NEW) cluster sum rule
[36,37] (see also [38]) reads

3 3 N,
sg,‘,f,“’ = GZ;"‘:?’ <ri>= EZczez(A—")2 <ri> (4
c

where r. (r) describes the distance between the center-
of-mass of the core (halo neutrons) to that of the whole
nucleus.

A comparison of the experimental E1 strength with the
cluster sum rules may provide an interesting insight into
the structure of He ground-state wavefunction. From
formula (4) one can see in a straightforward way that
the non-energy-weighted sum rule is directly connected
with the average distance between the « particle and the
center of mass of the whole system. We can, in fact, here
look into the geometry of the ground-state wave function
from experimental data alone.

This statement is, of course, only valid if the energy-
weighted strength distribution is close to what is given
by the theoretical energy-weighted cluster sum rule. In
Tablell, we give the experimental values for the energy-
weighted and non-energy-weighted strength for integra-
tion intervals up to 5.0 and 10.0 MeV, and compare
the data with sum rule values and with the results of
the three-body calculation of Ref. [7]. We observe good
agreement between data and calculations for the exci-
tation energy interval up to 5 MeV. For the 10 MeV



TABLE II. Experimental values (Exp.) for the inte-
grated (E* < 5 MeV and E* < 10 MeV) non-energy-
weighted (3 B(E1)) and energy-weighted (3 E*  B(E1))
dipole strength. Corresponding theoretical values from Ref.
and sum rule values are given for comparison.

Ref. 3" B(E1) ST E* « B(E1)
(e*fm?) (e*fm?*MeV)
Exp. (E° <5 MeV) 0.59 £ 0.12 1.9+04
(11 (E* <5 MeV) 0.71 2.46
Exp. (E° < 10 MeV) 12£02 6.4+1.3
[7] (E* <10 MeV) 1.02 4.97
Cluster Sum Rule 1.37 7] 4.95
TRK Sum Rule 19.7

interval, moreover, both the experimental and the the-
oretical values almost exhaust the energy-weighted clus-
ter sum rule. Thus, we may use the experimental B(E1)
strength integrated over this energy interval from which,
by means of equation (4), we deduce rms values \/< rZ >
=112+ 0.13fmor /< rhi >=2.24 % 0.26 fm. We may
compare these results with theoretical three-body calcu-
lations summarized in Table 7 of Ref. [23] which gives the
range of /< r2 > between 1.18 to 1.29 fm. We may also
compare the root-mean-square distance between the o
particle and two valence neutrons, ro_9,= 3.36+0.29 fm.
The theoretical results from different three-body models
(see Table 3 in Ref. [39]) give the range for ro_s,, between
3.19 and 4.24 fm.

For further consolidation of the interpretation of a pre-
dominant electromagnetic excitation process in interac-
tions of ®He with the Pb target, the ®He angular distri-
bution was inspected. The polar scattering angle of $He
was reconstructed from the measured momenta of the
outgoing two neutrons and the « particle. The resulting
angular distributior is shown in Figure 5 (left frame) in
comparison with the semi-classical calculation using the
experimentally derived El-strength distribution adopt-
ing pure Coulomb trajectories. The impact parameter b
used in the semi-classical formulation is related to the cm
scattering angle (J14p & ¥.m/1.04 in the present case) for
small angles

9 _ 2Zth82 1
T Bp b

where the indices ¢ and p denote target and projectile
quantities, and p the reduced mass. Very good agree-
ment is observed up to the grazing angle at around 19
mrad. From a comparison with the corresponding angu-
lar distribution from the C target, also shown in Figure
5, we infer that nuclear excitations take over at larger
scattering angles.

(5)

B. Nuclear inelastic scattering

In the excitation energy spectrum of the Pb target, a
small peak structure at E* = 1.8 MeV, coinciding with
the known I™ = 2% resonance, is observed. This peak be-
comes more pronounced in the correlation function also
displayed in Figure 3. The width of this structure is also
consistent with the known value [21], see Figure 1. The
cross section amounts to (14 £+ 4) mb, see Tablel. The
same structure, even more pronounced, is observed in the
excitation energy spectrum obtained with the C target,
again emphasized in the corresponding correlation func-
tion, see Figure 3. Its cross section is (4.04+0.8) mb. The
analysis of these cross sections obtained with the Pb and
C target, performed in a manner outlined below, delivers
deformation parameters being consistent with each other.
The averaged value is 6 = (1.7 & 0.3) fm, which may be
converted into B(E2, 0t — 2%) = (3.240.6) ¢*fm*. This
result, however, is model dependent, since it relies on a
specific form of the transition densities and a specific re-
lation between 63 and B(E2) values (for a discussion see
below). We notice that a second 2% resonance located
at E* = 4.3 MeV and of 1.2 MeV width was predicted
in Refs. [6,40] for which we find no clear experimental
signature.

Apart from the 1.8 MeV resonance, both the excitation
energy spectrum and the correlation function appear to
be structureless. This smooth continuum cross section
could be composed of various multipolarities. The C
target is a selfconjugate isospin T=0 system and thus
nuclear excitations of isovector modes in the T=1 nu-
cleus ®He, in particular dipole excitations, should be sup-
pressed. On the other hand, however, as discussed in
Ref. [41] and more recently in Ref. [42], isoscalar probes
can induce isovector transitions, e.g.in nuclei with neu-
tron excess, due to a different radial extent of proton and
neutron matter distributions.

In order to explore the contributions to the experimen-
tally observed nuclear cross section from various mul-
tipolarities, we performed an analysis using transition
densities from various multipolarities thereby assuming
that the observed transitions are of vibrational type. In
principle, transition densities derived from microscopic
models should be used. The following calculations, thus,
should be considered as more schematic ones, aiming at
a qualitative understanding rather than at a quantitative
analysis.

In order to obtain nuclear cross sections, we per-
formed coupled-channels calculations, the essentials of
the method are described in Ref. [43]. Inelastic cross
sections were calculated in a semiclassical approach ad-
justed to high energy scattering using the Coulomb po-
tential and a nuclear optical potential. Effects of strong
absorption were incorporated in the eikonal approxima-
tion. We rely on electric multipole strength distributions
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distributions for quadrupole (upper panel) and monopole (lower panel) transitions, normalized arbitrarily.

from three-body models, as described earlier. In order to
describe nuclear excitations, the B(EX) values need to be
converted into nuclear deformation parameters §,. We
used 62 = (%Zﬂ)‘.?B(El)/e2 (dipole transitions) and
83 = (X ZR)"*B(E2)/e* (quadrupole transitions) ac-
cording to the Bohr-Mottelson particle-vibrator coupling
model [44]. We are aware that these relations are model
dependent and may be less appropriate in the case of halo
nuclei with their differing mass and charge distributions.

Following the prescription given in Ref. [41], we
use transition potentials Ug(r), Ui(r), and Us(r), for
monopole, dipole, and quadrupole transitions, respec-
tively. .

Up(r) =3 U(r) + r dU(r)/dr, (6)

QR’E (dU(r)/dr + ? d?U/dr?),

-2 K]

Us(r) (7)

(8)

In these equations a power expansionin AR = R,—-R,
was used for the dipole mode which was also applied in
Ref. [45] in analyzing neutron skins from isovector giant

Ua(r) = dU(r)/dr,

dipole resonance excitations in inelastic « scattering. For
the difference in proton and neutron radius, R, and R,
respectively, we use an average value from that derived
in Ref. [19] and in [20]. The optical potential U(r) was
derived from folding the ®He and target nucleon densi-
ties applying the t-pp approximation. For He, we use a
density distribution as derived in Ref. [19] on the basis
of elastic proton scattering, and for the C and Pb targets
modified Fermi distributions with parameters as quoted
in Ref. [46]. The validity of the t-pp approximation in
applications with halo nuclei was discussed in Ref. [47].

By using the experimentally derived B(E1) strength
distribution as shown in Figure 4, we obtain a cross sec-
tion for the C target of about 4 mb, comprising only
about 15% of the total experimental continuum cross
section. Thus it seems evident, that transitions of other
multipolarity contribute significantly. This may be con-
sidered as a first experimental evidence for low-lying mul-
tipole strength other than of dipole character in halo nu-
clei. So far, only low-lying dipole strength was known
from experiments with 11Li and 1!Be.

We estimated the contribution of quadrupole transi-
tions on the basis of B(E2) strength distributions pro-
vided by three-body model calculations. For instance,



using the E2 strength distribution of Ref. [31], one ob-
tains a cross section of 4 mb, i.e. again about 15 % of
the measured cross section. As discussed above, the cal-
culated cross section depends on the particular choice of
the transition density, and one may question if the tran-
sition density given related to equation (8) is appropriate
in case of halo-type matter distributions. Nevertheless, it
appears that dipole and quadrupole transitions together
cannot fully account for the measured total inelastic nu-
clear cross section. Thus, it seems conceivable that also
other multipolarities contribute. In that respect, further
information, at least of qualitative nature, can be ob-
tained from the He angular distribution. In the follow-
ing, we compare experimental angular distributions with
distributions calculated in DWBA using the eikonal ap-
proximation [47]. Figure 5 displays the angular distribu-
tion obtained with the C target by integrating the inelas-
tic cross section (left frame, open symbols) and for two
different excitation energy regions (right frames). In the
right upper part the distribution is shown for an excita-
tion energy where the I" = 2% (1.80 MeV) resonance is lo-
cated. A broad angular distribution is observed, centered
around 25 mrad. We show the angular distribution calcu-
lated for an I" = 2% transition in Figure 5 for comparison
(dashed line), and we observe reasonable agreement. For
the continuum part (3.0 MeV< E* < 4.0 MeV), a simi-
lar distribution, centered around 25-30 mrad is observed,
but in addition, a considerable fraction of cross section
appears close to zero degree. The angular distribution
calculated for a monopole transition, also shown in the
lower right part of Figure 5 (dashed line), exhibits a sim-
ilar pattern. Thus, the observed continuum cross section
may be attributed in part to monopole transitions for
which low-lying strength is predicted as well from three-
body models Refs. [7,31].

C. Two-body correlations

Finally, we present an analysis, aiming at an investi-
gation of two-body correlations in the a + n+ n channel.
In Ref. [16], it was claimed that in high energy inelas-
tic scattering, where a sudden approximation may be-
come valid, initial state correlation among the two-body
constituents in a Borromean system may prevail in the
exit channel. In Figure 6, we present neutron-a and
neutron—neutron relative energy spectra from the mea-
surement with the Pb target. The data are compared
with event simulations starting from the measured excita-
tion energy and distributing the available kinetic energy
between the a particle and the two neutrons according to
standard phase space distributions. In both spectra, we
find small deviations from the phase space distributions.
In the neutron-a spectrum, a slight excess is observed co-
inciding in energy with the 5He ground state resonance.
In the neutron-neutron spectrum very low relative ener-

gies appear to be enhanced, qualitatively in accord with
the known, very low-lying virtual state in the neutron-
neutron channel. The deviations from phase space dis-
tributions may thus be caused by final state interactions.
To find out to which extent initial state correlations are
reflected as well, would require substantial theoretical ef-
forts in analyzing the data, going beyond the scope of this
paper. We note that also relative angle spectra between
two-body constituents were inspected and again, only
minor modifications of the respective phase space distri-
butions were found. In particular the neutron-neutron
relative-angle distribution shows a slight enhancement
around a zero relative angle, in line with the enhance-
ment at low relative energies. Also, corresponding corre-
lations obtained with the C target exhibit qualitatively
very similar features.

D. Astrophysical aspects

We finally like to point out the astrophysical aspects
inherent in our experimental data. In the past years it
was discussed that the postcollapse phase in a type II su-
pernova may offer the ”ideal site” for the r-process form-
ing the heaviest elements. In the preceding a process,
elements up to masses A < 100 are built. The bottle-
neck in this nucleosynthesis process is the formation of
nuclei with A > 9 from nucleons and « particles. Two-
step processes, such as *He(2n, v)He and ®He(2n, v)®He
were considered to be potentially relevant in bridging the
instability gaps at A = 5 and A = 8, see Refs. [17,18]. It
is presently believed that the two-neutron capture cannot
compete with the (an, v) process in a type II supernova
scenario, but other scenarios such as production of r-
process elements in the coalescence of two neutron stars
are still under discussion for which the relevance of two-
neutron capture processes is yet to be explored [48]. In
any case, it is certainly of interest to check experimentally
the model-dependent assumptions on which such conclu-
sions are based so far. As far as the *He(2n,v)%He re-
action is concerned, one of the contributing mechanisms
is the formation of the ®He ground state resonance as
an intermediate state, followed by radiative capture of
a second neutron with creation of the ®He ground state.
Non-resonant mechanisms involving E1 photoabsorption,
however, were considered as well. We note that our data
obtained with the Pb target, discussed in Section IV.A,
comprise exactly the inverse process, i.e. absorption of a
(virtual) 4 quantum followed by two-neutron emission.

First, we were able to extract a B(E2, 07 — 2%) =
(3.2 £ 0.6) e2fm* value, although in a model dependent
way. It can be compared, for instance, with the one used
in the model calculation of Goerres et al. [18]. There,
a value of 2.85 e?fm* was adopted, which our data now
basically confirm.
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But, moreover, non-resonant transitions can now be
estimated on the basis of our data. In fact, Efros et al.
[17] consider the process of a non-resonant electric dipole
transition as the main contribution to the second step of
the reaction, i.e. the neutron capture leading from 5He to
®He. By relying on B(E1) strength distributions from a
three-body model, they obtain an enhancement of three
orders of magnitude of the non-resonant mechanism in
comparison with the resonant one via the 5He I* = 2+
(1.80 MeV) resonance. It is straightforward to transform
our experimental dB(E1)/dE* distribution into a pho-
toabsorption cross section which can be compared with
the one used in the calculation of Efros et al., see Fig-
ure 3 of Ref. [17]. Their photoabsorption cross section
for the ®He(y, n)°He reaction peaks at around 2.3 MeV
with a value of 0.12 mb; the photoabsorption cross sec-
tion integrated up to 8 MeV excitation energy amounts
to about 0.4 mb-MeV. From our data, we deduce a total
photoabsorption cross section integrated up to 8 MeV of
(16 £ 3) mb-MeV. In comparison with the calculation of
Ref. [17], however, only that fraction of the cross section
is relevant which proceeds via the *He ground state reso-
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nance. We may obtain an estimate of that by inspecting
the relative energy spectrum of the a — n subsystem,
shown in Figure6. From this spectrum, we deduce that
about 10 % lead to the 5He resonance. Assuming that
the He formation is independent of the v energy, we can
derive a rough estimate of the photoabsorption cross sec-
tion for the ®He(v,n)*He reaction amounting to about
1.6 mb-MeV. This value is of the same order of magni-
tude as the one used by Efros et al., given above.
Currently, we attempt a more detailed analysis of the
neutron capture process from our data together with cor-
responding results which we obtained with a 8He beam,
thus spanning the whole sequence *He — ¢He — B8He.

V. CONCLUSION

By using an energetic secondary beam of ¢ He produced
in a fragmentation reaction, we have investigated the in-
elastic break-up into two neutrons and the *He core. We
were able to derive quantitative results for the E1 con-
tinuum strength distribution and for the E2 transition



probability to the I"=2% resonance in ®He. Both re-
sults are not only of interest with regard to the neu-
tron halo structure of 8He, but are relevant as well in
the stellar nucleosynthesis process. In the latter con-
text, we could show that even information on photoab-
sortion cross sections in reactions such as ®He(v, n)°He,
involving a #- and a particle-unstable nucleus, can be
deduced, utilizing two-body correlations observed in the
break-up channel. A large fraction of the dipole strength,
exhausting that given by cluster sum rules, is localized
at low excitation energies ( < 10 MeV). This observation
allowed to deduce information on the geometry of the
®He ground state wave function, i.e. to determine the
root-mean-square distance between core and halo neu-
trons. In addition, we obtain first experimental evidence
for low-lying strength of multipolarity other than dipole,
most likely of monopole and quadrupole type. The data
were compared with recent, most advanced three-body
model calculations, elucidating the specific structure of
Borromean-type nuclei.
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