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Dipole responses of nuclei
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Dineutron correlation in 6He
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Previous measurement of 6He
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however, no attempt was made to fold out the energy reso-
lution ⇥see Sec. II⇧. Since any deconvolution procedure en-
larges statistical errors tremendously, we prefer to fold the
response into calculated spectra if these are to be compared
with the experimental data. For further theoretical compari-
sons, the experimental spectra and the detector response ma-
trices which should be used to convolute calculated cross
sections are provided upon request.
We point out that decay of 6He into other channels than

�⌅n⌅n can occur only at excitation energies above 12.3
MeV, which represents the threshold for decay into two tri-
tons. The excitation energy spectra thus comprise the full
strength for E*⌃12.3 MeV. As discussed in an earlier pub-
lication  29�, the appearance of resonant structures may be-
come enhanced in an appropriate correlation 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 details. The correlation function

R⇥E*⇧⇤
d⇤/dE*
d⇤ ran/dE*

,

where d⇤ ran/dE* denotes the excitation energy spectrum ob-
tained from the invariant mass, was constructed by random
combinations of � particles and neutrons from different
events.

A. Electromagnetic scattering

We first concentrate on a discussion of the excitation en-
ergy spectrum and the respective correlation functions ob-
tained with the Pb target. As was outlined in Sec. III, the
major part of the cross section ⇤ inel⇤(650�110) mb ob-
tained for the inelastic scattering on the Pb target can be
assigned to electromagnetic excitation. The calculation of the
nuclear contribution in the eikonal approximation ⇥see Sec.
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 6He have been presented in Refs.
 3,7,31� ⇥see references therein⇧ by deriving continuum state
solutions of the three-body equations for the � core and two
neutrons. The dipole (I⌅⇤1⇥) strength distributions of Refs.
 31� and  7� are shown in Fig. 4. In a first step of the analy-
sis, we used such theoretical strength distributions as input
into a calculation of the electromagnetic cross section of the
system under investigation applying the semiclassical
method in the perturbative approach as formulated in Ref.
 32�.2 The resulting cross sections for dipole excitation are
compared with the measured data on an absolute scale in Fig.
3. The magnitude of the measured cross section seems to be
fairly well reproduced, keeping in mind that nuclear excita-
tion processes are not taken into account. The cross section
for the continuum electromagnetic quadrupole excitation, us-

ing the E2-strength distribution of Ref.  31�, is found to
contribute about 17 mb in total, thus being negligible. We
expect that contributions from higher multipolarities are neg-
ligible as well.
In a second step of the analysis, we attempted to extract

the dipole strength distribution directly from the data. For
that purpose, we first corrected the experimental spectrum
for contributions from nuclear excitations: The excitation en-
ergy spectrum obtained with the C target was multiplied by 4
and subtracted from that obtained with the Pb target. The
scaling factor of 4 was deduced from the calculations in ei-
konal approximation as discussed in Sec. III. Starting from a
trial E1 distribution, cross sections were calculated in a
semiclassical approximation, convoluted 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 distribu-
tion is shown in Fig. 4 in comparison to the theoretical re-
sults of Refs.  31� and  7�. The differences between the two
theoretical results may reflect the different interactions being
used.
By integrating the experimental E1 strength distribution

up to 5 MeV excitation energy, we derive that the energy-
weighted Thomas-Reiche-Kuhn ⇥TRK⇧ sum rule ⇥STRK)

STRK⇤
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is exhausted to (10�2)% ⇥see Table II⇧.
In a halo nucleus like 6He, the most interesting compari-

son of the electromagnetic E1 strength function, is provided
by its relation to cluster sum rules. This is connected with the
fact that the main mode of motion at low energies only con-
tains the � 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

2Besides the strength distributions, the only free parameter in such
a calculation is the range of the integration over the impact param-
eter. We use a sharp cutoff minimum impact parameter of bmin
⇤9.6 fm, relying on the 6He interaction cross section measured in
Ref.  33�.

FIG. 4. Top: dipole strength distributions adapted from Ref.  31�
⇥dotted curve⇧ and from Ref.  7� ⇥dashed curve⇧. The experimen-
tally derived E1-strength distribution and the errors are given by the
solid line and the broad, shaded band, respectively. The abscissa is
the excitation energy E* minus the two-neutron separation energy
E thr , the experimental value of which amounts to 0.975 MeV.
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ab-inito calc

contribution should be of no importance. In an analogous
way we carry out the calculation of the LIT for 6He. We
would like to mention that for this nucleus one has two sepa-
rate HH expansions for !̃, namely for the two isospin chan-
nels with T=1 and 2 (see also [1]).
After having discussed the convergence of the LIT we

turn to the photodisintegration. In order to obtain the total
photoabsorption cross section "!#" one has to invert the LIT
of Eq. (4) (for details see [11]). This leads to the response
function R!#" and thus to "!#", Eq. (1).
In Fig. 3 we show the results for the total photoabsorption

cross section of 6Li and 6He with the AV4’ potential. In
comparison, we also present our previous results from [1]
with MN and MTI-III potentials. One notes that the general
structure of the cross section is similar for the various poten-
tial models, in particular the presence of two peaks for 6He,
but one also finds potential dependent results for peak posi-
tions and peak heights. The double peak structure of 6He can
be interpreted as a response of a halo nucleus, where the
low-energy peak is due to the halo–$ core oscillation (soft
dipole response) and the peak at higher energies due to the
neutron-proton spheres oscillation (Gamow-Teller mode or
hard dipole response).
In Fig. 4 we show the theoretical results together with

available experimental data. Here we would like to mention

that the data of [12] have been taken via a semi-inclusive
!% ,n" measurement. The obtained results correspond to the
inclusive cross section up to an energy of about 15.7 MeV,
where additional channels open up. The cross section due to
those additional channels have been measured in further ex-
periments [13,14]. In order to have an estimate for the total
cross section we have simply summed the !% ,n" data of [12]
to the cross sections of [13,14]. The data of Fig. 4 cited as
[13,14] are these sums.
Figure 4 shows that for the AV4’ potential one finds an

enhancement of strength in the threshold region compared to
the S-wave potentials. It is evident that the inclusion of the
P-wave interaction improves the agreement with experimen-
tal data considerably. This is particularly the case for 6Li. In
fact, with the AV4’ potential, one has a rather good agree-
ment with experimental data up to about 12 MeV. In the case
of 6He the increase of low-energy strength is not sufficient;
there is still some discrepancy with data. Probably, in order
to describe the halo structure of this nucleus in more detail

TABLE II. Cut of symmetries for the 6Li calculation with Kmax=13. For a given symmetry Nsym denotes
the number of included basis states and Kmax

sym is the maximal considered value of the grand-angular momen-
tum quantum number for this symmetry.

Symmetry #111111$ #21111$ #2211$ #3111$ #321$ #411$ #33$

Nsym 0 0 50 0 2382 2598 1332
Kmax
sym – – 7 – 11 13 13

FIG. 3. Total photoabsorption cross sections for the six-body
nuclei with AV4’, MN, and MTI-III potentials: (a) 6Li and (b) 6He.

FIG. 4. Theoretical and experimental photoabsorption cross sec-
tion results (see also text): (a) 6Li with experimental data from
[12–14] and (b) 6He with data from [15,16] (theoretical results con-
voluted with instrumental response function).
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Inclusive cross section
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shown in Fig. 2. While the one- and two-neutron knockout
cross sections are reproduced within the experimental errors,
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 tar-
get since electromagnetic processes are not considered in the
model calculation. By comparing the measured and calcu-
lated cross sections, we derive a total electromagnetic cross
section for 6He with the Pb target of (5206110) mb. We
note that the nuclear inelastic cross sections obtained in ei-
konal 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 nuclear radii. In turn, if we scale the electromagnetic
cross section of the Pb target to that of the C target, adopting
a Z target

2 dependence, we derive the value 3 mb, being small
in comparison to the measured inelastic cross section of
(3065) mb.
Results from the knockout reactions and their physics im-

plications have already been presented in earlier publications
@28,29#. The following section focuses on a discussion of the
inelastic excitations.

IV. INELASTIC EXCITATIONS

As described in Sec. II, the excitation energy of 6He can
be derived from the invariant mass of the a1n1n system.
The spectra are shown for the C and Pb targets in Fig. 3.
They are corrected for efficiency and solid angle acceptance;

FIG. 2. Measured integrated cross sections for single- (21n)
and two-neutron (22n) knockout, and for inelastic excitation
~inel.! in 6He ~240 MeV/nucleon! on a C target ~solid symbols! and
a Pb target ~open symbols!, leading to breakup into a 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. Electromagnetic excitations are not included in
the model calculation.

FIG. 3. Top: excitation energy (E*) spectra of 6He deduced from the invariant mass of the a1n1n decay channel, obtained with the
Pb target ~left! and the C target ~right! at 240 MeV/nucleon bombarding energy. Differential cross sections ds/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 semiclassical perturbative calculation. The solid curve is obtained by convoluting the dotted curve with
the instrumental response. The excitation energies of a known (E*51.80 MeV) and a predicted (E*54.3 MeV) @6# Ip521 resonance are
indicated by arrows. Bottom: corresponding correlation functions obtained as explained in the text.
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get since electromagnetic processes are not considered in the
model calculation. By comparing the measured and calcu-
lated cross sections, we derive a total electromagnetic cross
section for 6He with the Pb target of (5206110) mb. We
note that the nuclear inelastic cross sections obtained in ei-
konal 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 nuclear radii. In turn, if we scale the electromagnetic
cross section of the Pb target to that of the C target, adopting
a Z target

2 dependence, we derive the value 3 mb, being small
in comparison to the measured inelastic cross section of
(3065) mb.
Results from the knockout reactions and their physics im-

plications have already been presented in earlier publications
@28,29#. The following section focuses on a discussion of the
inelastic excitations.

IV. INELASTIC EXCITATIONS

As described in Sec. II, the excitation energy of 6He can
be derived from the invariant mass of the a1n1n system.
The spectra are shown for the C and Pb targets in Fig. 3.
They are corrected for efficiency and solid angle acceptance;

FIG. 2. Measured integrated cross sections for single- (21n)
and two-neutron (22n) knockout, and for inelastic excitation
~inel.! in 6He ~240 MeV/nucleon! on a C target ~solid symbols! and
a Pb target ~open symbols!, leading to breakup into a 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. Electromagnetic excitations are not included in
the model calculation.

FIG. 3. Top: excitation energy (E*) spectra of 6He deduced from the invariant mass of the a1n1n decay channel, obtained with the
Pb target ~left! and the C target ~right! at 240 MeV/nucleon bombarding energy. Differential cross sections ds/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 semiclassical perturbative calculation. The solid curve is obtained by convoluting the dotted curve with
the instrumental response. The excitation energies of a known (E*51.80 MeV) and a predicted (E*54.3 MeV) @6# Ip521 resonance are
indicated by arrows. Bottom: corresponding correlation functions obtained as explained in the text.
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Level Diagram 6He

T. Aumann et al., PRC59(1999)3

CH2：2+ sharp peak→Nuclear breakup 

Sn：Competing Colomb/Nuclear component
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Extraction of B(E1) strength
Exploring the decay mode & nn-correlation in 6He
Comparison to model/theoretical  calculation

Nuclear force
Possible existence of di-neutron 

Coulomb&Nuclear breakup of Two-Neutron Halo nucleus 6He
Clarification for Halo nature, n-n correlation
Establishment of ab-initio calc.

Inclusive cross section σ(6He →4He)
Relative Energy spectra 6He
Decay mode of 6He(2+) state

Outlook
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