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Neutron Momentum Distributions from «Core Break-up»
Reactions of Halo Nuclei.
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PACS. 23.20.En ~ Angular distribution and correlation measurements.
PACS. 27.20+n ~ Properties of specific nuclei listed by mass range: 6 < A < 19.

Abstract. - Neutron angular distributions from violent break-up reactions of !Li and 'Be have
been measured at 28 MeV/u and 280 MeV/u and at 41 MeV/u and 460 MeV/u, respectively. The
derived neutron momentum distributions show a narrow component in transverse momentum
that is within uncertainties independent of beam energy and target charge. This component is
suggested to be simply related to the momentum distribution of the loosely bound halo neutron(s)

in the projectiles.
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Introduction. — The last years have witnessed a rapid increase of our knowledge on
nuclear halo states, see, e.g., the overviews provided in[1,2]. A question only partially
answered so far is which experimental probe will provide the most reliable information on the
momentum distribution of the halo wave function. Previous work (see, e.g., ref.[3]) has
concentrated on measurements of neutron or charged fragment distributions—both parallel
and transverse to the beam direction—from the «halo-removal» channel, i.e. the one-neutron
removal channel for 'Be and the two-neutron removal channel for ®He, !'Li, Be and similar
nuclei. We present here experimental data on neutron transverse-momentum distributions
from other channels and suggest how these might be interpreted to give information on the
structure of the halo ground state.

The experiments were carried out at GANIL and GSI and the experimental procedures
have been described in detail elsewhere [4-7]. Beams of 'Li at 28 MeV/u at GANIL and at a
ten times higher energy of 280 MeV/u at GSI and similarly of 'Be at 41 MeV/u and
460 MeV/u were directed on both light and heavy targets. The emerging neutrons were
measured in coincidence with the charged fragments used to identify the reaction channel.
The neutron detectors are described in ref. [4,5,8].

The data to be discussed stem from collisions in which the core of the halo nucleus, i.e. °Li
in the case of 'Li and '°Be in the case of 'Be, was destroyed during the interaction. We shall
refer to these as «core break-up» channels. One particular combination, including all
observed channels in which the core interacts (i.e. channels except the halo-removal one), has
been presented in[6] and is there denoted the «restricted inclusive» channel.

Motivation. — Before turning to the experimental data, we shall review briefly the present
status of the interpretation of momentum distributions from the halo-removal channels.
Originally, these distributions were hoped to reflect quite directly the momentum
distributions of the halo neutron(s) in the ground state. This hope was partly based on
previous experiences from experiments at high energy where the longitudinal core
momentum distribution in certain cases seemed to give direct information [9]. However,
most experiments at low energies that have been analyzed in detail have shown that the
reaction mechanism also plays an important role. This is seen quite clearly in our
measured [5] neutron distributions from 'Be, which for light targets show a clear diffraction
pattern and for heavier targets a drop at zero angle arising from Coulomb excitation to a final
p-state. Although not immediately evident from the data [4], the reaction mechanisms play a
similar role for the neutron distributions from 'Li as well [10,11]. Here an important part is
also played by the neutron-core and neutron-neutron interactions. Note that the distribu-
tions typically change with beam energy as this can change the relative importance of the
different reaction mechanisms.

Both transverse [12] and longitudinal [7, 13, 14] core momentum distributions have been
measured; so far mainly results for 'Li have been published. The transverse distributions
have been shown to be affected by reaction mechanisms and final-state interactions [15, 16],
see also [17, 18] where neutron and core distributions are considered simultaneously. Finally,
one can also extract distributions from the experiments with complete kinematies [19] and an
analysis of these[20] leads to quite similar conclusions. The neutron and transverse core
momentum distributions derived are clearly different in the various reactions and the width
of the longitudinal core momentum distributions seems to vary (although only weakly) with
target [7,14]. From the limited theoretical investigations performed so far only the
longitudinal core momentum distributions on light targets at high beam energy can be
identified as a candidate for an undistorted picture of the ground state[9].

An obvious goal is to find the channels where the measured momentum distribution is as
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close as possible to the true one. With this in mind, we consider here the neutron
distributions from collisions in which the core reacts—the core break-up channels. The
core-target collision will be violent and will take place on a short time scale so that the sudden
approximation may be used for describing the fate of the halo neutrons. We want to test the
hypothesis that the neutrons in this case are very little affected by the collision due to their
weak coupling to the core and thus emerge with a momentum distribution close to the one of
the halo neutron. There are certainly distortions—the part of the wave function of the halo
neutrons that overlaps with the core will be altered, see, e.g., section 3.4 in[6] or the
discussion in[9]-—but for small momenta (large distances from the core) one might
reasonably expect such distortions to be moderate. Hopefully, final-state interactions may be
small due to the velocity difference between the halo neutrons and the core products. The
core-target collision will itself give rise to a neutron component, but this is expected to be
significantly broader in momentum than the halo component. If the core and the halo
decouple, i.e. if the inert-core approximation for the halo nucleus is valid, the core component
can in principle be measured in a separate experiment using the core nucleus as projectile.

Results. - We now turn to the data to see if these expectations are borne out. The first
figure presents the neutron angular distributions from the sum of all observed core break-up
channels, recorded at GANIL, for !Li. The angular acceptance in the experiment was not
sufficient to allow a clear separation of the experimental spectrum into a «halo» and a «core»
component. It was, however, possible to do a rough subtraction of the core component, as a
short run with a °Li beam was made. Figure 1 also shows the resulting angular distribution
after subtraction for the Be target. With a conservative estimate of the systematic
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Fig. 1. Fig. 2.

Fig. 1. ~ The radial neutron distributions from !Li reacting on Be, Ni and Au targets (filled squares,
triangles and circles, respectively) at 28 MeV/u in anticoincidence with the projectile core (°Li). The
open squares give the distribution obtained by subtraction of the total neutron distribution recorded
from °Li reactions in the Be target. The horizontal error bars indicate the angular width of the
detectors. The curve shows the distribution according to eq. (1).

Fig. 2. - The radial neutron distributions from 'Li reacting on a C and a Pb target (filled circles and
squares, respectively) at 280 MeV/u in coincidence with a charged fragment, °Li excluded. The
acceptance of the set-up was limited to fragments with A/Z > 23. The cross-section is given in
arbitrary units. The curves show the fit to the data according to eq. (1).
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TABLE I. — The width parameter of the radial neutron momentum distributions.

Isotope Eean Channel Target r
(MeV/u) (MeV/e)
Ui 28 #9Li Be 42 + 4
280 AJZ > 23 C 43+ 3
280 AlZ >28 Pb 36 +4
11Be 41 = 'Be Be 59 = 4
41 #=10Be Ti 61 =4
41 ALi Be 55 + 3(%)
41 414 Ti 50 = 4(%)
460 "Li C 67+5
460 8Li C 56+ 5

(@) Probably influenced by final-state interactions [22]. Not included in the average.

uncertainties involved in the subtraction procedure and fitting the distribution with a single
Lorentzian (parametrized by a width parameter I') we obtain a full width half maximum
(FWHM) for the halo component that converts to a value I'= (42 = 4)MeV/c. The
parametrisation for the Lorentzian is

dA

- 1
(pZ+ I'®/4)*2 W

r
W(pr)dA = ‘4——

where p, is the (two-dimensional) radial momentum component and d4 = p,dp, dy. (See [21]
for details of the conversion of FWHM to I'.)

No similar subtraction of the core distribution was feasible for the case of 'Be. Apart from
the total neutron distribution taken in anticoincidence with the core, also distributions
obtained with Be and Ti targets with a more restrictive gate, namely demanding a Li or He
fragment was obtained here. The data are presented in fig. 10 and 11 in ref. [6]. The
distributions with different gates have the same shape at small angles and thus seem to
originate from the same physical process. This is not too surprising if the above hypothesis is
correct as the halo neutrons should continue unperturbed no matter what happens to the
core (1).

One should note that there is a distinct difference between the distributions obtained at
small angles in the halo-removal channel and the core break-up channels. The former shows a
clear influence of the reaction mechanism [5, 6], while the shape of the latter distribution is
universal. The I’ parameters from fits with a single Lorentzian are given in table 1. The value
given for the distribution from !!Be in coincidence with a Li fragment is the sum over the
channels ®Li, "Li, ®Li and °Li. As can be seen from the GSI data the distribution in
coincidence with °Li is noticeably influenced by final-state interactions, decreasing the width
to 36 MeV/c¢[22). The same mechanism is present at the GANIL energy and explains the
smaller width measured in the “Li-channel.

(1) To emphasize this point we consider here core break-up processes in general instead of just the
restricted inclusive channel. The count rate will of course decrease for a more restrictive gate, but such
distributions are in some cases easier to extract in a clean way experimentally. Furthermore the core
component will be smaller in some of these channels.
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Fig. 8. - As fig. 2 but for 'Be reacting on a C at 460 MeV/u. Filled circles denote the distributions in
coincidence with "Li and filled squares the ones in coincidence with ¥Li.

Figures 2 and 3 present neutron angular distributions obtained at GSI for “Li and for
1Be, respectively. All distributions given are without subtraction of core components. Note
that the coverage in transverse momentum is too small for a disentanglement of the core and
halo components. The 'Li data were extracted by demanding a charged fragment within the
acceptance of the set-up, excluding °Li. This gave a lower cut-off in A/Z of 2.3 for the ions
and therefore excluded channels, like ®Li and *He, where several neutrons from the core
could distort the distribution. The result is thus likely to be less perturbed than the one from
the GANIL data, making core component subtraction less important. The acceptance
correction is complex for many of the core break-up channels (the set-up was optimized for
the halo-removal channel) which makes the uncertainty of the absolute cross-sections large.
The shapes of the curves are, however, only determined by counting statistics. The extracted
distributions for a C and a Pb target were fitted with single Lorentzians, giving values for I’
of (48 = 3) MeV/c and (36 = 4) MeV/c, respectively. This is in agreement with the value
obtained at 28 MeV/u and shows no significant difference between a light and a heavy
target.

The data on 'Be are even more encouraging. Within uncertainties the distributions here
are independent of target and reaction channel! and furthermore in agreement with the ones
obtained at GANIL. The I" values are again listed in table 1. They agree well with the value of
58.7 MeV/c predicted from the simple model of the 'Be ground state in terms of a zero-range
Yukawa wave function [1]. The distributions for the ‘He channel could also be extracted.
They are wider, 70-80 MeV/c, but we tentatively attribute this to the contribution from the
core neutrons which in this channel is significantly larger as seen, e.g., from the average hit
multiplicity in the neutron detectors. Direct measurements with a °Be beam should yield this
component and could thereby clarify the situation.

Conclusions. — The width parameters collected in table I seem to confirm the hypothesis
from the second section: They are much narrower than the ones expected from the
systematics of fragmentation[28] and are in order of magnitude as narrow as the ones
obtained in the halo-removal channel. As final averages over all data obtained (except in the
Li-coincident ones from GANIL where final-state interactions interfere)—with error bars
dominated by the systematic errors—we get I' values of (60+5)MeV/c for “Be and
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(41+4) MeV/c for "Li. The former is consistent with the estimate from a simple Yukawa-
type one-neutron halo wave function [6], the latter might therefore correspond to the !!Li
halo neutron wave function (to the extent that neutron-neutron final-state interactions can be
neglected).

To sum up, the neutron distributions from Be in core break-up collisions are at small
angles essentially independent of beam energy and target charge and agree with the one
expected for the original halo ground-state wave function. This indicates that the momentum
distribution of the halo neutron is very little perturbed in a violent core-target collision. The
data on MLi can be interpreted consistently in a similar way.
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