LARGE SPIN ALIGNMENT OF THE UNBOUND
*He FRAGMENT AFTER FRAGMENTATION OF
240 MeV/u "He
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Large spin alignment of the unbound *He fragment
after fragmentation of 240 MeV /u ®He.
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Peripheral fragmentation of a 240 MeV /u beam of the halo nucleus ®He incident on carbon target
has been studied in a kinematically complete experiment. It is found that one-neutron stripping
to the unbound nucleus *He is the dominant fragmentation mechanism and that it leads to a spin
alignment of *He in a plane perpendicular to the *He momentum vector. This is expected to be a

common feature for all neutron halo nuclei.

PACS: 27.20.4n, 24.70.+s

The existence of halo states in nuclei is today a well
established phenomenon, both experimentally and theo-
retically [1-3]. One of the main sources of information
about halo states comes from investigations of fragmen-
tation reactions. Most of these experiments have aimed
at determinations of interaction cross sections, momei-
tum distributions and invariant mass spectra.However,
elaborate studies involving spin related properties remain
more or less unexplored. There is only one example [4]
where experimental effects connected with the polariza-
tion of virtual photons in Coulomb dissociation of !!Be
have been studied.

Polarization effects in fragmentation reactions have
been found experimentally a few years ago [5]. The re-
sults were described on the basis of a simple reaction
mechanism in the sudden approximation: knock-out of
a fragment of the projectile when the remnant remains
untouched. Pochodzalla et al. [6] failed to observe po-
larization of SLi*(3%) produced in fragmentation of *°Ar
due to the complicated fragmentation mechanism in this
case.

The mechanism of one-neutron knock-out is expected

to dominate for neutron-halo nuclei since they have a
spatially extended distribution of neutrons around a com-
pact core. The polarization of the remaining fragment,
which has had no active interaction with the target, is a
common feature for a reaction with a noncentral inter-
action [7]. In the case of a particle unstable fragment,
the polarization effects manifest themselves as a charac-
teristic angular distribution of the momenta of the decay
products.

In this paper, we present new expertmental data for
fragmentation of a 240 MeV/u beam of ®He nuclei in-
cident on a 1.87 g/cm?® carbon target. The experiment
was performed at GSI, Darmstadt, where the secondary
beam was produced in a 8 g/cm? beryllium production
target by a 340 MeV/u primary 80 beam. The pro-
duced nuclei were subsequently separated using the frag-
ment separator FRS [8]. The experimental method was
almost identical to the one applied in a ®He fragmenta-
tion study described earlier [9]. Here, we just summa-
rize the main features relevant for the analysis presented
here. The direction of the incoming ion was defined by
two position-sensitive multiwire proportional chambers



(MWPC) placed at the entrance of the experimental cave
and in front of the reaction target (angular resolution
o9= 0.14 mrad). The angular distributions of charged
fragments were measured by a third MWPC with a res-
olution oy= 3.2 mrad. Further downstream the charged
fragments were deflected and analysed in the dipole mag-
net ALADIN in conjunction with position-sensitive mul-
tiwire drift chambers and a plastic wall (TOF). The time
of flight between a scintillator placed at the entrance of
the cave and the TOF was registered. The energy loss
in the TOF gave the charge of the detected fragment.
Energy loss information was also available from two thin
(500 pm) silicon pin-diode detectors placed close to the
reaction target both downstream and upstream. The
neutrons were detected in the large-area neutron detec-
tor (LAND) with an efficiency of 85 + 2%, angular reso-
lution (o ) of about 3 mrad, and time of flight resolution
0.3%. The measured transverse momentum distributions
of a-particles and neutrons were effectively limited by
the acceptance of the experimental set-up ( -200 MeV/c
< Paz < 180 MeV/c, -100 MeV/c < poy < 140 MeV/c,
-50 MeV /c < pnz(y) < 50 MeV/c ). The selected events
were coincidences between an a-particle and a neutron
which means that the a-particle core in ®He has had no
substantial interaction with the target and the whole pro-
cess must therefore represent a peripheral collision.

The He fragmentation has earlier been studied exper-
imentally [10,11] at high energy (400 MeV/u and 800
MeV /u). The analysis of the transverse momentum dis-
tributions [12] has shown that the a — n final state inter-
action corresponding to the >He ground state dominates.
The second neutron was found to be strongly deflected
due to interaction with the target and does not make a
significant contribution to the central region of the mo-
mentum distributions. The ®He resonance is compara-
tively long lived (I' = 600 £ 20 keV {13], corresponding
to a lifetime which is longer than 300 fm/c) and it decays
therefore far away from the reaction zone. Thus a model
description accounting for a sequential fragmentation to
the unstable *He fragment followed by its decay into an
a-particle and a neutron is an appropriate one.

All distributions presented in this paper are given in
the spectator rest frame, a coordinate system moving
in the beam direction with a velocity close to the pro-
jectile velocity. This seems to be the best choice since
both the experimental a-particle and neutron longitudi-
nal momentum distributions are centered around zero in
this system. Furthermore the angular distributions were
found to be close to isotropic. The possibility to intro-
duce such a system gives an additional evidence that both
a neutron and an a-particle are coming from the same
source - the decay of the unbound ®He fragment.
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F1G. 1. Distribution of the directions of the relative mo-
mentum Pan on the polar angle (9,) (a) and on the azimuthal
angle (¢7) (b) in the coordinate system with z-axis in the di-
rection of psg. X Pveam. The x-axis is parallel to psy.. The
experimental data are shown by the open circles with error
bars. The filled circles display the result of the Monte-Carlo
calculations with the isotropic distribution of the decay prod-
ucts. The histograms present the result of the Monte-Carlo
calculations with the correlation function given in Eq. (1).

Since 1t 1s known that fragment polarization is a com-
mon feature of peripheral reactions, and in particular
nucleon-stripping reactions (see. for example, [5.14,15]
and references therein), the aim was to look for such an
effect in our data. In transfer reactions, the polariza-
tion phenomenon can be described by a vector of polar-
1zation perpendicular to the plane containing both the
recoil nucleus (*He in our case) and the projectile mo-
mentum vectors [7]. The decay products emitted from
such a polarized nucleus show a characteristic angular



distribution with respect to the polarization direction.
However, other types of non-random orientations may oc-
cur. For example, the spin of the ejectile may be aligned
in a plane, but still randomly oriented within it. The
polarization vector is then equal to zero but the mo-
menta of the decay products are not randomly oriented.
We assume here that the total angular momentum of
>He is oriented in a direction perpendicular to a plane
spanned by the projectile and the He momentum vec-
tors, J ~ pPsge X Poeam- We shall then investigate if this
assumption is in accordance with the experimentally ob-
served correlations. A spin alignment of He witk respect
to a certain direction would result in an aniso’ropy of the
decay products relative to J. It is natural to select a co-
ordinate system with the z-axis parallel to J. The distri-
bution in the case of strong polarization should be pro-
portional to the square of a sum of the Legendre polyno-
mials with the corresponding projections. Qualitatively,
when the neutron in ®He is in the p-shell one may expect
that, in a reference frame with the z-axis parallel to J,
the dominant contributions are coming from Y?_, and
Y, and therefore proportional to sin® 95 ( 9 is the an-
gle between the J vector and the a-n relative momentum
Pan = mﬂﬂ)rﬂmt[%:— - %": ). The He momentum provides
another direction relative to which the decay products
should have an anisotropy. One thus expects a large con-
tribution of the m=0 a—n angular momentum projection
on this direction. The existence of such a special direc-
tion should result in an azimuthal anisotropy. This is
illustrated in Fig. 1(a) where the open circles with error
bars display the differential cross sections do/dcos(4y)
as a function of cos(J;) and do/dg; as a function of
the azimuthal angle ¢; where the direction of the *He
momentum was chosen as the x-axis (Fig. 1(b)}). The
shapes of the experimental distributions in Fig. 1(a,b)
are in qualitative agreement with our initial assumption.
Each of these distributions is, however, the result of an
integration over all other kinematical variables and an
unambiguous conclusion can not be drawn.

We have therefore looked for the angular correlations
in another coordinate system with the z-axis parallel to
the 3He direction and the x-axis in the J direction. Also
here a large anisotropy can be observed in the distribu-
tion of the relative momentum p,n over the polar an-
gle ¥4, (the open circles with error bars in Fig. 2(a}).
The angular dependence in this case should be given by
leo ~ cos? F4n since a large contribution of zero a — n
aﬂgular momentum projection is expected. The open cir-
cles with error bars in Fig. 2(b) present the distribution
obtained over azimuthal angles ¢,, in the same coordi-
nate system. We observe a clear pattern in Fig. 2(a)
while the shape in Fig. 2(b), as will be shown later, is
an artifact of the limited acceptance of our set-up and
the distribution in azimuthal angle is in fact isotropic.
This is in contradiction with our assumption that a well

defined polarization direction (J) exists in a plane per-
pendicular to SHe momentum direction , while it is still
compatible with the assumption of an alignment.

2000 ——

]
Q
o

-~
o
Q

do/dCos(¥,.), arb. units
S I
o o
o o

800 -
1 e J - i I L i v wea i
600 T 08 06 0402 0 02 04 06 08
Cos(8,,)

2000 — R
1800; b

1600 -

s
(=}
o

do/dp,., arb. units

FIG. 2. Distribution of the directions of the relative mo-
mentum Pan on the polar angle (Y4n) (a) and on the
azimuthal angle (¢an) (b) in the coordinate system with
z-axis parallel to psy,. The x-axis is in the direction of
Ps e X Pbeam- 1he experimental data are shown by the open
circles with error bars. The histograms are the result of the
Monte-Carlo calculations with the correlation function given
in Eq. (1).

We now proceed to an analysis in a sequential fragmen-
tation model through the He resonance using a Monte-
Carlo method. The ®He momentum (psge = Pa + Pn
) distribution used was obtained from the experimental
data. The parameters of the 3/2™ resonance in the a+n
subsystem was taken from an R-matrix analysis of n-a
scattering [16]. The angular distributions of the decay



products in the SHe rest frame was, to start with, as-
sumed to be isotropic for the spin of He. The experimen-
tal resolution of the a-particle and neutron momentum
was taken into account in the simulation. The simulated
kinematical variables were written event by event in a
file and then analyzed in the same way as the experi-
mental data taking, into account the acceptance of the
experimental set-up. The model was found to reproduce
both the experimental widths and the shapes of the mo-
rmer:tum distributions for both neutrons and a-particles
[17].

The differential cross-sections calculated in the sequen-
tial fragmentation model is shown in Fig. 1(a) and 1(b)
by filled circles. As can be seen, the model assuming
an isotropic distribution of the ®He decay products is
unable to reproduce the observed pattern. A certain
structure, most pronounced in Fig. 1(b), is a result of
the above mentioned acceptance limits of the measured
transverse momenta. Note that, when the restriction on
the transverse momenta is removed both distributions
become isotropic. A good description of the data can,
however, be obtained by introducing an anisotropy of
the decay products relative to the direction of the 3He
momentum with the following shape of the correlation
function:

W(Yan) ~ 14 Acos?(9an) (1)

The results are shown in Fig. 1(a,b) and in Fig. 2(a,b)
as histograms. The A parameter of the correlation func-
tion W{dan) from Eq. (1) was fitted to the experimental
distribution shown in Fig. 2(a). This gave A = 1.50(3)
(statistical error). With this value all measured differen-
tial cross-sections were reproduced. The experimentally
observed azimuthal anisotropy of ¢4, which is seen in
Fig. 2(b}), can be explained by the influence of the limited
acceptance of the experimental set-up. The correlation
function used in the model does not contain any depen-
dence on @,n. This azimuthal isotropy clearly indicates
that there is no special direction in a plane perpendicu-
lar to the SHe momenta. This fact may be evidence for a
spin alignment of *He in this plane. Such a type of align-
ment can be explained by the fragmentation mechanism
proposed in [5].

In summary, we may conclude that one-neutron knock-
out is the dominating reaction mechanism in peripheral
fragmentation of the halo nucleus ®He. This feature is
expected to be a common feature for all nuclei having
a neutron halo. For the Borromean nuclei, one-neutron
knock-out results in an unstable nucleus which is decay-
ing further by neutron emission. This two-step process
results in an angular correlation between the direction of
the aligned recoiling unstable nucleus and its decay prod-
ucts. The shape of the angular correlations gives unam-
biguous information about the relative angular momen-
tum between the decay products and the structure of the

unstable nucleus. This was demonstrated here with the
SHe fragment. Such structural information are, for ex-
ample, very interesting for the resonances °Li and 3Be
where no final conclusion on their ground state structure
have be made until now.
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