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Large Spin Alignment of the Unbound 5He Fragment after Fragmentation
of 240 MeVyyynucleon6He
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Peripheral fragmentation of a 240 MeVynucleon beam of the halo nucleus6He incident on carbon
target has been studied in a kinematically complete experiment. It is found that one-neutron stripping to
the unbound nucleus5He is the dominant fragmentation mechanism and that it leads to a spin alignment
of 5He in a plane perpendicular to the5He momentum vector. This is expected to be a common feature
for all neutron halo nuclei. [S0031-9007(97)03592-8]

PACS numbers: 25.60.Gc, 24.70.+s, 27.10.+h
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The existence of halo states in nuclei is today a w
established phenomenon, both experimentally and th
retically [1–3]. One of the main sources of informatio
about halo states comes from investigations of fragm
tation reactions. Most of these experiments have aim
at determinations of interaction cross sections, mom
tum distributions, and invariant mass spectra. Howev
elaborate studies involving spin related properties rem
more or less unexplored. There is only one example
where experimental effects connected with the polari
tion of virtual photons in Coulomb dissociation of11Be
have been studied.

Polarization effects in fragmentation reactions ha
been found experimentally a few years ago [5]. The
sults were described on the basis of a simple reac
mechanism in the sudden approximation: knockout o
fragment of the projectile when the remnant remains u
touched. Pochodzallaet al. [6] failed to observe polariza-
tion of 6Li ps31d produced in fragmentation of40Ar due to
the complicated fragmentation mechanism in this case

The mechanism of one-neutron knockout is expected
dominate for neutron-halo nuclei since they have a s
tially extended distribution of neutrons around a comp
core. The polarization of the remaining fragment, whi
has had no active interaction with the target, is a comm
feature for a reaction with a noncentral interaction [7].
0031-9007y97y79(2)y201(4)$10.00
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the case of a particle unstable fragment, the polarizat
effects manifest themselves as a characteristic angular
tribution of the momenta of the decay products.

In this paper, we present new experimental data for fra
mentation of a 240 MeVynucleon beam of6He nuclei in-
cident on a1.87 gycm2 carbon target. The experimen
was performed at GSI, Darmstadt, where the second
beam was produced in a8 gycm2 beryllium production
target by a 340 MeVynucleon primary18O beam. The pro-
duced nuclei were subsequently separated using the f
ment separator (FRS) [8]. The experimental method w
almost identical to the one applied in a8He fragmenta-
tion study described earlier [9]. Here, we just summ
rize the main features relevant for the analysis presen
here. The direction of the incoming ion was defined
two position-sensitive multiwire proportional chambe
(MWPC) placed at the entrance of the experimental ca
and in front of the reaction target (angular resolutio
sq  0.14 mrad). The angular distributions of charge
fragments were measured by a third MWPC with a res
lution sq  3.2 mrad. Further downstream the charge
fragments were deflected and analyzed in the dipole m
net ALADIN in conjunction with position-sensitive mul-
tiwire drift chambers and a plastic wall. The time o
flight (TOF) between a scintillator placed at the entran
of the cave and the TOF was registered. The energy l
© 1997 The American Physical Society 201
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in the TOF gave the charge of the detected fragme
Energy loss information was also available from two th
(500 mm) silicon pin-diode detectors placed close to th
reaction target both downstream and upstream. The n
trons were detected in the large-area neutron detec
(LAND) with an efficiency of s85 6 2d%, angular reso-
lution (s) of about 3 mrad, and time of flight resolution
0.3%. The measured transverse momentum distributi
of a particles and neutrons were effectively limited b
the acceptance of the experimental setup (2200 MeVyc ,

pax , 180 MeVyc, 2100 MeVyc , pay , 140 MeVyc,
250 MeVyc , pnxs yd , 50 MeVyc). The selected events
were coincidences between ana particle and a neutron
which means that thea-particle core in6He has had
no substantial interaction with the target and the who
process must therefore represent a peripheral collision.

The 6He fragmentation has earlier been studied e
perimentally [10,11] at high energy (400 and 800 MeVy
nucleon). The analysis of the transverse momentum d
tributions [12] has shown that thea-n final state inter-
action corresponding to the5He ground state dominates
The second neutron was found to be strongly deflec
due to interaction with the target and does not make a s
nificant contribution to the central region of the mome
tum distributions. The5He resonance is comparativel
long lived (G  600 6 20 keV [13], corresponding to a
lifetime which is longer than 300 fmyc), and it decays
therefore far away from the reaction zone. Thus a mod
description accounting for a sequential fragmentation
the unstable5He fragment followed by its decay into ana

particle and a neutron is an appropriate one.
All distributions presented in this paper are given in th

spectator rest frame, a coordinate system moving in
beam direction with a velocity close to the projectile ve
locity. This seems to be the best choice since both the
perimentala-particle and neutron longitudinal momentum
distributions are centered around zero in this system. F
thermore the angular distributions were found to be close
isotropic. The possibility to introduce such a system giv
additional evidence that both a neutron and ana particle
are coming from the same source—the decay of the
bound5He fragment.

Since it is known that fragment polarization is a commo
feature of peripheral reactions, and, in particular, nucleo
stripping reactions (see, for example, [5,14,15], and ref
ences therein), the aim was to look for such an effect in o
data. In transfer reactions, the polarization phenomen
can be described by a vector of polarization perpendicu
to the plane containing both the recoil nucleus (5He in our
case) and the projectile momentum vectors [7]. The d
cay products emitted from such a polarized nucleus sh
a characteristic angular distribution with respect to the p
larization direction. However, other types of nonrando
orientations may occur. For example, the spin of the eje
tile may be aligned in a plane, but still randomly oriente
within it. The polarization vector is then equal to zer
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but the momenta of the decay products are not rando
oriented. We assume here that the total angular mom
tum of 5He is oriented in a direction perpendicular to
plane spanned by the projectile and the5He momentum
vectors,J , p5He 3 pbeam. We shall then investigate if
this assumption is in accordance with the experimenta
observed correlations. A spin alignment of5He with re-
spect to a certain direction would result in an anisotro
of the decay products relative toJ. It is natural to se-
lect a coordinate system with thez axis parallel toJ. The
distribution in the case of strong polarization should
proportional to the square of a sum of the Legendre po
nomials with the corresponding projections. Qualitative
when the neutron in5He is in thep shell one may ex-
pect that, in a reference frame with thez axis parallel to
J, the dominant contributions are coming fromY 2

1,21 and
Y 2

1,1 and therefore proportional to sin2 qJ (qJ is the angle
between theJ vector and thea-n relative momentum
pan 

mnma

mn1ma
f pa

ma
2

pn

mn
g). The5He momentum provides

another direction relative to which the decay produc
should have an anisotropy. One thus expects a large c
tribution of them  0 a-n angular momentum projection
on this direction. The existence of such a special direct
should result in an azimuthal anisotropy. This is illustrat
in Fig. 1(a) where the open circles with error bars displ
the differential cross sectionsdsyd cossqJ d as a function
of cossqJd and dsydwJ as a function of the azimutha
anglewJ where the direction of the5He momentum was
chosen as thex axis [Fig. 1(b)]. The shapes of the exper
mental distributions in Figs. 1(a) and 1(b) are in qualit
tive agreement with our initial assumption. Each of the
distributions is, however, the result of an integration ov
all other kinematical variables and an unambiguous c
clusion cannot be drawn.

We have therefore looked for the angular correlatio
in another coordinate system with thez axis parallel
to the 5He direction and thex axis in the J direction.
Also here a large anisotropy can be observed in
distribution of the relative momentumpan over the polar
angleqan [the open circles with error bars in Fig. 2(a)
The angular dependence in this case should be given
Y 2

1,0 , cos2 qan since a large contribution of zeroa-n
angular momentum projection is expected. The op
circles with error bars in Fig. 2(b) present the distributio
obtained over azimuthal angleswan in the same coordinate
system. We observe a clear pattern in Fig. 2(a) wh
the shape in Fig. 2(b), as will be shown later, is a
artifact of the limited acceptance of our setup, and t
distribution in azimuthal angle is, in fact, isotropic. Th
is in contradiction with our assumption that a well define
polarization direction (J) exists in a plane perpendicular t
5He momentum direction, while it is still compatible with
the assumption of an alignment.

We now proceed to an analysis in a sequential fragm
tation model through the5He resonance using a Mont
Carlo method. The5He momentum (p5He  pa 1 pn)
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FIG. 1. Distribution of the directions of the relative momen
tum pan on the polar angle (qJ) (a) and on the azimuthal angle
(wJ ) (b) in the coordinate system withz axis in the direction
of p5He 3 pbeam. The x axis is parallel top5He. The experi-
mental data are shown by the open circles with error bars. T
filled circles display the result of the Monte Carlo calculation
with the isotropic distribution of the decay products. The hi
tograms present the result of the Monte Carlo calculations w
the correlation function given in Eq. (1).

distribution used was obtained from the experimental da
The parameters of the3y22 resonance in thea 1 n
subsystem was taken from anR-matrix analysis ofn-a
scattering [16]. The angular distributions of the deca
products in the5He rest frame was, to start with, assume
to be isotropic for the spin of5He. The experimental reso-
lution of thea-particle and neutron momentum was take
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FIG. 2. Distribution of the directions of the relative momen
tum pan on the polar angle (qan) (a) and on the azimuthal
angle (wan) (b) in the coordinate system withz axis parallel to
p5He. Thex axis is in the direction ofp5He 3 pbeam. The ex-
perimental data are shown by the open circles with error ba
The histograms are the result of the Monte Carlo calculatio
with the correlation function given in Eq. (1).

into account in the simulation. The simulated kinematic
variables were written event by event in a file and th
analyzed in the same way as the experimental data, tak
into account the acceptance of the experimental set
The model was found to reproduce both the experimen
widths and the shapes of the momentum distributions
both neutrons anda particles [17].

The differential cross sections calculated in the sequ
tial fragmentation model is shown in Figs. 1(a) and 1(
203
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by filled circles. As can be seen, the model assuming
isotropic distribution of the5He decay products is unable
to reproduce the observed pattern. A certain structu
most pronounced in Fig. 1(b), is a result of the abov
mentioned acceptance limits of the measured transve
momenta. Note that, when the restriction on the transve
momenta is removed, both distributions become isotrop
A good description of the data can, however, be obtain
by introducing an anisotropy of the decay products relati
to the direction of the5He momentum with the following
shape of the correlation function:

Wsqand , 1 1 A cos2sqand . (1)

The results are shown in Figs. 1(a) and 1(b) and
Figs. 2(a) and 2(b) as histograms. TheA parameter of
the correlation functionW sqand from Eq. (1) was fitted
to the experimental distribution shown in Fig. 2(a). Th
gave A  1.50s3d (statistical error). With this value all
measured differential cross sections were reproduced. T
experimentally observed azimuthal anisotropy ofwan,
which is seen in Fig. 2(b), can be explained by the infl
ence of the limited acceptance of the experimental set
The correlation function used in the model does not conta
any dependence onwan. This azimuthal isotropy clearly
indicates that there is no special direction in a plane p
pendicular to the5He momenta. This fact may be evidenc
for a spin alignment of5He in this plane. Such a type of
alignment can be explained by the fragmentation mech
nism proposed in [5].

In summary, we may conclude that one-neutron knoc
out is the dominating reaction mechanism in peripher
fragmentation of the halo nucleus6He. This feature is
expected to be a common feature for all nuclei having
neutron halo. For the Borromean nuclei, one-neutr
knockout results in an unstable nucleus which is deca
ing further by neutron emission. This two-step process
sults in an angular correlation between the direction of t
aligned recoiling unstable nucleus and its decay produc
The shape of the angular correlations gives unambiguo
information about the relative angular momentum betwe
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the decay products and the structure of the unstable n
cleus. This was demonstrated here with the5He frag-
ment. Such structural information is, for example, very
interesting for the resonances10Li and 13Be where no final
conclusion on their ground state structure have been ma
until now.
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