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Abstract

Momentum distributions and invariant mass spectra from the breakup of ®He
ions with an energy of 240 MeV /u interacting with a carbon target have been stud-
ied. The data were used to extract information about the reaction mechanism which
is influenced by the structure of ®He. It is found that the dominant reaction mech-
anism is a two-step process: knock out of one neutron followed by the decay of the
SHe resonance. The shape of the (a + n) two-body invariant mass spectrum is in-
terpreted as mainly reflecting the SHe ground state which is a J™=3 /2~ resonance.
However, no evidence for correlations between a particles and neutrons is observed
in the momentum widths of the distributions. It is demonstrated that a combined
analysis of the two-body invariant mass spectrum and an appropriate correlation
function may be used to determine the properties of the intermediate resonance.

PACS numbers: 25.60.-t, 25.70Ef, 27.20+n

Keywords: secondary radioactive beams, exotic nuclei, halo nuclei, He, 5He, mo-
mentum distributions, invariant mass spectra, fragmentation mechanism, breakup
reactions

1 Introduction

The occurrence of nuclear halos is one of the most intriguing features observed for light
exotic nuclei. An intense scientific activity, both experimental and theoretical, has over
the last decade been developed in order to understand the basic structure of the halo states
[1, 2, 3]. Special attention has been paid to nuclei showing a halo state consisting of two
neutrons. These two-neutron halo nuclei are three-body systems with no bound binary
sub-system and are sometimes referred to as Borromean nuclei [3].

The lightest Borromean nucleus is *He. With its two-neutron separation energy of 973
keV, it shows evidence for a halo structure [4, 5]. This nucleus has not been investigated as
carefully as ' Li where a large amount of data exists [1, 2]. There are, however, two essential
advantages with ®He: the basic « —n and n—n interactions are well known and good wave
functions from different microscopic three-body models are available 6, 7, 8, 9, 10]. This
means that it becomes much simpler to make an unambiguous analysis of the influence
of the reaction mechanism [11] which may be used in the interpretations of results from
other halo nuclei. The ®He fragmentation at high energies (400 MeV/u and 800 MeV /u)
has earlier been studied experimentally [12, 13]. Transverse momentum distributions of
both a-particles and neutrons were analysed [14].

In this paper, we present new experimental data for fragmentation of a 240 MeV/u
®He beam in a carbon target. The complete information of the momenta of the incoming
beam and the outgoing a-particles and neutrons makes a combined analysis of the a — n
invariant mass spectrum and the correlation function possible.



2 Experimental set-up

The present experiment was performed at GSI in Darmstadt, where a secondary beam of
SHe (240 MeV /u) was produced in a 8 g/cm? beryllium production target from a primary
beam of 80 with an energy of 340 MeV/u. The He nuclei were separated out from the
primary reaction products using the fragment separator FRS [15]. After separation, the
beam was transferred to a cave with the experimental set-up.

The experimental method is very similar to that of a measurement described earlier [16,
17, 18], and here we just summarize the main features relevant for the analysis presented
in this paper.

The direction of the incoming beam was defined by a position-sensitive multi-wire
proportional chamber (MWPC), placed at the entrance of the cave, together with a
MWPC placed close to the 1.87 g/cm? carbon target (angular resolution gy= 0.14 mrad).
The angular distribution of charged fragments was measured by a third MWPC with a
resolution op= 3.2 mrad. The charged fragments were deflected and analysed in the dipole
magnet ALADIN in conjunction with position-sensitive multiwire 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. Further, the energy loss in the TOF scintillator
gave the charge of the detected fragment. Such information was also available from two
thin silicon pin-diode detectors placed close to the reaction target both downstream and
upstream. The neutrons were detected in the large area neutron detector (LAND) [18]
with an efficiency of 85+2 %, angular resolution of 7 mrad and time of flight resolution of
about 0.5 ns (FWHM).

The event class considered in this paper consists of coincidences between an « -particle
and a neutron. This condition means that the o -particle core in ®He has had no substantial
interaction with the target which implies that the selected events originated in peripheral
collisions. In order to have a basis for a discussion of the experimental data, we first
describe the model used for the reaction mechanism.

3 Sequential fragmentation of °He

Korsheninnikov and Kobayashi [14] have studied *He fragmentation and found that the
o-n final state interaction dominates the experimentally observed distributions where neu-
trons are registered in coincidence with an o-particle. Recent calculations [19] based on
microscopic models have confirmed this conclusion. The ground state of °He is a compar-
atively long lived resonance (I' = 600 keV, which corresponds to a lifetime of longer than
300 fm/c) and decays therefore far away from the reaction zone. It is therefore reasonable
to consider a model with a sequential decay mechanism in the sudden approximation: a
knock-out of a neutron resulting in the unstable SHe nucleus decaying into an a-particle
and a neutron, as illustrated in Fig. 1.

The sudden approximation, neglecting momentum transfer to the He subsystem in



- Figure 1: Schematic illustration of the
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the knock-out reaction, justifies the assumption that in the He rest frame, the resulting
momentum of the *He (py) is equal to the momentum of the neutron knocked out from
the projectile but in opposite direction (p, = —ps). The momentum distribution of the
fragment is thus mainly determined by the internal momentum distribution of the removed
neutron in the projectile, which in turn is determined by the projectile ground state wave
function.

In order to describe the sequential fragmentation, ®He — n+ 5He — o +n, we have
adopted a model based on a Monte Carlo technique. This gives a very convenient way to
correct for the experimental resolution of the measured fragment momenta as well as for the
limited acceptance of the experimental set-up. The latter results in asymmetric acceptance
constraints of the momenta of the detected particles. The Monte-Carlo technique thus
allows a straightforward comparison of a theoretical model with experimental results. The
model consists of three parts:

e Calculation of the momentum distributions of the decay products in the rest frame
of °He.

The energy spectra of the a-particle and the neutrons in this frame can be described
by a single resonance R-matrix formalism since it is assumed that the reaction mainly



proceeds via the He ground state. The following Breit-Wigner parameterization of
the resonance was used

dO' P(Ean) (1)
dEan  (Ean — E,)? + IT(Ean)?

with T'(Eq,) = 22 P(Eqn) where v is the reduced width of the resonance and P(E,,,)
its penetrability. The quantity E, is equal to ¢, + A(e,) where A(e,) is the level
shift parameter. The resonance parameters for this p-wave resonance with J*=3/2-
(E,=0.7714 MeV, T'(¢,) = 0.6438 MeV, ¢, = 0.9631 MeV) were taken from [20)].

e The momentum distribution of the He resonance.

As mentioned above, in the sudden approximation, the momentum distribution of
He in the projectile system reflects the internal momentum distribution of the re-
moved neutron in ®He, which in turn is determined by the SHe ground state wave
function.

A calculation in a microscopic cluster model predicts a shape of the neutron momen-
tum distribution in °He as being close to a Gaussian with a width ¢ = 73 MeV /c
[11] which is shown in Fig. 2 as a solid line.

1000 — =

500

da/dpsHe (a. u.)

-100 100
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Figure 2: Distribution of He nuclei along one transverse momentum component. The
solid line represents calculations based on the Fourier transform of the ’He wave function
obtained (11} in the three-body model (a +n+n). The open circles show the distribution
reconstructed from the measured momenta of a- particles and neutrons (psg. = pa + Pn)-



It should, however, be noted that this calculation is not corrected for the peripheral
nature of the process which means that the calculation was performed in the trans-
parent limit of the Serber model. In general, instead of using a Fourier transform
of the whole wave function, one has to use the Fourier transform of a cutoff portion
of it. This procedure leads usually to a more narrow momentum distribution of
fragments for the two-body case as shown in [21, 22]. A similar effect is expected in
the case of a three-body system but such calculations are much more elaborate and
not yet available.

¢ Transformation of the distributions calculated in the 5 He rest frame to the spectator
system.

If one assumes a sudden knock-out of a neutron from SHe this also implies that there
is no momentum transfer to the *He subsystem during the reaction. This leads to
the conclusion that the angular distributions of the a-particles and the neutrons
(as well as the SHe momentum distributions) have to be isotropic in the projectile
(or beam) rest frame. Such a frame is, in fact, the most convenient for theoretical
estimates.

In real experiment, however, a small momentum transfer is always present but a
simple correction for this can be made. It is an accepted fact in the physics of
nuclear fragmentation at high energies, that the projectile nucleons not involved in
the interaction with the target (spectators) form a source for fragments. This source
moves along the beam direction with a velocity slightly lower than the beam velocity
and it emits fragments isotropically (see e.g. [23]). Application of this picture in
our case suggests that both the detected a-particle and the neutron are spectators.
We have checked that such a spectator frame, where the mean values of the neutron
and a-particle velocities are equal to zero and their angular distributions are nearly
isotropic, exists in our case. In this frame the He momentum distribution is also
isotropic and centered around zero. This spectator frame is moving along the beam
direction with a velocity close to the beam velocity. The results of our calculations
will therefore be presented in the spectator frame.

The Breit-Wigner parameterization (1) was used to generate the energies (or momenta)
and angular distributions of the a-particles and neutrons in the 5He rest frame. The
transformation to the spectator system was made using the experimentally measured He
momentum distribution.

Monte-Carlo calculations of the a-particle and the neutron momentum distributions
were performed both under the assumption of isotropic and anisotropic angular distribu-
tions between the vectors

and



In the case of anisotropy, we used a correlation function of the form
W ~ 14 1.5(Pan - Dsge)?,

where Pon, and Psy. are the unit vectors. This choice was obtained from experimental
results presented elsewhere [24].* It was found that the momentum distributions of a-
particles and neutrons and their invariant mass spectrum are insensitive to such angular
correlations.

Furthermore, the experimental resolution of the a- particle and neutron momenta was
taken into account in the Monte Carlo calculations. The simulated events were analysed
in the same way as the experimental data.

4 Experimental results

The transverse momentum distribution of the SHe fragments was reconstructed from the
measured momenta of neutrons and a-particles. The data are shown in Fig. 2 together
with the result of a calculation based on the microscopic cluster model [11] ( solid line).
The width of the experimental distribution is 61.6+0.2 MeV/c which is smaller than the
calculated one, which might reflect the peripheral nature of the reaction mechanism.

Important information revealed by our data is that the mean values of the longitudinal
velocities for a-particles and the neutrons are equal. This fact is directly linked to the
reaction mechanism and makes it possible to introduce a spectator rest-frame system
as discussed above. The velocity of this coordinate frame is about 0.5+£0.1 % smaller
than the experimentally determined beam velocity. This difference, however, is close to
the experimental uncertainty connected to the determination of the beam velocity. The
experimental uncertainty in the beam velocity thus prevents a quantitative estimate of the
momentum transfer in the reaction. The difference in velocities of the coordinate systems
influences only the angular distribution of the fragments. The angular distributions both
for neutrons and for a-particles are nearly isotropic in the spectator rest frame as can
be seen in Fig. 3a and Fig. 3b. This observation is equivalent to the statement that
the fragment momentum distributions in the longitudinal and transverse directions are
identical and centered at zero. The momentum distribution of their center of mass motion
(°He) is centered at zero and rather broad with a standard deviation of 61.640.2 MeV /c.
The angular distribution of the *He fragments is also isotropic. These features, as we show
below, favour an analysis of the fragmentation process in the spectator system.

The transverse momentum distribution of neutrons is presented in Fig. 4a. The distri-
bution has a shape close to a Gaussian with a width ¢ = 28.8 + 0.2 MeV /c. The neutron

*If we consider sudden break-up of the °He(0%) to the n+°He(3/2~) or n4+5He*(1/2™) channels, then
the correlation W will in general have a form a + b(Pan - Psge)? [25]. If the intermediate state is a pure
3/2~ state followed by a subsequent neutron decay to *He the calculated correlation function will have
the form 0.5+1.5 (Pan - Psxe)? which is more anisotropic than found in [24]. However, mixing from the
SHe*(1/27) state would diminish the anisotropy.
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Figure 3: Distributions in polar angles of neutrons (a) and a-particles (b) in the spectator
rest frame. The z-axis has been choosen along the beam direction.

momentum distribution has also been measured at 800 MeV /u [13] and was decomposed
into a narrow component superimposed on a broad one. The present results agree well
with those of ref. [13] at small momenta but one observes a deviation at larger values.
This can be explained as caused by the geometrical acceptance for the neutron detection
in our experiment which was limited in horizontal and vertical directions to +50 MeV /c.

The transverse momentum distribution of a-particles has a shape as demonstrated in
Fig. 4b. The standard deviation of this distribution amounts to ¢ = 56.0 & 0.2 MeV /c.
The corresponding inclusive distribution has been measured [12] for a-particles after frag-
mentation of ®He at 400 MeV /u . The shape is very similar to the one obtained from our
data which was obtained by selecting coincidences between a-particles and neutrons in
the forward direction.

In the next step, we use the experimentally measured momentum distribution of the
He fragments as an input in the sequential fragmentation model presented above and
calculate the momentum distributions of neutrons and a-particles. The resemblance with
the experimental data is excellent as shown in Fig. 4a and Fig. 4b.

However, an attempt to get evidence for an a—n interaction directly from the measured
momentum distributions fails. The root mean square (r.m.s.) values of neutron and a-
particle momenta contain in principle information about correlations. The measured r.m.s.
values of the transverse momentum are:

<p: > = 56.0+0.2MeV/c
<pi>? = 258+0.1MeV/ct

8
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Figure 4: Distributions of neutrons (a) and a-particles (b) in one transverse momentum
component p;.The experimental data are shown by circles. The histograms are the result of
Monte-Carlo calculations based on the assumption that the dominant reaction mechanism
originates in one neutron knock-out resulting in the unbound nucleus He. A Breit-Wigner
parameterization of the *He (3/27) resonance was used for the energy distribution of a-
particles and neutrons in the He rest frame, while the distribution of 3He momenta was
taken from the experimental data shown in Fig. 2.

<piy. > = 61.6+0.2MeV/c

The °He r.m.s. momentum is almost exactly equal to \/< P2 >+ <p:>=617MeV/c
indicating that the term < p,p, > is close to zero. The r.m.s. momenta thus show no
evidence for an a — n interaction. Partially, this insensitivity is connected to the limited
acceptance of the experimental set-up. The main reason is, however, the randomly oriented
distribution of the He momenta. The transformation from the 5He rest frame to the
spectator system influences mainly the directions of a-particles (in the SHe rest frame
velocities of a-particles v, are much smaller than those of neutrons, v, = v,,/4 ).

Note, that we have already seen in our calculations that the a-particle and neutron-
momentum distributions do not depend on the anisotropy (Pan - Psge)?.

One may expect that a strong final-state interaction corresponding to the 5He ground-
state resonance should clearly be observable in the invariant mass spectrum. The experi-
mental data on the distribution of relative kinetic energy between the « - particle and the

'A small difference between this number and ¢ from the Gaussian fit is mainly connected with the
limited acceptance for detection of the neutrons.



neutron is calculated from
Mo+ My o

Eon
2mom, = "

and is shown in Fig. 5a. Indeed, a peak at an energy close to the known *He ground state
resonance is seen in the experimental spectrum. The dashed line presents the theoretical
invariant mass spectrum for an ideal set-up with perfect resolution and full acceptance.
The experimental resolution and the limited acceptance of the detector result in a wider
distribution which is displayed in Fig. 5a by a histogram. Good agreement of the calcu-
lation with experimental data was obtained except for very low energies (Ean< 0.5 MeV)
where the experimental cross section is larger.

The simple model of sequential fragmentation of ®He is thus very successful in describing
the measured momentum distributions, as well as the invariant mass spectra. It should,
however, be pointed out that nothing has been assumed about background structures in
the invariant mass spectra that have their origin in the reaction mechanism, but not in
resonances in the subsystems.

If the reaction proceeds via a resonance, a peak will appear in the invariant mass
distribution on top of a possible background mentioned above. In some cases, especially
in fragmentation reactions, the background may, however, also reveal a peak-like structure.
The relative energy distributions of the fragments reflect the internal motion of fragments
inside the projectile [26, 27], and the probability of a large relative energy E,.; is therefore
rapidly decreasing towards higher energy, especially for loosely bound halo nuclei. On the
other hand the spectral shape at low energies in fragmentation processes is determined
by phase space and is proportional to E,l.:ll/ ? where [ is the relative angular momentum
of the fragments. Therefore, it is expected that a peak-like background structure could
be observed in any invariant mass spectrum, which may shift the resonance or change its
shape. In the worst case such a background may be interpreted as a resonance, even if
there are no correlations. Another important fact is the limited acceptance of the detectors
as this may create an artificial structure in the invariant mass distribution.

5 Correlation function

The only way to get real evidence for correlations between the fragments and to eliminate
the background contributions and effects due to finite detector acceptance is to construct
an appropriate correlation function. For this purpose, we first need to construct a ran-
domised spectrum ( dN"*"/dE,,) which will be calculated from the inclusive spectra of
neutrons and a-particles according to

dN™" 1 BN d*N
dp’, dp’,,

dE.n N

6(E0m - Ec’ln)dp/adpln ;

where N is the number of events. To solve the integral in practice, we use an event mixing
procedure where a randomised relative energy F,, is obtained by combining a-particle

10
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Figure 5: (a) - Relative kinetic energy distribution of the @ — n system (invariant mass
spectrum). The experimental data are shown as circles. The dashed line displays a
parameterization of the resonance by a Breit-Wigner expression (Eq.1) (see explanation in
the text). The histogram is the result of the calculations for the sequential fragmentation
model (see Section 3) where the experimental resolution and effects due to the finite
acceptance are taken into account.

(b) - Correlation functions obtained by an event mixing method. The open circles show
the experimental correlation function which is obtained from the experimental invariant
mass spectrum (shown in Fig. 5a) divided by the randomised spectrum. The histogram
represents the correlation function obtained from the sequential fragmentation model.

and neutron momentum vectors taken from different events. Such a procedure will wash
out all possible correlations in the randomised spectrum and the integration over angles
is then automatically confined to momentum vectors within the detector acceptance. The
correlation function is then defined as the ratio of the invariant mass spectrum and the
randomised one

dN/dE,,

R(Eon) = AN B (2)

This method removes the artificial structure in the invariant mass distributions coming
from the finite acceptance of the detectors. The correlation function determined in this
way is equal to one if the distribution of the relative angle between fragments is isotropic
and the energy of one fragment does not depend on the energy of the second fragment.
The correlation function does not depend on the shapes of neutron and a-particle spectra,

11



but deviates from unity if there are correlations between the angles and energies of the
two particles.

The quantity R(E,y) should indicate effects of correlations and the location in energy
where such correlations become most pronounced. The two-particle resonance has to result
in a peak in the correlation function with a position close to the position of the peak in
the invariant mass spectrum.

This type of correlation functions has often been used in the analysis of elementary
particle physics experiments to estimate a background in the invariant mass spectra of
particles which may be decay products of resonances (e.g. [28, 29, 30]). It was as well
used for the search of two-particle resonances in the fragmentation of heavy nuclei [31].

Both the theoretical and experimental correlation functions were obtained as described
above by the event mixing procedure and are shown in Fig. 5b.

The theoretical, as well as the experimental correlation function reveal distinct devi-
ations from unity and have peak positions close to the known energy of the SHe ground
state. The good agreement obtained between the calculation and the experimental data
indicates that we have an almost pure case of a *He (=a+n) resonance. The uncorre-
lated background, as well as possible effects due to correlations between the neutrons and
a-particle coming from the three-body ®He wave function, do not give a significant con-
tribution neither to the invariant mass spectra nor to the correlation function up to an
energy of 2 MeV.

6 Summary

The experimental data on momentum distributions of a-particles and neutrons and the
invariant mass spectra obtained from fragmentation of a 240 MeV /u *He beam on a carbon
target have been presented.

The sequential fragmentation model with a sudden knock-out of a neutron leading to a
particle unstable °He (J"=3/2") resonance, i.e. the *He ground state, can reproduce the
measured momentum distributions as well as the invariant mass spectrum of the n — a
system. Nevertheless, two-body correlations between the a-particle and the neutron are
not evident in such distributions. The widths of the fragment momentum distributions
are not very sensitive to the correlations between fragments. It was, however, shown that
the simultaneous analysis of the invariant mass spectrum and the correlation function can
unambiguously give an indication for correlations between the reaction products.

All results together indicate that in the two-particle channel of ®He fragmentation on
a carbon target, there is not much space left for the appearance of the projectile struc-
ture. The momentum distributions for both neutrons and a-particles and their invariant
mass spectrum and correlation function are strongly influenced by the 5He ground state
resonance. The only place where one may expect effects due to the He structure is the
®He momentum distribution itself. This should be studied in the fragmentation of *He on
a heavy target where Coulomb dissociation makes a significant contribution and in the

12



reaction channel where both neutrons and the a-particle are observed in coincidence.
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