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Abstract

Transverse and longitudinal momentum distributions of °Li fragments from ' Li
break-up reactions in (', Al and Pb targets have been measured at 280 MeV /u. The
two-neutron removal cross-section was measured to be g_3, = 0.2640.02 b for the
carbon target, o_3, = 0.4740.08 b for the aluminum target and o_5, = 1.9£0.4 b
for the lead target. No significant difference is observed between the narrow widths
(FWHM =~ 47 MeV/c) of the transverse and longitudinal momentum distributions
of the °Li fragments. The physical implications of this are discussed.

1 Introduction

Nuclear halos occur for nuclei very close to the drip line where the binding energy of
the last nucleon, or pair of nucleons. is very low. Several nuclei showing halo phenom-
ena are known and the by far most extensively studied case is ''Li, which can be de-
scribed as a Borromean three-body system [1] with two planetary neutrons orbiting the
9Li core. The existing experimental results include matter radins, magnetic dipole and
electric quadrupole moments, beta-decay properties, momentum distributions of neutrons
and charged fragments after dissociation reactions and E1 excitation functions (see, for
example, the recent reviews [2. 3. 4]). There is also a large theoretical literature available;
special interest is attached to the three-body models [1], which, notwithstanding their
basic simplicity, are expected to account for properties that are specific to a two-neutron

halo.

Here we present the first results from new experiments combining for the first time the
large high-energy facilities at GSI, the fragment separator (FRS), the dipole magnet (AL-
ADIN) and the neutron detector (LAND). The aim of the present work was to study the
momentum distributions of the °Li fragments after dissociation of ''Li in collisions with
light and heavy targets in both transverse and longitudinal directions at the same beam
energy. The large acceptance of the spectrometers, both in longitudinal and transverse
directions, give an undistorted picture of the fragment momentum distribution. Finally,
the measurements at the same energy in both transverse and longitudinal directions for Pb
targets indicate that core break-up limits the dissociation into core and valence neutrons
to impact parameters much larger than grazing incidence.

2 Experimental Technique

The secondary beams were produced by fragmentation of a 340 MeV /u 180 beam from SIS
in an 8 g/cm? Be target. The production efficiency of [i was measured to be 2.7-107".



With a primary beam intensity of up to 2:10' ions/s, a secondary beam intensity of 5:10°
Li/s was achieved.

For the longitudinal momentum measurement, the fragment separator FRS [5] was used as
an energy loss spectrometer. An ion-optical scheme of the FRS in the energy-loss mode is
shown in Fig. 1 with envelopes in the direction of dispersion. With this technique, in first-
order ion-optical imaging. the momentum spread caused by the T production process
does not contribute to the measured width. At the central focal plane of the FRS the ''Li
beam with an energy of 280 MeV /u impinged on a secondary target of Al or Ph. In the
following two ion-optical dipole stages of the FRS, the longitudinal momentum distribu-
tion of the emerging °Li fragments was determined from position spectra obtained at the
final focal plane with multiwire chambers. The full longitudinal momentum distribution
was obtained with one Bp setting. The spectra were transformed into momentum spectra
(in the projectile frame) using the measured magnetic rigidity and the corresponding dis-
persion relation. Particle ‘dentification as well as absolute momentum determination was
performed by additional time-of-flight measurements using scintillators and by measuring
the energy deposition in an ionization chamber. The acceptance of FRS was 1105 MeV/c
‘0 the transverse momentum direction and £60 MeV/c (in the projectile frame) for the
longitudinal momentum. the latter being determined by the rigidity acceptance.

The transverse momentum distribution was measured at the ALADIN and LAND facilities.
The experimental set-up is shown in 'ig. 2. The exotic beams from the FRS were separated
by pure magnetic rigidity analysis (Bp). i.c. without a degrader. There was consequently
no charge separation and the secondary beam was a mixture of the three drip line nuclei
SHe, "1Li and “Be with energies of 240. 2580 and 304 MeV/u, respectively. A minor
contribution of ¢He at the same magnetic rigidity was also present. Since a direct beam
line from the FRS to the experimental area was not available, it was necessary to send
the beam through the experimental storage ring (ESR). This gave a strongly reduced
transmission mainly due to a cut in the momentum acceptance, but at the same time
considerably decreased the momentum spread of the secondary beam. At the experimental
area typical beam intensities of 55. 50 and 10 ions per second of *He, 11 and '*Be were
obtained. For background corrections an experiment with an empty target frame was
performed with similar statistics. The full width half maximum (FWHM) of the beam
spot at the target was 2 cm. The angle and position of the incident ions were determined
by means of a multiwire proportional chamber (MWPC) and a multiwire drift chamber
(MWDC-1), placed 9 m apart. The charge identification of the different particles in the
secondary beam was done event by event by measuring their energy loss in a 500 pm thick,
position-sensitive plastic detector. This detector also provided the reference time for the
ovents. The selection of charged fragments originating from reactions with the incident
117} beam was further improved by recording the time of flight between the plastic detector
and a plastic wall. The small difference in velocity between beam and fragment makes this
method very reliable. The fragments emerging from the secondary target were deflected
and separated according to their rigidity in a large-gap magnetic spectrometer, ALADIN
(6], with a bending power of 2 Tm and detected by two MWDC’s. The wire planes of these



MWDC(’s consist of alternating anode and cathode wires with a maximum drift distance
of 5 mm. A position resolution of <2 mm was achieved by using a delay-line technique

[7]. The charges of the fragments were determined by measuring the energy loss (AE) in
the plastic wall.

3 Data treatment and results

In the longitudinal momentum measurement with the FRS the contributions to the po-
sition distribution from multiple angular scattering and energy-loss straggling as well as
ion-optical image aberrations were taken into account by the corresponding transmission
measurements of the " Li through the same secondary targets. The use of the secondary
target with a constant thickness along the direction of dispersion deteriorated the achro-
matism of the FRS. This gives a weak dependence of the position at the final focal plane
on the "Li momentum. A correction for this was performed which reduced the measured
width by several percent. With a determination of the magnetic field to better than 1074
and with a position resolution of the ray-tracing detectors of 2 mm the momentum width
could be measured with a 5 % uncertainty. The effect of the finite transverse acceptance,
see also the discussion, can be readily simulated [10] and amounts in the present case to
a 4 % decrease of FWHM. The data have been corrected for this and we have, in order
to give conservative error bars, included the correction term as a systematic error. Fig.
3 shows the longitudinal momentum distribution measured with the aluminum and lead
targets. The intrinsic width was extracted by fitting the data with a Lorentzian folded
with the instrumental resolution (see above) and compensating for the limited acceptance.
The two-neutron removal cross-sections was here measured to be 0_2,=0.47+0.08 for the
aluminium target and o_,,=1.940.4 for the lead target. Table 1 gives the measured mo-
mentum width, the width of the non-reacting ''Li beam and the deduced FWHM of the
momentum distribution.

In the experiment at ALADIN-LAND the reaction channel was identified unambiguously
from the AE-information and time of flight, provided by the position-sensitive plastic de-
tector and the plastic wall. together with the MWDC(C-data. The 'Li — °Li+X-events
were selected by imposing two-dimensional cuts on the x-position in MWDC-2 as a func-
tion of the difference in x-position between MWDC-2 and MWDC-3. The latter entity
approximately corresponds to the bending angle in ALADIN. This method yields an excel-
lent separation between ''Li and “Li as seen in the lower inset of Fig. 2. The two-neutron
removal cross-sections were obtained as ¢_;,=0.26+0.02 b and 0_2,=1.9£0.7 b for the
carbon and lead target. respectively. In addition to the 911 events we also observed a
broad distribution of 8Li fragments in coincidence with neutrons. This latter component
contained about 25% of the observed °Li intensity for the Pb target.

The °Li transverse momentum distributions were extracted from the y-position in MWDC-



2 and are thus virtually undisturbed by the bending in the magnetic field. To correct for
the spatial spread of the incident beam the y-position in MWDC-1 was subtracted from
the position in MWDC-2. The distribution without target, which was used for background
subtraction, is too narrow since no target angular straggling contributes. The straggling
was deduced by comparing the non-reacting 1Y distribution with and without target and
this was then folded into the no-target distribution. Fig. 3 shows the transverse momentum
distribution after background corrections for the lead target. The momentum spread of
the beam. due to multiple scattering in the detectors. target. air etc., was extracted from
the 1'Li distribution perpendicular to the bending plane and was used to deduce the
momentum widths.

The best fit to the experimental data was here clearly obtained with a Lorentzian shape.
A two Gaussian fit, as used in ref. [8] included too many free parameters and did not give a
reasonable result. The FWHMSs given in Table 1 represent distributions where integrations
along the beam axis and a direction perpendicular to it were performed. It should be
noted that a distribution on p, is different from the more conventional distribution on
radial momentum p.

4 Discussion

In this experiment results on the transverse as well as on the longitudinal momentum
distributions were obtained at the same ''Li beam energy after break-up in both a low Z
and a high Z target. The general observation is that the widths are almost identical, 47

MeV/c, in all cases.

The parallel momentum widths of 9Li fragments have earlier been measured at 66 MeV /u
by Orr et al. [9] with the A1200 spectrometer at MSU. They observed a weak decrease
‘n the width with increasing target charge and a similar trend between Al and Pb is
marginally indicated by our data. The measured widths in the MSU experiment were
smaller than what we found at 280 MeV/u by about 5 MeV /c. Without excluding a real
dependence of the width on beam energy, we wish here to note that such a result also
can be caused by a difference of the two instruments. The underlying mechanism can be
Austrated with a schematic model. Let us assume that the momentum distribution after
the reaction can be described as a three-dimensional Lorentzian

, I dp
PP = S gy pl e 1
T Yy z

(1)

Experimentally a projection of this distribution is observed. If the z-projection is observed
with an instrument having 100% acceptance in the transverse directions (which is close to
being the case for the FRS) the result will correspond to an integration of eq. (1) in the

ot



x and y directions. The distribution function is then

r

) = e T )

so that the experimental FWHM directly gives I'. The effect of a selection of small momen-
tum components is illustrated in the limit of vanishing p, and p, where the distribution

function becomes |

(p? +T2/4)2
The FWHM of this distribution is I'v2172 Z 1 = 0.6441". Limitations in acceptance would
result in a FWHM between these extremes.

wop=) x

(3)

Turning now to the transverse momentum width we must here include the contribution
from deflection of the °Li core in the Coulomb field of the target nucleus. We have esti-
mated this contribution using simple models [11] of the Coulomb and nuclear dissociation
probabilities. We find that this effect will give a large contribution only for nuclear disso-
clation in the Pb target. while in the other cases it will be less than the spread from the
beam profile. Based on an extrapolation of the 0.26 b pure nuclear break-up for the carbon
target following ref. [12] one would expect a nuclear contribution to the cross section of
more than 0.5 b for the lead target. This would result in a broadening of the distribution
of more than 10 MeV /c since the major nuclear contribution stems from the first 5-6 fm
region outside grazing incidence. b = K. + Ry (13]. However, the data in Table 1 show the
widths of the longitudinal and transverse momentum distributions for the Pb target are
the same within the experimental uncertainty. It appears thus that for impact parameters
below b = R.+ Ry plus a few fm. the *Li core is also likely to break up. A depopulation of
the °Li+2n reaction channel into for example *Li+3n would then occur and the broad 8L;
transverse momentum distribution (I' & 140 MeV/c), which has a cross-section of about
0.5 b, is in support of such an interpretation. Our widths are slightly smaller than the
ones obtained on D and (' targets at 800 MeV /u [14. 8]. but the interpretation agrees well
with the recent results from RIKEN [15] on "'Be4+Pb— '""Be+n+X where dissociations
of this type were observed only to take place at impact parameters larger than 12 fm.
The large discrepancy between our result and the one given in ref. [14] for the Pb target
(I'=167£35 MeV/c ) may be due to multiple scattering in the twenty times thicker target
used in that experiment.

The Coulomb 2n-removal cross-section for the reaction "Li—?Li+X has been calculated
[16] for a Pb target. The ground state and continuum wave functions for Ui, used
in the calculation, were obtained using the hyperspherical harmonics method (HH) in
the framework of a three-body model as described in ref. [17]. The El strength function
according to ref. [18] (version H) was used. The result is 0%,,= 1.23 b which indicates that
the observed total 2n-removal cross-section. o_s, = 1.840.4 b is of the same magnitude
as the expected Coulomb part. This further supports the interpretation given above.

In summary, we have observed almost identical longitudinal and transverse momentum

6



distributions of °Li fragments from break-up of ''Li on light as well as heavy targets.
This is somewhat surprising since one would expect the break-up mechanism to noticably
influence at least the transverse distribution from heavy targets. We suggest that this
could be caused by break-up of ?Li for small impact parameters. The other distributions
have been suggested [8, 9, 14] to reflect directly the momentum distribution in the halo
ground state. Interpreted in this way our data imply a value of I'= 47 MeV /¢ which, due
to the large acceptance and the thin targets used, is the presently most accurate value
obtained at high beam energy.
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Table 1: Momentum widths of “Li fragments after break-up of ''Li

Distri-  Target Exp. Beam  Deduced

bution (Thickness, FWHM FWHM FWHM? % °
g/cm?) (MeV/e) (MeV/e) (MeV/e)

Py ' (1.293) T2 41 4544 1.9

Py Pb (0.302) 73 12 1944 0.3

P Al (5.4) 54 15 4943 1.3

p| ¢ Ph (8.0) 51 15 45+3 0.9

a) The values refer to a coordinate svstem moving with

the projectile.

b) The distributions have been integrated over two momentum
directions meaning that the FWHM corresponds directly to
the I' parameter defined in eq. (1).

c) Normalized \?



Figure Captions

Figure 1 Schematic view of the FRS in the energy-loss mode [5]. The upper part of the

figure shows how, without a secondary target, the "Li beam with large momentum and
angle spread is focussed achromatically onto a single spot in the final focal plane. In the
lower part it is shown how a smal] momentum change in the target, resulting from the
longitudinal momentum distribution of the break-up of the secondary beam particle, can
be measured precisely by a position change in the |ast focal plane. Thus, although the
spread of the secondary beam is large (Ap/p > 1%) the longitudinal momentum can be
determined with ap accuracy of Ap/p < 10-3. Measured position distributions at the
focal plane are displayed for ''Ii and °Li in the secondary Pb target.

Figure 2 The experimental set-up in Cave B at the GSI. The mcoming "Li heam position
is defined by a MWP(' when entering the cave and by MWD(-] Just in front of the
secondary target. After the target the beam and the fragments from the reactions are
analysed according to moments and direction by the ALADIN spectrometer in conjunction
with two drift chambers (MWDC-23). The inset in the upper left corner shows the
position information in MWDC-2, The plastic wall, consisting of seven segments with
10 mm thickness. is used to obtain time-of-flight and charge informatijon. The combined
information from this configuration allows a clean identification of the charged fragments,
The separation for Z=3 is shown in the lower inset. The neutrons from the reactiong are
detected according to position and time-of-flight ip 4 large area neutron detector (LAND).

Figure 3 Measured longitudinal and transverse momentum distributions of °; after dissoci-
ation of 280 MeV/u'Li. Note that the apparent difference in width of these distributions
is due to different experimental broadenings (see Table 1). The FRS data have beep fitted
with a truncated Lorentzian to mode] the decreasing acceptance from 100% to 0% within

20 MeV/e.
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