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The longitudinal momentum distribution of “Be fragments after
fragmentation of ®B and the one-proton removal cross section
(0-1p) in a carbon target were measured at 1440 MeV/u with the
fragment separator FRS used as an energy-loss spectrometer. The
results show a narrow momentum distribution with a FWHM value
of 9145 MeV/c and a large cross-section, o_;, = 98+6 mb. Both
these results support the interpretation of a spatially extended pro-
ton orbit forming a halo in the 8B ground state. The momentum
distribution and the one-proton removal cross section are shown to
be reproduced with a three-body wave function for 8B where the
target is treated as a black disc in the breakup process.
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1 Introduction

The first observation of a narrow width in the longitudinal momentum dis-
tribution of the "Be fragments from 8B breakup reactions [1] sparked off an
intense research concerning the proton dripline nucleus ®B. The ground state
of B, with a proton separation energy of 138 keV [2], is the only known one-
proton halo candidate besides the first excited state in I"p {3,4}_ However.

the formation of an extended proton distribution is hindered by the Coulomb
barrier and the /=1 angular momentum barrier seen by the valence proton,
therefore the interpretation in terms of a proton halo in ®B is still contro-
versial. A second reason for particular interest in ®B is its role in the solar
neutrino problem (see Ref. [5] and references therein).

Previous measurements of the longitudinal momentum distribution of "Be
fragments from ®B breakup reactions show narrow widths [1,6,7] compared
to the statistical model of Goldhaber [8]. The first set of data taken at GSI
[1] at a beam energy of 1471 MeV /u showed the same width of 8146 MeV /c
(FWHNMI) for all target nuclei used (C, Al, Pb). The rather narrow width was
interpreted as a large spatial extension of the loosely bound proton. Similar
measurements have later been performed at MSU [6], but at a lower beam en-
ergy of 41 MeV /u. Here, the FWHM value showed a dependence on the target
charge, giving FWHM values of 81+4 MeV/c on beryllium and 62+3 MeV/c
on gold targets. The authors of Ref. [6] found that the reaction mechanism
significantly narrows the “Be momentum distribution, so it does not directly
reflect the intrinsic proton momentum wave function. This is in contrast to the
one-neutron halo nucleus '*Be, where the halo size is roughly reciprocally pro-
portional to the observed momentum width. Such a connection is only valid in
the limit of small separation energy and if the valence nucleon is a neutron in
an s-wave, whereas the valence nucleon in ®B is a proton mainly bound in a p-
orbit. Calculating the p3/; valence proton state in a Woods-Saxon geometry. an
intrinsic longitudinal momentum width around 150 MeV/c is typically found
[6,9]. Although this width considerably exceeds the value found for s-wave
neutron-halo states, it is still about a factor of 2 smaller than for well-bound
p-states in this mass region (~ 250-300 MeV/c). The proton stripping process
on the beryllium target reduces this width to 82 MeV/c [9], in agreement with
experimental data The longitudinal momentum distribution of “Be from ®B
breakup reactions on silicon has been studied at GANIL [7] at a beam energy

of 38 Me\V/u, giving a FWHM value of 93+7 MeV/c.

In this paper we present the result of a new measurement of 8B breakup
reactions performed at GSI at 1440 MeV/u. The new experiment was con-
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siderably improved in two points compared to the previous one [1]. First, the
new data was taken with much better statistics, and second, the "Be longitu-
dinal momentum distribution was taken with three different Bp settings 'nd
therefore for the first time a good determination of the high momentum tail
was obtained. We also present theoretical calculations which reproduce the
experimental result well.

2 Experimental setup

The secondary ®B beam was produced by fragmentation of a 1.5 GeV/u 2C
beam from the heavy-ion synchrotron SIS in a 8.0 g/cm? Be target placed
at the entrance of the magnetic spectrometer FRS [10]. In order to measure
the longitudinal momentum distribution of “Be fragments, the FRS was op-
erated as an energy-loss spectrometer in the manner described in Ref. [15].
In the energy-loss mode, the large momentum spread caused by the ®B pro-
duction process does not contribute to the measured momentum width of the
"Be fragments. The magnetic fields of the first two dipole stages of the FRS
were set to select the beam of 8B. Due to the magnetic rigidity analysis of
the first spectrometer stage and the fact that the neighboring boron isotopes
are unbound, 8B could be unambiguously identified by the energy deposition
measured with a scintillation detector located in front of the breakup target.
The ®B beam, with an energy of 1440 MeV/u, impinged on the 4.41 g/cm?
carbon breakup target that was placed at the dispersive mid-plane of the FRS.
The spectrometer stage behind the breakup target was set to a magnetic rigid-
ity corresponding to a “Be ejectile produced in a one-proton removal reaction.
Fragments arriving at the final focus were identified by measuring the time-of-
flight in the second spectrometer stage, by determining the magnetic rigidity
from the position measurement at the final focal plane, and by a coincident
energy-deposition measurement in an ionisation chamber.

The "Be longitudinal momentum distribution is directly deduced from the
position measurements at the final focal plane using the experimentally deter-
mined dispersion. lon-optical aberrations and atomic energy straggling in the
relatively thick breakup target limit the resolution that can be achieved in this
measurement. These contributions, which broaden the measured width, were
quantified by measuring the position distribution of ®B that penetrated the
breakup target without nuclear reactions. The breakup of the projectile nuclei
is statistically distributed along their path inside the target, which causes an
additional energy straggling due to the difference in energy loss between ®*B
and “Be. This contribution was calculated using the ion-optical ray tracing
code MOCADI [16]. In total, the experimental resolution was determined to
be 20 MeV/c (FWHM) which results in a correction for the measured width

of 2%.



3 Experimental results and discussion

In Figure 1 we present the longitudinal momentum distribution of "Be, trans-
formed into the ®B projectile frame. In order to cover a large range of mo-
menta, the distribution was recorded at three different Bp-settings. Start-
ing at a central setting, the magnetic rigidity Bp of the stages behind the

———breakup-target-was-increased by 1% for-each further setting to measure the

distribution at large positive longitudinal momenta (see Figure 1). The ex-
perimental distribution displayed in Figure 1 (filled circles) has a FWHM
value of 935 MeV/c. After correction for the experimental resolution, this
gives a width of 91+£5 MeV /c. The histogram in the figure shows the data from
Ref. [1]. This distribution, from which a FWHM of 8146 MeV /c was obtained.
agrees well with the new data in the central region. The new measurement
covers, however, also the high-momentum tail which allows a more complete
analysis of the line shape. The experimental one-proton removal cross-section
obtained in this measurement is 98+6 mb (see also [11]), which agrees nicely
with the earlier result of 94+4 mb [1]. The one-proton removal cross section
is enhanced by almost a factor 2 as compared to the case of a tightly bound

proton. This is an additional signature for an extended valence-proton wave:-

function [12].

In the previous papers [1,6,7], where the ®B breakup to the "Be channel was
studied, various theoretical models were used for comparison with experimen-
tal data. For such a comparison, one needs first of all a wave function of ®B.
In Ref. [1], ®B was described in a mean field and RPA approach. Recently
this approach has been improved considerably [13,14] leading to a rms-radius
of 2.58 fm for ®B and an rms-distance of 4.73 fm for the "Be-proton system
thus reducing considerably the values quoted in Ref. [1]. In Ref. [6] a two-
body potential model [9] was used to construct the "Be+p relative motion
wave function. It used a Woods-Saxon well for the "Be-p potential and fit-
ted parameters to get a correct binding energy for the ps/, valence proton.
This yielded an rms "Be-p distance of 4.94 fm. In Ref. [7], a self consistent
calculation of single particle wave functions was performed using shell model
occupation probabilities and a constraint on the total binding energy. This
model gave an rms radius for ®B of 2.55-2.6 fm, and an rms "Be-p distance
of 4.22-4.5 fm.

It was demonstrated in Refs. [9,17,18] that the reaction mechanism is very
important and has to be included if one wants to compare predictions of
theoretical models for "Be momentum distributions with experimental data
from the ®B breakup reactions. Note that the reaction mechanism is important
also for calculations of momentum distributions of '*'8C isotopes from breakup
of 1™19C [19,13]. However, the reaction mechanism has less importance when
the °Be momentum distributions from the one-neutron halo nucleus !!Be are



studied.

To describe the data in this paper, we will use the 8B wave function calculated
in an extended three-body model (a+*He+p) [20]. In this model, the B nu-
cleus is treated in the framework of three-body models with explicit inclusion
of the binary "Be+p channel. Effects of strong deformation and dynamical
polarization of the "Be core as well as the core excitations are treated simul-
taneously. The model describes the bulk properties of 8B well and leads to an

rms matter radius of 2.58-2.60 fm. An important finding is that, due to the
presence of the third particle, the average distance between the a-particle and
3He in the ®B wave function is smaller than the one in the free "Be nucleus.
This leads to an rms distance between "Be and the proton of 4.6 fm. The
"Be-p relative motion wave functions, Fj,;,(Y) with angular momentum Jy
are obtained by projecting the ®B ( J™=2% ground state) wave function onto
the "Be wave functions with angular momentum j,

Frujy (Y) =< URAXY) | [WP(X), [V, (), x5, )i, Jone > (1)

where the variables X and Y are defined in the inset in Figure 2. The spectro-
scopic factors Sj,;, are obtained by integration of Ffljy()) The dominating
spectroscopic factors are S3/;.3/2=0.683. S3/2,172=0.101, and Sy/3,3/,=0.083.
The first two correspond to a proton in ps/; and p;/, orbitals relative to the
"Be ground state (J™=3/27), and the third one to a proton in a p3/2 orbital
relative to the first excited state of "Be (J™=1/27). Figure 2 displays the

relative motion wave functions Y - Fj,; (Y") for the three dominating channels.

At relativistic energies and on light targets the observed core fragment mo-
mentum distributions in light neutron rich nuclei have often been interpreted
as the ground state momentum distributions inside the nuclei. This identifica-
tion, where the reaction mechanism is assumed to be very simple and not to
add modifying terms. is referred to as the transparent limit of the Serber model
[21] and just corresponds to the momentum distributions calculated from the
Fourier transform of the spatial wave function. The result of such a calcu-
lation for the ®B nucleus, with the relative motion wave functions Fj, j, (}')
(see equation (1)). gives a "Be longitudinal momentum width of 149 MeV/c
for the three dominating channels. The contributions from each channel are
displayed in Table 1. This value is close to other calculations [9,17], but still
larger than the experimental one. An improvement of this approximation can
easily be made by taking absorption into account [9,17.19,13]. In this case,
the proton should be absorbed by the target nucleus and the "Be fragment
should have an impact parameter sufficiently large to avoid a collision with
the target nucleus. In this opaque limit of the Serber model, where the target
is considered as a black disc, one easily derives the longitudinal momentum
distribution [19] of the "Be fragment originating from an /=1 relative motion
wave function Fj,; (Y'),
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Here, R. and R; are the rms radii of the core and the target nuclei, while
R, is the proton radius. In this expression we have omitted the contribution
from diffraction and Coulomb dissociation. The latter contribution should be
negligible for light targets such as carbon while the former gives a momentum
distribution close to that obtained in nuclear stripping [17.18]. Finally. the
proton stripping cross section, o_,, is obtained by integrating equation (2)
over the longitudinal momentum.

The longitudinal momentum distribution of the "Be fragments (from the pro-
ton stripping reaction) corresponding to the sum of the three dominating
channels is shown in Figure 3 as a solid curve. This curve, folded with the
experimental resolution, has been calculated according to equation (2) in ab-
solute scale, with the parameters R.=2.4 fm. R,=2.47 fm, and R,=0.8 fm. The
corresponding cross-sections and momentum widths for the individual chan-
nels are displayed in Table 1. To investigate the line shape of our calculation
we scaled our calculated solid curve in Figure 3 with a factor 1.30. The result-
ing dotted curve shown in Figure 3 agrees well with the data in the narrow
central region as well as in the high momentum tail. The calculated proton-
stripping cross-section obtained from equation (2) is in good agreement with
the corresponding number in Ref. [9]. However, this number can not be di-
rectly compared to the experimental proton-removal cross-section of 98+6 mb,
since the "Be fragments can also appear from diffraction dissociation of 3B.
The diffraction dissociation cross-section is smaller than the proton-stripping
cross-section for beam energies around 1 GeV/u. and it accounts for about
20%-25% of the proton-stripping cross-section (see Ref. [18]). If we assume
this ratio of the cross section, the total proton-removal cross-sections in our
calculation can be estimated at 92-96 mb. which agrees with the result ob-
tained in this work.



4 Summary

In this paper we have presented new experimental results on the longitudinal
momentum distribution of “Be fragments after breakup of 1440 MeV /u ®B in
a carbon target. Improved statistics and an extended momentum coverage, as
compared to our earlier measurement [1]. allow a more sensitive test of the
halo structure of the 8B ground state

The new data are compared with theoretical calculations where we have used
"Be+p relative motion wave functions, Fj,;,, from the extended three-body
model [20], which reproduces the ®B bulk properties well. With these wave
functions and a “black-disc” model for the proton-stripping reaction, we were
able to reproduce the shape of the momentum distribution over the entire
momentum range covered by this experiment.

The results show that the observed rather narrow width of 91+5 MeV/c for the
"Be fragments in the proton removal channel of the 8B high-energy breakup is
a result of a long tail of the valence proton wave function and the shadowing
effect in the reaction. This fact, together with the well reproduced proton-
removal cross-section in the framework of the same model, supports the picture
of ®B as a clustered system with a loosely bound p-wave proton extending
beyond the *“Be’ core.
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Table 1
Summary of the widths for the longitudinal momentum distributions and the proton

stripping cross sections. The numbers are calculated from equation (2) with the
relative motion wave functions Fj,; () obtained in Ref. [20]. The experimental
width and one-proton removal cross-section obtained in this work are 9146 MeV /¢
and 98+6 mb. respectively.

channel Sj.;, FWHM(Serb.) FWHM(Absorp.) o_,

Uzr77) (MeV/c) (MeV/e) — (mb)
(3/2,3/2) 0.685 149 92 60
(3/2,1/2) 0.101 132 83 10
(1/2,3/2) 0.083 170 116 6.6
3 channels 0.869 149 92 7

10
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Fig. 1. The measured “Be momentum distribution from ®B breakup reactions in a
carbon target. The filled datapoints represent the data from this work while the
histogram shows the distribution in the previous measurement [1].
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Fig. 2. Different “Be—p relative motion wave functions from [20] used in the calcu-
lations of the “Be momentum distribution for the proton-stripping channel of 8B in
a carbon target according to equation (1). The solid line corresponds to the ground
state of “Be (J™ = 3/27) coupled to the valence p3/2 proton, the dashed line to the
ground state and the valence p,/, proton, and the dotted line to the first excited
state of “Be (J™ = 1/27) coupled to the valence p3/2 proton. The inset shows the
definition of the (X.Y) coordinates in equation (1).
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Fig. 3. Longitudinal momentum distribution of "Be fragments from B breakup
reactions. The experimental data are taken at 1440 MeV/u on a carbon target.
The solid curve has been calculated for the 8B wave function according to equation
(2) with parameters R.=2.40 fm, R;=2.47 fm, and R,=0.8 fm. The dotted curve
is the same but normalized to the experimental data. The theoretical curves are
convoluted with the experimental resolution that broadens the measured momentum

distribution.
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