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Study of the Breakup Reaction8B ! 7Be 1 p: Absorption Effects and E2 Strength
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Distributions of parallel and transverse momenta for7Be fragments formed in the breakup of8B
have been measured at41A MeV. The pk distributions are narrow (81 6 4 and 62 6 3 MeVyc
FWHM for Be and Au targets, respectively), comparable to those of neutron halo nuclei. Reaction
mechanisms influence the7Be momentum distributions, so they do not directly reflect the valence
proton momentum wave function. We present reaction models that reproduce the distributions.
[S0031-9007(96)01856-X]
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The proton drip-line nucleus8B has been the subjec
of considerable experimental and theoretical attent
Much of this interest concerns the possible existence
a proton halo, analogous to the extended neutron di
butions that have been found around lightly bound n
tron drip-line nuclei such as11Be and 11Li [1–3]. It
seems that8B is the most likely candidate for such
proton halo [4,5], as it is bound very weakly, by on
138 keV. Nevertheless, the formation of an extend
distribution by tunneling into the classically forbidde
region will be hindered by the Coulomb barrier a
by the angular momentum barrier seen by thep3y2 va-
lence proton. It is difficult to predict whether the spat
distribution of the valence proton in8B is sufficiently
extended so that it forms a halo with properties ess
tially independent of the core, as is the case for11Be
and 11Li.

Evidence concerning the existence of a halo in8B is
far from convincing. Interaction cross sections measu
at 790A MeV indicate a root-mean-square radius for8B
that differs little from those of the more tightly bound
isotopes [1,2]. However, the total reaction cross sec
for 8B appears to be enhanced in thes20 60dA MeV
range [6]. While the large quadrupole moment of8B,
compared to8Li, may be evidence for a proton halo [7
E2 polarization of the7Be core could also enhance th
quadrupole moment [8]. Quasielastic scattering data
40A MeV 8B on 12C appear to reflect the loosely boun
valence proton [9], in a manner similar to that observ
for the neutron halo nucleus11Li, but the one-proton
removal cross section derived from the data of Ref.
does not reflect a substantial halo. Finally, and m
pertinent to the subject of this Letter, measurements
7Be momenta resulting from the breakup of1470A MeV
8B on a 12C target have been interpreted in terms o
greatly extended proton distribution for8B [10].
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A second reason for interest in8B is that, following for-
mation via the7Besp, gd 8B reaction, its decay produce
the high energy neutrinos that dominate the respons
the 37Cl, Kamiokande, and SNO neutrino detectors. T
rate of the capture reaction, as summarized in theS factor
S17  22.4 6 2.1 eV b [11], is crucial for an understand
ing of neutrino production in the Sun and for a resoluti
of the solar neutrino problem. Unfortunately, the dire
measurements of7Besp, gd 8B are inconsistent. Further
more, a recent measurement of the cross section for
breakup reaction8B 1 g ! 7Be 1 p yielded a signifi-
cantly lower value,S17  16.7 6 3.2 eV b [12]. How-
ever, these results are controversial because both ele
dipole and electric quadrupole (E1 andE2) photons con-
tribute to the breakup reaction [13,14]; theE2 contribu-
tion is expected to be larger than in the capture reac
because of the relatively large flux ofE2 virtual pho-
tons. Theoretical estimates of theE2 contribution in the
Coulomb dissociation of8B are uncertain [15]. The angu
lar distributions measured in the breakup experiment
apparently consistent withE2 contributions of zero [15].
However, this result may have a significant uncertai
because of a failure, for the highZ target, of the perturba
tion theory used to interpret the data.

In this Letter we address these issues through m
surements of the momentum spectra of7Be ions result-
ing from the breakup of41A MeV 8B ions on targets of
Be and Au. Earlier we showed that core fragment m
menta in the beam directionspkd reflect the momenta o
the halo neutrons in11Li [16,17] and 11Be [18]. Thus,
we expected that the widths of the observed distributi
would provide a measure of the momenta of the ligh
bound proton in8B and then, by the uncertainty principle
the extent of its spatial distribution. Indeed, we find th
the distributions are much narrower than expected for
fragmentation of normal nuclei; naively interpreted, the
© 1996 The American Physical Society
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widths would correspond to an extended spatial distri
tion for the valence proton in8B.

However, the distributions are also much narrower th
the 160 MeVyc FWHM expected for a proton in a1p3y2
orbital [10,19]. This, coupled with the observed variati
of the width with target, led us to conclude that t
observed7Be momentum distributions might not refle
the momentum wave function of the valence proton.
order to understand the observed widths, we investig
different reaction models for the breakup processes.
the Be target we employ a stripping model [20], a
for the Au target we calculate Coulomb breakup us
both perturbation theory and a dynamical model [21,2
All of our predictions are based on the same sing
particle Hamiltonian model [20], which, in essence, is
binding by 138 keV of a valencep3y2 proton in a Woods-
Saxon potentialsa  0.52 fm, R  2.48 fmd; this yields
a valence proton root-mean-square radius of 4.24
For both nuclear dominated breakup (9Be target) and
Coulomb dominated breakup (Au target), the predic
fragment momentum distributions are narrower by nea
a factor of 2 than the valence proton momenta in the in
structure model.

In the present experiment, a 200 particle-nA be
of 60A MeV 16O ions from the K1200 cyclotron wa
fragmented in a thick Be production target. Produ
passed through the A1200 fragment separator [23], w
an Al energy absorber (wedge) placed at the sec
dispersive image. The beam momentum spread
limited to 0.5% by an aperture located at the fi
dispersive image of the A1200. The resulting be
consisted of theN  3 isotones, with a large34.3A MeV
7Be components8B:7Be  1:20d. The isotones were
separated in the RPMS Wien filter, leaving a 95
pure 41.2A MeV beam of 3008B particles per secon
at the breakup target. Contaminant isotones were
completely removed by the Wien filter, because
separation slits were not positioned at the focal point. T
incoming particles were unambiguously identified by th
measured time of flight over a 40 m flight path betwe
a thin plastic scintillator and the detector telescop
This ensured that the detected7Be particles came from
reactions of8B in the target.

A pair of two-dimensional position sensitive paral
plate avalanche counters placed upstream of the ta
permitted the reconstruction of the incoming parti
trajectories. Breakup products were detected in two 5
by 5 cm DE-DE-E telescopes. The firstDE detector
was a position sensitive Si detector that was segme
into 16 vertical strips and 16 horizontal strips; the seco
was a Si PIN diode. TheE signal was provided by
a stopping CsI detector. The “zero degree” telesc
was 60 cm from the target and covered anglesu 
3.3± to 21.4± (horizontal) andf  62.4± (vertical). A
“large angle” telescope was placed 50 cm away fr
the target and covered the anglesu  22.6± to 28.3±
u-
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and f  62.9±. An energy calibration was obtaine
using 7Be beams, produced in the A1200, at 6 differe
energies. Backgrounds were found to be negligible fr
measurements with a blank target.

The results yield distributions of fragment momen
both parallel spkd and transverse (px and py) to the
beam direction. In this Letter we concentrate on thepk

distributions measured in the zero degree telescope,
only brief comments about thepk distributions measured
in the large angle telescope and thep' distributions.

The 7Be fragmentpk distributions measured in the zer
degree telescope are shown in Fig. 1. The experime
effects that broaden the observedpk distributions are
detailed, and subtracted in quadrature from the measu
distributions in Table I. These include the small spre
in the momentum of the incoming beam, the moment
resolution of the telescopes (0.5% FWHM after correcti
for the position dependent response of the CsI detecto
and the energy spread associated with the thick Be and
targets. The transformation into the8B rest frame reduces
the width by 4.4%.

In the transparent limit of the Serber model (n
absorption of core fragments) [24], thepk distribution of
heavy core fragments is identical to the projection on
beam axis of the ground state momentum distribution
the weakly bound valence nucleons. This interpretat
worked well for 10Be fragments from the breakup of11Be
[18]. It was therefore surprising, at first, that the measu
7Be pk distribution for the Be target is much narrowe
than expected for the loosely bound proton:81 MeVyc
rather than160 MeVyc.

In the following, it will become clear that nonzer
absorption of the7Be core lies behind the failure of th

FIG. 1. The pk distributions of 7Be fragments from the
breakup of 8B on a Be target. Shown with the Be targ
data are predictions for the7Be momentum distribution in
the transparent (dashed curve) limit of the Serber model
from a stripping model (solid curve) which includes the effec
of absorption. The predictions, in the8B rest frame, are
transformed into the laboratory frame and convoluted w
the experimental effects that broaden the measured momen
distribution (detailed in Table I).
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TABLE I. Summary of the results of thepk distributions measured in the zero degree telescope.

Target Uncorrected Detector resolution and DifferentialE loss Correcteda 8B rest frameb

FWHM beam momentum spread, 7Be and8B FWHM FWHM
sMeVycd FWHM sMeVycd sMeVycd sMeVycd sMeVycd

Be s47 mgycm2d 86 6 4 13.5 6 1 8 85 6 4 81 6 4
Au s97 mgycm2d 67 6 3 13.5 6 1 8 65 6 3 62 6 3

aCorrection made by subtracting in quadrature columns 3 and 4 from column 2.
bResults of column 5 expressed in the rest frame of8B.
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transparent limit of the Serber model for8B. It is also
important that the valence proton is bound in ap orbital.
Absorption effects are much less important for wea
bound s orbitals [20]: As noted above, the transpare
limit gives a good description for the10Be pk distributions
in the breakup of11Be, where the valence neutron
in a 2s1y2 orbital. One can obtain a rough estimate
these effects for8B in a simple model. Choosing thez
axis along the beam direction, the dominant contribut
to the production of7Be fragments comes fromm, 
61 substates, because the valence proton has a m
larger spatial extent in the transverse direction than in
m,  0 substate. This allows the target nucleus to s
away the proton without disturbing the7Be core. Thepk

distribution of them,  61 substates of8B has a width
of about 100 MeVyc, much closer to the experiment
result.

A more detailed treatment of the reaction effects w
carried out [20] following the general procedures
stripping of Ref. [25]. Thepk distribution for stripping
on a Be target, using the previously mentionedp3y2

ground state wave function, has a width of82 MeVyc,
in agreement with our results, as shown in Fig. 1. W
have not calculated the distribution from the diffracti
breakup process, that is significantly more difficult, b
this distribution probably has a similar width [25,26]. W
conclude from the above discussion that, for light targ
absorption effects greatly reduce the width of the obser
7Be pk distribution compared to that of the valence prot
distribution. It therefore seems unnecessary to invoke
extremely extended spatial distribution, as in Ref. [1
when the anticipated effects of absorption are include
the reaction model.

Coulomb induced breakup is expected to domin
8B reactions in the Au target that yield7Be in the
final state. We have calculated thepk distribution for
Coulomb dissociation on the gold target using the mo
of Ref. [21]. Formation of7Be in its first excited state a
431 keV has been neglected; we calculate that about
of 8B breakups will form7Bep. The predicted distribution
has a width of55 MeVyc FWHM in the 8B rest frame and
is shown by the dashed curve in Fig. 2 (x2 is minimized
with the central 10 points for Au target predictions
Since Coulomb deflection determines primarily the7Be
deflection angle, we used a minimum impact param
bmin  40 fm in our calculation; this value approximate
5022
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corresponds to Coulomb deflection within the accepta
of the zero degree telescope. A calculation made w
bmin  20 fm yields a width of61 MeVyc, indicating an
insensitivity to the precise value ofbmin.

The large predicted asymmetry in the Coulomb break
distribution arises from the interference betweenE1 and
E2 amplitudes. Withbmin  40 fm, the E2 strength
contributes 9.9% of the total breakup cross section in
reaction model. The data indicate a similar but somew
smaller asymmetry. Inclusion of higher-order dynamic
processes in the Coulomb field from the gold target [2
reduces the asymmetry, as is shown by the solid curv
Fig. 2.

At large deflection angles acceptance effects [27] a
reaction mechanism effects lead to broaderpk distribu-
tions. For example, in the large angle telescope,
correctedpk distribution width from breakup in the Au
target is75 6 6 MeVyc FWHM (in the 8B rest frame);
this shows the slight impact parameter dependence
gested above in the Coulomb dissociation calculatio
The broadening is much greater for breakup in the
target (133 6 19 MeVyc FWHM, in the 8B rest frame);
unfortunately, for nuclear dominated breakup the theor
not sufficiently developed to explain this observation.

We also obtained fragmentpx distributions by project-
ing p' onto the horizontalx axis. Coulomb deflection

FIG. 2. The central region of thepk distribution from breakup
in the Au target which shows the momentum distribution fro
Coulomb dissociation from a perturbative model (dashed cu
and a higher-order dynamical model (solid curve) is shown
comparison with the Au target data. See Fig. 1 for details
the comparison of the prediction with the data.
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FIG. 3. The px distributions of 7Be fragments from the
breakup of8B on a Be target.

plays a leading role in determining the transverse s
tering for the Au target, leading to broad distributio
(234 6 20 FWHM for the Au target). For the Be tar
get, where Coulomb effects are small, thepx distribu-
tion width is 87 6 8 MeVyc FWHM, after subtracting in
quadrature the angular spread of the incoming8B beam
and the contribution due to multiple scattering from t
measured width of91 6 8 MeVyc (Fig. 3). The gap in
the distribution is due to the missing angular coverage
tween the two detector telescopes.

In summary, we have measured momentum distri
tions of 7Be resulting from the breakup of41A MeV 8B
on both light and heavy targets. Thepk distributions are
narrower by roughly a factor of 2 than the distributio
expected for ap3y2 orbital proton. Detailed models of th
breakup processes are successful in explaining the
they show that the momentum distribution of the hea
core is substantially narrower than that of the orbital p
ton. Our results lead to important conclusions.

First, it is not necessary to assume an unusu
extended spatial distribution to explain the narrowpk

distributions obtained for the Be target. Nor can the d
at 1470A MeV [10] be used as evidence for an extrem
extended spatial wave function until reaction mechanis
effects are considered. Our results are consistent
the valence proton rms radius (4.24 fm) obtained from
standard single-particle model. This radius is relativ
large when compared to the radii of normal, well bou
nuclei. The momentum distributions are much narrow
than expected and do reflect a loosely bound pro
however, in this case, the breakup mechanisms alter
connection between halo size and momentum distribu
width.

Second, the distributions obtained for the breakup
the Au target appear sensitive toE2 strength; predic-
tions indicate that interference between theE1 and E2
breakup amplitudes produce an asymmetricpk distribu-
tion. A high statistics measurement should provide
accurate estimate of theE2 contribution and put Coulomb
dissociation measurements ofS17 for the 7Besp, gd reac-
tion on a much firmer basis.
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Finally, the valence proton wave function in8B does
not correspond to a high probability of finding the valen
nucleon outside the core, as is the case for11Be and11Li.
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