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Total reaction cross sections o.
R for B, ' C, and ' N on ""Si were measured from about 20 to 60

MeV/nucleon. The o.
R for ' C and ' N compared reasonably well with conventional strong absorption and

microscopic calculations. Measured o.
R for B were slightly larger than those for the two heavier nuclei, and

notably larger than the conventional calculations. The B data were well reproduced by microscopic calcula-
tions using the same matter distribution used to explain the B quadrupole moment data, and therefore provide
new evidence for the existence of a proton halo in B.

PACS number(s): 21.10.Gv, 24.10.—i, 25.60.+v, 27.20.+n

The existence of neutron-halo nuclei such as He and
"Li [1], discovered through measurements of their interac-
tion cross sections o.I, is one of the most exciting recent
nuclear physics discoveries. Perhaps the best candidate [2]
for a proton-halo nucleus is B, whose last proton is bound

by only 137 keV. Experimental evidence for a halo comes
from both the large B quadrupole moment [3] and recent
measurements [4] of fragmentation into Be+p, which show
a longitudinal momentum distribution with a FWHM 3 times
smaller than that predicted by Goldhaber theory [5] and ob-
served for one-proton removal from other light projectiles.
There is, however, controversy over whether the quadrupole
moment requires a halo interpretation [2] or simply results
from E2 core polarization [6].

Measurements [7] of o.t at 790 MeV/nucleon indicated
that B has normal size, and there are claims [2,3] that cross-
section measurements are insensitive probes for proton ha-
los. This is untrue at lower bombarding energies, as we show
in this paper; moreover we present o.z measurements for
B+Si at 20—60 MeV/nucleon which strongly indicate a

halo structure.
Our crz measurements require magnetic analysis and par-

ticle identification (PID) to obtain a narrow monoenergetic
projectile beam which is stopped in one or more Si or CsI
detectors [8]; reactions are then identified through pulse
height analysis. Natural Si, contained in detectors, is a useful
target since model calculations [9]predict crR's for most pro-
jectiles which differ by less than 0.5% for ~Si and ""Si.In
this experiment, a beam of B was produced by fragmenta-
tion of 80 MeV/nucleon ' 0 projectiles on a 0.5 mg/cm

Be target, and passed though the A1200 analyzing system
[10] at the National Superconducting Cyclotron Laboratory.
Measurements also were made for C and ' N produced on
a 0.6 mg/cm C target. These secondary beams were deliv-
ered to the Reaction Product Mass Separator [11], which
refines the velocity and momentum selection of fragments
transmitted through the A1200 system.

The detector stack (see Fig. 1) included a plastic scintil-
lator which measured time of flight (TOF), two parallel-plate
avalanche counters (PPAC's) which selected projectiles suf-
ficiently close to the detector axis, and 10 Si transmission
detectors of alternating 100 p, m (or 150 p, m) and 1 mm
thicknesses. A tight PID gate on TOF vs energy loss AF in
the first thin Si detector selected the desired ion species.

The use of multiple Si detectors permitted simultaneous
measurement of o.z for several different energy ranges. Ex-
pected energy losses due to ionization in each detector were
found by applying the scaling law (dE/dx) =Z f(U) to an
n-particle energy-loss table [12];this permitted both detector
calibration and reaction identification. Figure 2, showing
AF. in the first thick Si detector vs total energy loss in the
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FIG. 1. Detector layout for measuring cd of B, ' C, and ' N
in Si.
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FIG. 2. Two-dimensional spectrum for 61 MeV/nucleon B in
Si: AF. for second detector in Si stack vs energy deposited in entire
stack.

entire telescope, qualitatively illustrates the occurrence of re-
action events in different detectors; hence, in different energy
ranges. By examining spectra such as Fig. 2, tight AE gates
were set for each detector, to identify ions which had not yet
reacted in that or preceding detectors. This analysis identifies
not only high-Q reactions but low-Q fragmentation reac-
tions, such as B—+ Be+p, whose reaction products have
smaller (dF/dx) than B.

Data were analyzed for detectors grouped in pairs: a thick
counter followed by a thin one. The probability y„ for a

reaction to occur in the nth thick counter or any subsequent
one was found from a single-dimensional total energy loss
spectrum, such as Fig. 3, which was gated on PID, PPAC's
and normal AE's for all preceding detectors. Likewise, the
probability rj„+ &

was determined for the (n+ 1)st thick de-
tector and succeeding ones.

Finally, from the difference g„—y„+&, we determined [8]
o.z for the energy interval determined by the nth thick detec-
tor and the following thin detector; these o.z's are presented
in Fig. 4. The B cross sections are seen to be at least as
large as those for the heavier projectiles. The horizontal "er-
ror bars" simply indicate the spread of energies at which
reactions may occur in each detector pair; the uncertainty in
these energies is considered to be only about 1% since stop-
ping powers and ranges given by the available tables [12,13]
agree to this accuracy. The principal systematic error in o.

R is
thought to result from extrapolating to find the yield of
low-Q reactions under the peak [8]; different extrapolating
procedures agreed to within ~4%, and the vertical error
bars were obtained by adding this amount in quadrature to
the counting statistical uncertainties.

Figure 4 also presents various model predictions. Two
strong absorption (SA) model [9,14] calculations adequately
predict the magnitude of o.~ for ' C and ' N, though not the
' N energy dependence. Microscopic model [15,16] calcula-
tions fit the ' C and ' N data equally well. These employ
harmonic oscillator (HO) matter density distributions for the
projectiles and 3-parameter-Fermi densities for Si—all ob-
tained from electron scattering data [17]—and the Charagi-
Gupta [18]parametrization of the nucleon-nucleon cross sec-
tions.

The three conventional calculations for B generally
underpredict the measured crz's by about 300 mb and, as
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FIG. 4. a.~ vs E for B, ' C,
and ' N in Si. Dashed lines show
SA model predictions; the solid
lines show microscopic model
predictions for harmonic oscillator
projectile matter distributions; the
dot-dash line shows the micro-
scopic prediction for the B mat-
ter distribution from Ref. [3].
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expected, are lower than those for ' C and ' N. The dis-
crepancy of the data with the microscopic calculation,
which used a Be HO form factor, is particularly signifi-
cant since its rms matter radius of 2.52 fm exceeds that ob-
tained elsewhere [2], for B (2.26 fm) using HO wave func-
tions.

We therefore repeated the microscopic calculations with
the sB matter density distribution used in Ref. [3] to fit the
quadrupole moment data; an excellent fit (dot-dash curve
in Fig. 4) was obtained. This distribution has rms radii of
2.20 fm and 2.98 fm for the neutrons and protons, respec-
tively. That for the whole nucleus is 2.72 fm, in close agree-
ment with that obtained in Ref. [2] using Woods-Saxon wave
functions.

We investigated [19] the possible contribution to the ob-
served cross section by electromagnetic dissociation (EMD)
of B into Be+p by the Si target. The virtual photon spec-
trum was found as in Ref. [20], and the photodissociation
cross section was obtained by applying detailed balance to
the reported [21] 0—10 MeV proton capture cross sections.
E1 photons below 10 MeV were found to cause a 5 mb
EMD cross section and exhaust 12% of the E1 photoabsorp-
tion sum rule [22]. Assuming that the remaining 88% goes
into Be+p at higher energies, or into such final states as
Be+d or Li+2p, would add little to the 5 mb. Thus the

total EMD cross section appears negligible compared with
the 300 mb difference between our observed B o.

R and the
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FIG. 5. Microscopic model
predictions of energy dependence
of o.z for three projectiles on Si.
Matter distributions [3,23] with
halo components are used for B
and "Li. Crosses show our mea-
surements for B+Si, and the tri-

angle shows an earlier measure-
ment [7] for B+Al.
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conventional predictions; we therefore attribute the excess to
nuclear effects.

Much lower interaction cross sections o.I are observed for
B at 790 MeV/nucleon [7]. The difference must arise

mainly from the increased transparency of nuclei at high en-
ergies. This is explained naturally by the microscopic model,
which attributes aR to the sum of collisions between indi-
vidual nucleon-nucleon pairs in the interacting nuclei. The

B halo, whose density at r = 10 fm is only —10 of central
density [3], plays a more important role at low energies
where the increased average nucleon-nucleon cross section
leads to collisions even in low-density regions. For example,
the average o.&z is 30 times larger at 5 MeV/nucleon, where
the maximum o.~ is predicted, than at 790 MeV/nucleon.
Figure 5 shows the energy dependence of microscopic o.

R

predictions for Si; matter densities for B and ' N were
those previously referenced, and that for "Li was taken from
Ref. [23]. Evidently, even though Coulomb repulsion even-
tually suppresses o.R, at energies of a few MeV/nucleon the
closest-approach distance is still small enough to allow col-
lisions in the tails of the halo nuclei. The low-energy en-
hancement for "Li is especially pronounced.

We have calculated microscopic B o R's at 790
MeV/nucleon for the three targets listed in Ref. [7].All are
about 25% larger than the measurements, one of which

( B+ Al) is shown (as a triangle) in Fig. 5. (Calculations
using both SA [9) and microscopic models indicate no more
than 1% difference between Al and Si targets. ) In general
o.z is greater than o.l since the former includes all reactions,
and the latter excludes both inelastic scattering and target
breakup with the projectile left intact. However, for such a
loosely bound projectile as B, one might not expect a large
difference.

The quadrupole moment [3], fragmentation [4,24], and
present o.z data together make a strong case for the exis-
tence of a proton halo in B, which is of interest not only in

its own right but because the structure of B is relevant to
the solar neutrino problem [25]. More o.z measurements
would be useful at higher energies, where interaction
cross-section crt measurements [7] do not indicate a halo; a
microscopic model for calculating o.l would be equally
useful. Measurements at very low energies, where the
microscopic model predicts maximum enhancement, are of
special interest though difficult. Such an enhancement has
already been reported [26] for the o.

R of an isomeric nucleus
[' F*, r= 234 ns] with Si.

Note added in proof. After our paper was submitted,
Pecina et al. [27] reported measurements of quasielastic
(elastic plus slightly inelastic) scattering of sB and 78e on
' C at 40 MeV/nucleon. By fitting their data with a semi-
microscopic double folding model and coupled channels cal-
culation, they deduced oz's for B and Be which differ
only slightly and therefore do not support the existence of a
substantial proton halo in B. They also find smaller differ-
ences in rms radii of the proton and neutron distributions
than those deduced from the B quadrupole moment [3].
Since optical model analyses of elastic scattering do not al-
ways reliably predict o~ [28] we believe it is important that
the calculations of Pecina et al. [27) be tested against direct
measurements of o.z. More measurements of o.~ of B on8

different targets, particularly at these energies, would be
helpful in finally settling the B halo question.
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