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The two-neutron removal cross section (s22n) and the longitudinal momentum distribution of 15B frag-
ments from the breakup of 17B on 9Be were measured at 70A MeV. The distribution in the projectile rest
frame is characterized by a FWHM of 80 6 10 MeV�c for 15B. The s22n is found to be 0.22 6 0.05 b.
A Glauber –type analysis of the data provides clear evidence of a two-neutron halo structure in 17B.

DOI: 10.1103/PhysRevLett.89.012501 PACS numbers: 21.10.Gv, 25.60.Gc, 27.20. +n

It is well-known that some nuclei far from stability
develop a structure with a dilute matter distribution that
extends very far beyond the core of the nucleus. Such
structures are well described by a core, resembling a nor-
mal nucleus, surrounded by an extended valence nucleon
or nucleons, and are referred to as nuclear halos [1]. In
general terms, the halo may be regarded as a threshold phe-
nomenon. A very loosely bound valence nucleon or nucle-
ons held in short-range potential wells can tunnel into the
surrounding space with significant probability to be present
at distances much larger than the nuclear radius. The de-
velopment of the halo is governed by the separation energy
of the valence nucleon(s) and the reduced mass of the sys-
tem [2] as well as the centrifugal barrier [3].

Halo nuclei are characterized by weak binding of the
last bound nucleon (or nucleons), large reaction cross sec-
tions, large rms matter radii, and narrow momentum distri-
butions following fragmentation and concentration of the
dipole breakup strengths at low continuum energies. These
features are most clearly seen for the last two neutrons in
6He, and 11Li and for the last neutron in 11Be, and 19C. The
neutron-rich nuclei 14Be and 17B have been considered to
be “candidate” halo systems since the observation of their
large matter radii [4]. 17B has bulk properties similar to
those of 14Be. The matter radius [5] and the two-neutron
separation energy (S2n) [6] are reported to be 3.10 6
0.15 fm, 1.34 6 0.11 MeV for 14Be, and 2.99 6 0.09 fm,
1.39 6 0.14 MeV for 17B. The radii of 14Be and 17B are
much larger than those of 12Be (2.59 6 0.06 fm [4]) and
15B (2.59 6 0.03 fm [7]).

Both the angular distribution of neutrons [8] and the lon-
gitudinal momentum distribution [9] of 12Be produced by
the breakup of 14Be exhibit narrow widths suggestive of a
halo structure in 14Be. Recently, an experiment for 14Be
was performed by Labiche et al. [10]. The two-neutron re-
moval cross section (s22n), neutron angular distributions
and invariant mass spectra characteristic of a halo structure
were observed, thus establishing a halo structure in 14Be.
However, little is known about 17B beyond its matter ra-

dius, and therefore it is important to measure the longitu-
dinal momentum (pk) distribution for 15B fragments from
the breakup of 17B [11], in order to obtain more detailed
structure information. In this Letter we report on new re-
sults obtained from measurements at the Riken Projectile
Fragment Separator (RIPS) [12], of the pk distribution and
s22n of 17B after breakup on a Be target at 70A MeV in-
cident energy.

The 17B beam (�30 pps) was delivered from the RIPS,
as follows. A 110A MeV 22Ne primary beam was used
to bombard a Be (920 mg�cm2) production target. The
emittance for the secondary beam was restricted to be
620 mrad in both the horizontal and vertical directions
by a set of collimators, which was placed 40 cm down-
stream from the production target so as not to affect the fi-
nal momentum acceptance for 15B. A thick, wedge-shaped
Al degrader (average thickness of 1638 mg�cm2 and aver-
age slope of 8.67 mrad) was placed at the first focal plane
(F1) of the RIPS. The momentum spread in a beam of
60.25%, determined by the slit at F1, was measured by the
time-of-flight (TOF) between plastic scintillators (0.5 mm
thick) located at F1 and at the achromatic focus (F2). The
distance between these foci was 10.8 m. Particles were
identified by the Br-TOF-DE technique. The energy loss
was measured in a Si detector (350 mm thick) at F2 as
well as in the scintillators. Additionally, the TOF with the
rf signal from the accelerator was used. The impurity in
the 17B beam was reduced to less than one part in 105 in
the off-line analysis. The mean energy of the beam was
70A MeV at the midpoint of the secondary reaction tar-
get (Be; 277 mg�cm2 3 30mmf) placed at F2. The beam
position at the reaction target was restricted by a colli-
mator (610 mm) located 10 cm upstream from the reac-
tion target, and was measured by a parallel-plate avalanche
counter (PPAC).

The charged fragments from the breakup were trans-
ported to the final focus (F3) through triplet Q magnets,
of which the characteristics are summarized in Table 4
of Ref. [12], located 1.5 m downstream from the reaction
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target with an opening size of 17.2 cm f. Particles were
tracked by PPACs and identified using a large-area Si-NaI
telescope (three layers of Si 5 3 5 cm2 3 500 mm, and
NaI 300f 3 6 cm). The velocity of a fragment was deter-
mined by the TOF between F2 and F3 with a path length
of 6.0 m. A TOF calibration was performed for section
F1-F2 using primary beams with energies of 110A, 84.6A,
and 59.8A MeV and for section F2-F3 by changing the
magnetic field of the second dipole magnet by 62.5% so
as to obtain a different velocity (b) for 17B, since the mag-
netic rigidity is proportional to the velocity for a particle
with a given mass-to-charge ratio. The total momentum
resolution of the system was 33 MeV�c (0.6%) in FWHM
or 14 MeV�c in s (Fig. 1a).

This resolution is sufficient to accurately measure pk
distribution widths as narrow as that observed for 11Li
(�44 MeV�c [13]). Furthermore, the large transmission
of section F2-F3 provides for minimal distortion of the
measured distribution. The transmission for 15B was cal-
culated using the simulation code MOCADI [14], assum-
ing a three-dimensional Lorentzian line shape with G �
80 6 10 MeV�c that is close to the observed line shape,
and was found to be 80�75�%. Most of the loss was due to
the angular spread at the target. The acceptance due to the
finite sizes of the detectors at F3 was found to be 82�5�%.
This was estimated using MOCADI with and without a gate
on the positions at F3, where the gate was the same as that
used in the off-line analysis. Note that the transmission
does not depend on the momentum of 15B within a range
of 6Dp�p � 2%, which is larger than the measurement
range of 61.7%.

The energy response of the telescope was calibrated un-
der the magnet setting for A�Z � 3 particles. Data were
also acquired without the Be breakup target by reducing
the beam energy by an amount corresponding to the energy
loss in the target. The empty-target data were used to sub-
tract events arising from reactions in the telescope. Fig-
ure 1b shows the energy spectrum in the NaI detector from
9Be 1 17B reactions with and without the breakup target.
One can clearly see the peak of 15B, which we attribute
to the dissociation of 17B. The TOF, which gives the total
momentum (p), and is very close to pk within the reso-
lution, was converted to pk in the projectile rest frame for
both target-in and empty-target runs, after selecting the
15B in the NaI energy spectrum, as indicated by the arrow
in Fig. 1b. The signal-to-noise ratio in the 15B gate was
1.3. The peak position in the pk spectrum for the target-in
run was shifted relative to that for the empty-target run by
170 MeV�c, which is known to be due to the momentum
transfer to the target [15].

The background-subtracted pk spectrum is shown in
Fig. 2a. The experimental data points [N�pi�] in the figure
were normalized to the measured s22n value, described
below, so as to be

P

N�pi�Dpk � s22n. The error bars
do not include the uncertainty (22%) in the measured s22n

value. The deduced pk distribution was fitted with a Lo-
rentzian, �G�2�2��p2 1 �G�2�2�, with width G � 86 6
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FIG. 1. (a) Momentum spectrum for 17B 1 Be ! 17B from
TOF. The momentum resolution of the system (33 MeV�c
FWHM) was determined from the width of the 17B peak. (b)
Number of events in the NaI detector, obtained via a charge-
sensitive ADC corrected using TOF, for 17B reacting in a Be
target. The solid line is the total spectrum, where the peak
from the transmitted 17B is off scale; the dashed line is for the
empty-target run. The produced 15B is clearly seen above the
background due to reactions in the NaI detector. The arrow in-
dicates the gate for 15B.

10 MeV�c, as indicated by the dashed curve in Fig. 2a.
By unfolding the system resolution of s � 14 MeV�c,
the width was found to be 80 6 10 MeV�c. The width is
as narrow as that observed in 14Be ! 12Be fragmentation
[9] (88 6 5 MeV�c). In simple terms the narrow width
corresponds, via the uncertainty principle, to an extended
spatial distribution for the valence neutrons of 17B. The
width of the distribution is discussed below.

The s22n was deduced while taking into account the
transmission of 15B for section F2-F3 and the detector ac-
ceptance at F3, as mentioned previously. It should be noted
here that the calculated F2-F3 transmission for 17B, includ-
ing the acceptance under the magnet setting for 15B, was
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FIG. 2. (a) 15B longitudinal momentum distribution from 17B
fragmentation on 9Be in the projectile rest frame at 70A MeV.
The experimental data points N�pi� are normalized to the mea-
sured s22n value so that

P

N�pi �Dpk � s22n . The error bars
do not include the uncertainty in the normalization. The theo-
retical curves were folded with a Gaussian resolution function
having s � 14 MeV�c. The solid and dotted curves repre-
sent the results for pure 2s1�2 and 1d5�2 waves, respectively.
The thick-solid curve indicates the result with a s-wave spectro-
scopic factor of 0.69. The dashed curve shows a Lorentzian with
G � 86.3 MeV�c (see text for details). (b) The contour plot of
x2 values as a function of the s-wave spectroscopic factor and
the normalization. The corresponding x2 value is indicated at
each contour line.

45%, consistent with the experimental data, i.e., the ratio
of the number of 17B at F3 (tracking efficiency corrected)
divided by that at F2 within an accuracy of 5%. Thus,
we estimated the systematic error resulting from the F2-F3
transmission to be about 5%. The s22n was also measured
by putting the breakup target just in front of the Si-NaI
telescope to avoid any uncertainty in the transmission and
the acceptance. The two methods give consistent values,

0.23 6 0.04 b for target at F2 and 0.19 6 0.08 b for tar-
get at F3, resulting in s22n � 0.22 6 0.05 b at 70A MeV,
where the experimental uncertainty includes both statisti-
cal and systematic errors.

The s22n value is comparable with the result of few-body
Glauber-type calculations [16,17]. A single neutron wave
function [cj�r�] was constructed with a Woods-Saxon
potential, whose depth was chosen so as to reproduce
S2n�2 MeV, with the diffuseness parameter (a0) of the
binding potential chosen to be 0.7 fm and a radius parame-
ter of 1.2A1�3 fm. We chose the total nucleon-nucleon
cross section to be 70.6 mb, the zero-range limit, and
aNN � 1.02 as the parametrized form for the profile func-
tion [18], which represents the absorption strength. We
assumed the wave function of the two valence neutrons to
be identical without any correlation between them in spite
of the fact that 17B is bound only due to nn pairing. As
discussed later, we have introduced mixed 2s1�2 and 1d5�2

configurations. The present model reproduces the interac-
tion cross section (sI ) of 15,17B on C at about 800A MeV
(1000 6 20 mb and 1118 6 22 mb) [5,7] within an accu-
racy of a few percent. The reaction cross section (sR) of
15,17B on 9Be at 70A MeV was calculated to be 1079 and
1307 mb. Assuming the same magnitude of the inelastic
cross section (sinel) for both 15B and 17B, sI �17B� 2
sI�15B� � sR�17B� 2 sR�15B� 1 Dsinel � 0.23 6 0.03 b,
the difference satisfies the following relation [16]:
sI�17B� 2 sI�15B� � s22n, within the experimental un-
certainty. This fact supports “a core plus two-neutron”
structure in 17B.

We also compared the observed pk distribution with
Glauber-type calculations [19–21]. The pk distribution
was calculated by using Eqs. (3.5)–(3.18) in Ref. [21]. We
described the two-neutron removal reaction by two pro-
cesses, depending on the final state of the target nucleus,
the excited states or its ground state.

In the former process (often referred to as absorption),
only one neutron collides with the target nucleus while the
other neutron is removed by a free decay without forming
a “15B 1 n” resonance or stable 16B excited states, and
the core nucleus survives. In this process the momentum
transfer received by the first neutron is significantly large.
As for the second neutron separation, if the 16B nucleus has
a sharp resonance peak, the final-state interaction between
the neutron and core nucleus would be important. A recent
experiment [22], however, indicates that both the ground
and first excited states of the 16B nucleus have a width of
the order of 100 keV, which is comparable with that of 10Li
[23], and does not show narrow resonance behavior. The
ground state of 16B is unbound by 40 6 60 keV [22], of
which the situation is also similar to that of 10Li (unbound
by less than 100 keV) [24]. Based on these facts, we
assumed that the separation of the second neutron proceeds
as a free decay. We therefore approximated the scattering
wave of two neutrons with the plane wave.

In the latter process, where the target nucleus remains
in its ground state, the two-neutron ground state (often
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referred to as diffraction or elastic breakup) wave function
is distorted by the phase-shift functions. The halo neutrons
then decay into the continuum, which is determined by
the 15B 1 n 1 n three-body Hamiltonian, in principle. In
this case the momentum transfer is small, and the final-
state interaction would be important. The plane wave was
modified so as to be orthogonal to the ground state in order
to fulfill the minimum requirement of the outgoing wave of
this elastic breakup process, and was used as the scattering
wave to include this significant point.

While we modeled the breakup reaction as mentioned
above, the wave function for the two valence neutrons
was calculated assuming a “core plus 2n” as the struc-
ture of 17B. It is the same as that used in the calculation
of s22n. We considered the �2s1�2�2

J�0 or �1d5�2�2
J�0 con-

figurations for the two valence neutrons, i.e., F�r1, r2� �

�cj�r1�cj�r2��J�0, where j � 1d5�2 or 2s1�2. For simplic-
ity we considered only the J � 0 configuration, in order
to see whether the 17B nucleus has a halo structure.

The results for pure 2s1�2 and for 1d5�2 are shown in
Fig. 2a as the solid and dotted curves, respectively. A
Gaussian resolution function having s � 14 MeV�c is
convoluted with the theoretical curves. It is clear that nei-
ther distribution for a pure configuration reproduces the
experimental distribution. We next considered configura-
tion mixing, i.e., taking

F�r1, r2� �

p
N �

p
l �c2s1�2

�r1�c2s1�2
�r2��J�0

1
p

�1 2 l� �c1d5�2
�r1�c1d5�2

�r2��J�0�

as the valence two-neutron wave function. We fit the data
so as to minimize the x2 value, while taking both N and l
to be free parameters. The minimum x2 is at N � 1.04 6
0.14 and l � 0.69 6 0.14, as can be seen in Fig. 2b. The
thick-solid curve in Fig. 2a shows the result of the best fit.
The FWHM of this distribution is 91 6 10 MeV�c, in-
cluding the system resolution and 80 6 10 MeV�c with-
out the system resolution.

The uncertainty of 622% in the normalization of each
experimental data point N�pi� changes the mixing ratio
by 620%, as can be seen in Fig. 2b, which is larger than
the error from the fitting of 614%. Thus, the s-wave
spectroscopic factor (l) is 0.69 6 0.20. This value sug-
gests a dominant s-wave contribution, and is larger than
0.36 6 0.19 [5], which is reported to reproduce the ob-
served sI of 17B on C at 800A MeV, but is consistent with
it, within the experimental uncertainties. We consider con-
figuration mixing in the sd shell to be essential to explain
the observed pk distribution, together with sI or sR.

The rms radius of the Woods-Saxon wave function,
which represents the rms distance between the relative mo-
tion of the core and the c.m. of two neutrons (rc�nn�), is
4.66, 2.93, and 4.20 fm for the pure 2s1�2, 1d5�2, and
the mixed case with l � 0.69, respectively. The value
of 4.20 fm together with the rms radius of 15B gives the
rms radius of 17B to be 3.13(3) fm, which is slightly
(4.7%) larger than the reported value of 2.99(9) fm [5].

Taking into account the experimental uncertainty in the
s-wave spectroscopic factor, it ranges from 3.04(3) fm to
3.23(3) fm and is consistent with the reported value within
the experimental uncertainties. The rc�nn� value is much
larger than the size of 15B, and thus suggests a structure
for 17B of a two-neutron halo surrounding a 15B nucleus.

In summary, this Letter reports the first measurement
of the 15B longitudinal momentum distribution and two-
neutron removal cross section for 17B breakup. The two-
neutron removal cross section of 0.22 6 0.05 b is
consistent with a “core plus two-neutron” picture in 17B.
The width of the 17B ! 15B momentum distribution was
found to be 80 6 10 MeV�c, FWHM. A Glauber-type
calculation with an adiabatic treatment of the two valence
neutrons provides clear evidence of a two-neutron halo
structure in 17B.
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