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Electric quadrupole moment of the proton halo nucleus *B
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The B-NQR (nuclear quadrupole resonance) signals of 8B (I™ =2*+,T) ;2 =770 ms) implanted in TiO,
(rutile) have been detected to determine the electric quadrupole moment of ®B with high precision. The ratio
of the quadrupole moments of 8B and '’B was determined as |Q(®B)/Q(?B)| = 4.88 £ 0.04. Combined with
the known sign, the quadrupole moment of B was obtained as Q(®B) = +(64.5 £ 1.4) mb, which is consistent
with and more precise than the previously reported value. The experimental values of the Q moment, the proton
and neutron radii and the density distribution of ®B were compared with several theoretical predictions and were
found to be best reproduced by a microscopic cluster model, which suggests the existence of a proton halo.
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I. INTRODUCTION

The 3B nucleus has a very small proton-separation energy
of 137 keV [1], thus it is speculated that the last valence
proton of ®B forms a halo structure in spite of the existence
of Coulomb and centrifugal barriers. The electric quadrupole
(Q) moment reflects not only quadrupole deformation but
also spatial spread, especially of the loosely bound pro-
ton, because the quadrupole-moment operator includes the
square term of distance, i.e., the r?> term. Guided by this
idea, the existence of a proton halo structure has been
discussed since the Q moment of 3B was first measured by
Minamisono et al. in 1992 [2]. The large enhancement of the
O moment from the standard shell-model calculation was
connected to the additional spatial spread of the last proton
[2], for which the Woods-Saxon potential with the Cohen-
Kurath interaction was used. The shell-model calculation
using a deformed Woods-Saxon potential [3] showed that a
density distribution similar to a proton halo can be postulated,
but enhancement of the  moment cannot be connected
mainly to extra enhancement of a proton halo, because the
last proton contributes destructively to the O moment in
the case of the ®B nucleus. Several authors calculated the
Q moment, as well as the nuclear matter distribution [4—15].
Among the theories that reproduce the Q moment of ®B,
some support the proton halo, whereas others do not. At
present, the proton, neutron, and matter radii are available,
as well as the density distribution of B up to 12 fm [16],
which were determined by Fukuda et al. from the reaction
cross sections at several energies from 31 to 790 MeV/nucleon.
These authors found that the density distribution has a long tail.
Because the O moment has to be reproduced based on realistic
deformation and realistic radial distribution, especially for
the loosely bound 8B nucleus, nuclear models should be
tested by comparison with all the experimental values for the
O moment, the radii, and the density distribution. In addition,
nuclear models should be tested using the mirror partner
8Li, for which the Q moment [17], the radii [18] and the
charge radius [19] have been measured.
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A systematic uncertainty for the Q-moment value of *B
measured in 1992 may be due to the spread in the S-NQR
(nuclear quadrupole resonance) spectrum, owing to both static
spread of the electric field gradients in the crystal and the
experimental technique, for which the frequency of an rf
magnetic field was widely modulated. For correct comparison,
confirmation is required using a much improved S-NQR
technique, which delivers the opportunity to obtain sharp
spectra for both 8B and '?B. A TiO; (rutile) crystal is expected
to act as a spin Dewar to fully maintain the polarization
of various nuclei, such as 2B, 216N, 13190 and #!Sc, at
room temperature [20—24]. The hyperfine interactions of '’B
" =1%"T ,2 =20.20 ms) implanted in TiO, have been
studied to determine the electric field gradients in the crystal
[20]. Sharp B-NQR spectra obtained for '>B implanted in TiO,
demonstrated that the ionic crystal was a suitable catcher for
boron isotopes. In the present work, we observed the S-NQR
spectrum of ®B implanted in TiO, to confirm the Q-moment
value of #B with high precision.

II. EXPERIMENTAL PROCEDURE

The experimental setup and procedure are similar to those
used in previous studies [2], except for the selection of a TiO;
implantation catcher and the use of the adiabatic fast passage
(AFP) technique for § NQR. A schematic diagram of the
experimental setup is shown in Fig. 1.

8B nuclei were produced through the reaction
®Li(*He, n)®B. A 4.7-MeV *He beam with a typical intensity of
10 pe A was provided by the Van de Graaff accelerator at Osaka
University to bombard an enriched °LiF target of 317 ug/cm?,
which was evaporated onto a backing made of copper plate
using the vacuum evaporation technique. A typical S-ray yield
from 8B was 1 kcps. The nuclear-spin polarization of ®B was
obtained by selecting the recoil angle of reaction products
relative to the incident beam of *He. The recoil angle was
restricted using a recoil collimator to 8°-23° to optimize the
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FIG. 1. Schematic diagram of the experimental setup. The recoil
angle of B was restricted using a recoil collimator to 13° relative to
the incident beam of 3He to optimize the nuclear spin polarization
produced through the nuclear reaction °Li(*He, n)®B.

polarization obtained, which was typically 6%. The polarized
nuclei were implanted into a TiO, catcher (20 x 20 mm? and
300 pm thick) using a recoil energy of approximately 1.9 MeV
obtained in the nuclear reaction. The implanted 3B nuclei
were distributed from the surface to a maximum depth of
approximately 3 um in the catcher. The ¢ axis was set parallel
to the polarization and to the externally applied magnetic field
of 300 mT, which was applied to maintain the polarization and
for B-NQR detection. The 8 rays were detected by two sets of
plastic scintillation-counter telescopes placed above (6 = 0°)
and below (180°) the catcher, where 6 is the B-ray ejection
angle relative to the polarization axis. Each telescope consisted
of three plastic scintillation counters.

Changes in polarization were detected by the change in
B-ray angular distribution, which is given by W(fg) o< (1 +
AP cosflg), where P is the polarization and A ~ +1/3 is
the asymmetry parameter. The polarization was inverted using
the AFP method during nuclear magnetic resonance (NMR)
at the resonance condition. The typical amplitude of the rf
oscillating magnetic field was 1.7 mT, the sweep width of the
frequency modulation was +5 kHz and the rf sweep time was
3ms.

The main contaminants in the catcher, 2'Na, 2°F, and >0,
were produced by the bombardment of '°F or '°O nuclei
contained in the target and in the catcher with the *He beam.
The end-point energies of the main contaminants, however, are
smaller than the mean B-ray energy of approximately 7 MeV
emitted from 8B [25], with 2.5 MeV for >'Na (Tijp =2255),
5.4 MeV for 2°F (Tij =115s), and 1.7 MeV for 150 (Tvp =
122 s) [26]. To eliminate these low-energy S rays, a copper
absorber of 2mm in thickness was inserted between the first
and second counters in each counter set. The fraction of
contaminants in the detected §-ray counts was reduced to less
than 1073,

The energy of magnetic substate m of spin / under electric-
field gradients (EFGs) superimposed on a high magnetic field
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H, is given by the first-order perturbation theory as:
E, = —puwHom/I + (3 cos®> 0 — 1 + nsin 0 cos 2¢)
x{3m* — I(I + 1)}eqQ/8I(2I — 1), 1)

where 6 and ¢ are the Euler angles formed by the directions
of Hy and the EFG. The parameters ¢ and 5 are given by
Vii of the EFGs as g = V,, and n = (Vix — Vyy)/V,,, where
[ Vix |<|Vyy|<|Vy|. Vi, where i = x,y, and z, is the second
derivative of the electrostatic potential. The frequency v,, of
the transition between neighboring substates (m — 1) and m
of spin / = 2 is given by:

Vi = v — vo(m —1/2)
x(3cos? 0 — 1 + nsin® 0 cos 2¢)/2, )

where v, = uHy/Ih is the Larmor frequency and vy =
3eqQ/21(21 — 1)h. The B-NQR spectrum, that is, the change
in B-ray asymmetry as a function of vy, was detected using
multi-rf NMRs [27].

Boron atoms implanted into the TiO, (rutile) crystal occupy
two implantation sites with relative populations 9 : 1, of which
the major site is suggested to be a Ti substitutional site and
the minor one to be an octahedral interstitial site [20,28]. We
manipulated the nuclear spin of 8B implanted in the major
site, for which the direction of ¢ was parallel to the ¢ axis and
n < 0.03. In the present experiment, the ¢ axis was set parallel
to the static magnetic field, i.e., 6 = 0°.

The timing program shown in Fig. 2 was used to observe
the B-NQR spectrum. Polarized ®B was produced during a
beam bombardment time of 800 ms. The polarization was
fully inverted at the resonance condition by applying a series
of 10 rfs at four different frequencies. There were two B-ray
count sections after each beam pulse. The counting time was
300 ms for the first section and 600 ms for the last section.
The direction of the polarization at the resonance condition
is shown in Fig. 2. From four up/down counting rate ratios
(U/D) in the two beam-count cycles, the asymmetry change
A(AFP) = [(U/D)(U/D)v(U/D); ' (U/D)y; — 1] = BAAP
was obtained, where A P is the fraction of polarization inverted
by multi-rf NMRs.

Polarization Direction
Beam On ---

Count On ------ ¢ ¢

f On ------fp-t-o-
Off

rf gate detail

PN

f 1
rf 2
1f3
f4
rf 1 rf 2 rf 3 rf 4 rf 3

—2]1(I)]'L2 — Jlm»ljljnlnL»lu.l»h..lf f)
AT il

FIG. 2. Timing program for the pulsed beam and the gates for
count and rf and spin manipulation. The AFP methods labeled rf 1,
2, 3, and 4 exchange two populations between neighboring magnetic
substates m = —2and —1,m = —1and O,m =0 and +1, and m =
+1 and +2, respectively.

3 Populations
—
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FIG. 3. B-NQR spectrum of 8B in TiO,. The horizontal bar shows
the v, region swept by frequency modulation (FM) of +5 kHz,
corresponding to 3-3.3 kHz for v . The vertical axis is the product of
the asymmetry parameter and the polarization change. The solid line
shows the best-fit Gaussian distribution.

III. RESULTS AND DISCUSSION

The B-NQR spectrum of 8B implanted in the major site of
TiO, was obtained as a function of vy = eq Q/4h, as shown
in Fig. 3. The spread of the spectrum resulted mainly from
the static spread of the EFG. From x2-fitting analysis using
the Gaussian distribution, the quadrupole coupling frequency
vQ(SB): (144.5 +£ 0.4 £ 0.4) kHz was obtained, where the
second error denotes the systematic uncertainty that may be
caused by the static spread of the EFG and by an ambiguity in
the frequency-swept region of an rf magnetic field. Combined
with vQ(uB) = (177.7 £ 0.6 & 1.5) kHz for '?B in the same
site [20], the ratio of Q moments of 3B and '?B was determined
as |OCB)/Q("?B)| = 4.88 + 0.02 £ 0.04. The results were
compared with previous values, which were obtained using
a Mg catcher, as shown in Table I. Two experiments were
performed using different rods of a single crystal of Mg and
different techniques were applied to an rf magnetic field.
The static spread of vy observed previously [2] was due to
the poor quality of the single crystal and may have led to
underestimated uncertainty of 1.5 kHz for vy. The wider
frequency modulation applied by Ohi et al. [29] than in
the present experiment led to larger systematic uncertainty.
The present ratio of the 0 moments determined with the
TiO, catcher is more precise and consistent with that for
the Mg catcher used by Ohi et al. [29]. Combined with the
0 moment of B, |Q(?B)| = (13.21 £ 0.26) mb [2], and the
sign Q(®B) > 0 [30], the Q moment of B was determined
precisely as Q(®B) = +(64.5 £ 1.4) mb.
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FIG. 4. Experimental and theoretical Q moments of mirror nuclei
8B and ®Li. Numbers in parentheses denote the nuclear models as
summarized in Table II.

The present Q moment of 8B was compared with the
theoretical calculations [4—-15] in Fig. 4, together with that of
the mirror partner 8Li, Q(®Li) = +(31.4 £ 0.2) mb [17]. The
references of nuclear models denoted by numbers in parenthe-
ses are summarized in Table II. The bars for models (1) and (2)
in Fig. 4 are predictions by ab initio calculations [4,5]; model
(1-a) is the variational Monte Carlo (VMC) method, model
(2-a) is the Green’s function Monte Carlo method (GFMC)
with the two-body interaction Argonne v8 (AV8), and models
(1-b), (2-b), (2-¢), and (2-d) are the GFMC with the two-body
interaction AV18 and the three-body interactions Urbana IX,
Illinois (IL) 2, IL3, and IL4, respectively. The bars for models
3), (4), (5), and (6) are by the microscopic cluster models
[6-9]. The bars for models (7) and (8) are by shell model
calculations [10,11] with the empirical effective interaction.
Models (7-a) and (7-b) are based on the harmonic-oscillator
wave function and the Woods-Saxon wave function with the
Cohen-Kurath interaction [31], respectively. Models (8-a) and
(8-b) are based on the harmonic-oscillator wave functions

TABLEI. Quadrupole coupling frequency vy, static spread §v, (half width at half maximum) of vy, frequency modulation of v, technique
applied to the rf magnetic field and the ratio of Q(®B) to Q(*?B) for Mg and TiO, catchers. Second errors of vy and |Q(®B)/ Q('*B)| denote a

systematic uncertainty.

Catcher vo (kHz) dvg (kHz) Mod. of vy (kHz) Technique |0CB)/Q("?B)| Reference
TiO, 14454+041+04 2.5 +3.3 AFP 4.884+0.02+£0.04 Present
Mg 57.5£02+1.0 <4 +10 AFP 4.894+0.02+£0.09 [29]
Mg 609+15+1.5 15 +10 Depolarization 5.18£0.13+0.13 [2]
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TABLE II. References of the nuclear structure models discussed in this article.

Model Comment Author(s) Reference
(@)) VMC and GFMC with AV18+Urbana IX Wiringa et al. [4]
) GFMC with AV8 or AV18-+IL2, IL3, or IL4 Pieper et al. [5]
3) Microscopic cluster model Cso6to et al. [6]
@) Microscopic cluster model Varga et al. [7]
(®)] Microscopic cluster model Grigorenko et al. [8]
(6) Microscopic cluster model Baye et al. [9]
@) Shell-model with Cohen-Kurath interaction Kitagawa et al. [10]
®) Shell-model with Walters interaction Nakada et al. [11]
O] Shell-model based on two-body interaction Coraggio et al. [12]

(10) Shell-model based on two-body interaction Navratil et al. [13]

(11) Hartree Fock Kitagawa [14]

(12) Relativistic mean field Patra et al. [15]

with the Wolters interaction [32] and with no effective charge
and with small effective charges, respectively. The bars for
models (9) and (10) are by shell-model calculations [12,13]
with effective interaction based on the two-body interaction,
model (11) is by the Hartree Fock method [14] and model (12)
is by the relativistic mean field [15].

The ab initio calculations, models (1) and (2), reproduce
fairly well the Q moments of the mirror nuclei. The contri-
bution of the three-body interaction is clearly observed in the
Q moment of ®B, and the realistic three-body interactions of
IL2 and IL4 seem to be quite suitable. Although the ab initio
calculation with the two-body interaction (2-a) reproduces
the O moments of the mirror nuclei fairly well, shell-model
calculations with the two-body interaction, models (9) and
(10), are too small. This may suggest that it is difficult to
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FIG. 5. Ratio of the calculated to experimental values for the
Q moment and the proton or neutron radius of ®B. Numbers in
parentheses are as for Fig. 4. The upper and the lower figures show
the Q moments versus the proton and neutron radius, respectively.
The bands show the experimental errors.

reproduce quadrupole deformation using harmonic-oscillator
(HO) wave functions, even with a large 4hw model space.
Even if HO wave functions are used, the O moments are
well reproduced by the shell-model calculation (8-b) with
the proper empirical effective interaction. We cannot check
whether this calculation describes well the long tail distribution
of ®B, in spite of the HO potential or not, because the radius
was not reported by Nakada and Otsuka [11]. Although the
microscopic cluster model reproduces well the 0 moment
of 8B, it fails to reproduce the QO moment of 8Li. Because the
neutron separation energy of 2 MeV is large, the cluster picture
consisting of n, ¢, and « particles may differ from the realistic
structure of 8Li.

To investigate which models describe well the ®B ground-
state properties of the spatial deformation and the density
distribution, we compared the theoretical calculations with
the experimental values for the Q moments and the proton or
neutron radius. Figures 5 and 6 show the ratio for calculated
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FIG. 6. Ratio of the calculated to experimental values for the
0O moment and the proton or neutron radius of 3Li.
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to experimental values for 8B and 8Li, respectively. Here, we
show only the models that calculate both the Q0 moment and
the proton or neutron radius. It seems to be more difficult to
reproduce the Q moment than the proton and neutron radii,
especially for ®B. This indicates that the Q moment is a good
probe for understanding the behavior of the loosely bound
system. Although many models simultaneously reproduce
both the Q moment and the radii for 8Li within +10%
accuracy, only the microscopic cluster model of (3), (4), and
(5) reproduces both values for 8B, but fails badly for L.
Furthermore, model (4) reproduces quite well the density
distribution of 3B extracted from the reaction cross sections
[7,16]. The density distribution of model (5) is expected to
be the same as that of (4) referred to by Fukuda et al. [16],
because the predictions of the O moment and the nuclear radii
are consistent with each other. Our measurement, therefore,
supports the halo structure predicted by the microscopic cluster
model of (5), for which a long tail for 8B is clearly observed
in the spatial correlation density between p and "Be, and the

PHYSICAL REVIEW C 74, 024327 (2006)

valence proton radius is greater than the radius of the "Be core
by 75%.

IV. CONCLUSION

The B-NQR spectrum of ®B implanted in single-crystal
TiO; (rutile) was observed. The ratio of the electric Q moment
of 3B and ’B, and the Q moment of ®B were determined. The
O moment and the proton and neutron radii were compared
with various models. Good agreement within 10% was found
for the microscopic cluster model, which predicts a long tail in
the density distribution, corresponding most likely to a proton
halo.
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