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E2 properties of A = 6-10 nuclei, including those of nuclei far from stability, are studied by a (0+
2)Aw shell-model calculation which includes E2 core-polarization effects explicitly. The quadrupole
moments and the E2 transition strengths in A = 6-10 nuclei are described quite well by the present
calculation. This result indicates that the relatively large value of the quadrupole moment of B
can be understood without introducing the proton halo in ®B. An interesting effect of the 2kw core-
polarization is found for effective charges used in the 0%w shell model; although isoscalar effective
charges are almost constant as a function of nucleus, appreciable variations are needed for isovector
effective charges which play important roles in nuclei with high isospin values.

PACS number(s): 21.10.Ky, 23.20.—g, 21.60.Cs, 27.20.+n

I. INTRODUCTION

The structure of light neutron-rich nuclei has recently
attracted much interest. A good example is the 'Li
nucleus [1], which shows the exotic feature of the neu-
tron halo, owing to loosely bound neutrons. Research
on light proton-rich nuclei is also in progress. One then
comes up with a question of whether or not the proton
halo exists despite the Coulomb barrier. Recently Mi-
namisono et al. succeeded in a precise measurement of
the quadrupole moment of 8B [2]. They pointed out [2,3]
that the quadrupole moment of ®B is considerably larger
than the shell-model prediction. They claimed the exis-
tence of a proton halo [2] based on the analysis of Ref. [3].
This analysis, however, appears to be model dependent,
as will be discussed later.

On the other hand, the observed interaction radius of
8B shows no enhancement, compared with those of sur-
rounding nuclei [4]. In contrast to the case of '!Li, this
datum undoubtedly contradicts with the proton-halo hy-
pothesis [2,3] of ®B. Thus, a serious conflict arises be-
tween Refs. [2] and [4].

In this paper, we shall consider E2 properties of light
nuclei, from a more general perspective including nuclei
far from stability. While the isoscalar degrees of free-
dom dominate the E2 properties of low-lying states of
light stable nuclei, the isovector ones become important
in unstable nuclei with higher isospin. This work will
shed light on a new aspect in the structure of light un-
stable nuclei, namely, the E2 properties.

As will be shown later, it is difficult to avoid in the 04w
shell-model calculation ambiguities arising from effective
charges as well as from single-particle wave functions (i.e.,
single-particle matrix elements). It is of much impor-
tance to remove such ambiguities in effective charges. For
this purpose, a shell-model calculation with explicit in-
clusion of the 2w excitation is very useful, because this
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excitation is the major origin of the effective charges and
therefore the effective charges are almost equal to the
bare charges in the (0 + 2)Aw shell model. We investi-
gate the E2 properties in terms of the (0 + 2)Aw shell-
model calculation by using the interaction introduced by
Wolters et al. [5]. Although several problems have been
pointed out with respect to this interaction [6], it has
a certain advantage in investigating E2 properties. We
shall also discuss some effects of the 2Aw configuration
on the isoscalar and isovector effective charges.

II. (0 + 2)/ww SHELL-MODEL CALCULATION

The interaction of Wolters et al. [5] has been deter-
mined for the (0 + 2)Aw shell-model calculation, so as to
fit the experimental energies, including the binding ener-
gies, of A = 4-16 nuclei. In this paper, we shall primarily
discuss results obtained by a (0 + 2)Aw shell-model cal-
culation with this interaction. The harmonic-oscillator
basis is employed with a constant fuw for all of those nu-
clei. Since the effective interaction is given in terms of
the relative coordinates as the values of the Talmi inte-
grals, it is free from the spurious center-of-mass motion.
The energy levels of 8Li and B, which are mirror nuclei,
are shown in Fig. 1, in comparison with the data. The
Coulomb energies are subtracted in the same manner as
in Ref. [5]. Note that the isospin symmetry is maintained
in the present calculation. The result of the 0%w shell-
model calculation with the Cohen-Kurath (8-16)TBME
interaction [7] is also displayed in Fig. 1. The ground-
state energy in this Ofw result is adjusted to the experi-
mental one. It is clear that the present (0 + 2)/w calcu-
lation reproduces the data quite well: The agreement is
better than the 0%w result with the Cohen-Kurath inter-
action.

Although in the (0+ 2)Aw calculation of Ref. [5] Q mo-
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FIG. 1. Energy levels of ®Li and ®B. Coulomb energies are
subtracted in the same way as Ref. [5]. The levels labeled
“Utr.” are obtained by the (0 + 2)fw calculation with the
interaction of Wolters et al., while those labeled “CK” are by
the Ofw calculation with the Cohen-Kurath interaction.

ments were adjusted to the data of Ref. [8], we shall not
adopt those parameters because of the following reasons.
While we investigate both Q moments and B(E?2) values,
no transition was discussed in Ref. [5]. The experimental
value of Q(8Li), which is particularly important in dis-
cussing Q(®B), was confirmed recently [2,9]. This value is
considerably larger than that shown in Refs. [8,10]. The
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parameters in Ref. [5] do not reproduce the presently
confirmed value of Q(3Li).

We restrict ourselves to A = 6-10 nuclei, so as to
keep the parameters almost constant. Because the E2
core-polarization effect is included significantly in the
(0+2)Aw space, it is expected that one can reproduce the
E2 properties to a great extent with the bare charges.
The calculated @ moments and B(E2)’s with the bare
charges are shown in Table I, in comparison with the
data. The Ofw results displayed in Table I will be dis-
cussed later. It is found that, by this (0 + 2)Aw calcu-
lation, the @ moments are already reproduced to an ap-
preciable extent with the bare charges. If we introduce
a small value of the isoscalar effective-charge correction,
Sers = 0.05¢ (i.e., e2f = 1.05¢ and e = 0.05¢), the
agreement with the data in A = 6-8 is improved further
as shown in Table I. With this parameter we come to a
very good agreement in Q(®Li). It is found that Q(®B)
is reproduced by the same parameter within reasonable
accuracy (~ 8%). Thus, one cannot claim that the @
moment of 8B is anomalously enhanced. The structure
of B can be understood within the shell model, as the
mirror nucleus of 8Li. Because there is no evidence for
halo in 8Li, the proton-halo hypothesis for B appears to
be very unlikely. Although the 8% difference in Q(®B)
may originate from some halolike structure (i.e., slowly
damping tail), it should occur with a much reduced am-
plitude compared with ''Li or !Be [1,4].

As is discussed in the Appendix, the tail behavior of

TABLE I. Q moments (efm?) and B(E2) values (e¢? fm*) in A = 6-10 nuclei. Cal.(4): ef = e,
e = 0; Cal.(B): e = 1.05e, €2 = 0.05¢; Cal.(C): 2T = 1.5¢, €2F = 0.5¢ (b = 1.77 fm).

Nucleus Quantity (0 + 2)Aw Exp. 0hw
Cal.(A4) Cal.(B) Cal.(C)
®Li Q1) 0.09 0.10 —0.08+ 0.01° —1.83
B(E2;3] —»1}) 5.95 7.21 107+ 08° 8.13
B(E2;2{ —1}) 9.17 11.10 44+ 23° 3.93
Li Q31D -3.79 ~4.29 —4.06° —4.86
B(E2;(i]7 = [2)7) 13.21 17.21 157+ 1.0° 22.74
B(E2;(5]7 = [3]7) 5.96 7.83 3.42° 8.53
8Li Q(2H) 2.78 3.21 3.15+ 0.05* 3.24
B(E2;1} — 27F) 3.94 5.30 754174 6.72
’B Q2 5.84 6.27 6.83%+ 0.21%° 5.17
°Li Q2D —3.89 —4.36 -3.6 + 0.7>° ~5.05
°Be Q([g];) 5.46 5.98 53+ 03° 5.36
B(E2; [2]] — [3]]) 26.39 32.02 271+ 20° 31.94
B(E2; (117 = [3]]) 9.75 11.63 70+ 3.0° 10.74
19Be B(E2;2{ — 07) 13.48 16.26 102+ 1.0° 17.38
B(E2;0f — 27) 5.87 7.20 32+ 19° 0.01
1o Q(3) 9.62 10.58 8.47+ 0.06° 10.70
B(E2;1] — 3}) 1.12 1.35 4.13+ 0.06° 9.76
B(E2;1] —31) 7.11 8.61 1.71+ 0.26° 1.35
B(E2;1} — 1) 3.21 3.88 0.83+ 0.40° 2.03
B(E2;3} — 1)) 13.86 16.77 205+ 26° 9.68
e B(E2;2F — 07) 12.54 15.22 123+ 21° 15.01

*Reference [9)].
PReference [10].
“Reference [2].
9Reference [11].

“The sign is speculated from the 0%w and (0 + 2)Aw shell-model calculations.
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wave functions is connected with separation energies, al-
though this connection is not taken into account in most
shell-model calculations including the present one. It is
clear that the proton distribution of ®B is damped more
slowly in the radial direction than that of 8Li, corre-
sponding to the smaller separation energy. The slower
damping of the proton density could lead to a stronger
influence on the Q@ moment. Such an effect, on the other
hand, is not contained in the present calculation. As dis-
cussed above, this might be a reason why we still have
a slight underestimation of Q(®B) with de;s = 0.05¢, by
which we can reproduce Q(8Li) very well. It should be
noticed, however, that the amplitude of the tail part of
the present wave function is not connected with the sep-
aration energy, as pointed out in the Appendix. The
results of Ref. [4] and the present work suggest consis-
tently that the amplitude of the slowly damping part in
the proton distribution of ®B is too small to be regarded
as a proton halo. Namely, its influence on radius and
@ moment does not appear to be so significant. It is
emphasized that, although we have introduced a single
parameter dejs, the value of this parameter is quite small
and therefore the resultant ambiguity becomes much less
than that arising from the effective charges needed for
the 0%w space. The present small value of de;s may come
from the configurations which are still outside the present
shell-model space and/or from a mesonic effect.

A recent experiment [11] indicates that the
B(E2;2{ — 1) value of 8Li is quite large. This datum
appears to be far beyond what can be explained by the
present calculation or by the cluster-model calculation of
Ref. [12].

It is interesting that the @ moments and B(E2)’s of
A =9 and 10 nuclei are reproduced quite well with the
bare charges, while de = 0.05e is preferable in A = 6-8.
There could be a slight change in the core-polarization
effect which originates from the excitations to higher Aw

space. |

(flODi)

The oscillator length b is derived from the fuw value
fixed in the effective Hamiltonian, in the present calcula-
tion of E2 properties. On the other hand, for computing
charge radii and @ moments Wolters et al. adopted a
smaller b parameter in Ref. [5], which is inconsistent with
the Aw value for calculating energy levels. This happened
because Wolters et al. tried to adjust the b parameter to
the measured radii [13] of the whole region of A = 4-
16 nuclei. However, as long as we restrict ourselves to
A = 6-10 nuclei, the b parameter adopted in Ref. [5] ap-
pears to be too small to reproduce the charge radii of
these nuclei.

The b parameter used in the present work reproduces
the charge radius of ®Li. The approximate constancy
of the radii over the p-shell nuclei [13], however, can-
not be reproduced. This is a common problem with
the usual shell model, especially when the harmonic-
oscillator single-particle wave functions are used. If we
consider the 0fw space, the radius must increase with the
mass number, even with a constant b value, owing to the
center-of-mass correction [14]. This tendency does not
change essentially in the present (0 + 2)/w calculation,
whereas the experimental values increase more slowly.
There is an approach in which the b parameter is deter-
mined by the variation with a Skyrme-type interaction
for each nucleus [15]. A nearly constant value of b was
then obtained for A = 6-12, implying that the above
problem remains. We shall not discuss the radii in fur-
ther detail. It is basically beyond the scope of the usual
shell-model calculations, including the present one, to re-
produce the radii.

III. EFFECT OF 2/w CONFIGURATION

We shall consider the following ratio of the matrix el-
ements:

Rr(i—> f) =

where the numerator is obtained from the present (0 +
2)hw shell-model calculation, Pos, in the denominator
represents the projection operator onto the 0fw space
(i.e., the space consisting only of the p-shell configura-
tion), and T = 0 (T = 1) denotes the ratio with respect
to the isoscalar (isovector) operator. Since E2 properties
are under discussion, we consider the case of O = r2Y (?),
Apart from the possible changes in the single-particle
wave functions between the 0/ and the (0 + 2)Aw cal-
culations mentioned below, Ry expresses, to a certain
extent, the relative ratio of the effective charge for the
Ofw calculation over the bare charge, because these ef-
fective charges incorporate the isoscalar and isovector
2hw core-polarization effects. The present single-particle
wave functions are determined so as to reproduce the en-
ergy levels in the (04 2)/w space. As a result, the p-shell

(T =0,1), (1)

(£ Pons @) Ponali) |/ FTPoral 1Y il Pora i)

f

single-particle wave functions do not necessarily corre-
spond to the ones suitable for the usual 0Aw shell-model
calculation. The overlap between these two sorts of p-
shell wave functions, however, is expected to be fairly
large, and therefore Rt will serve as a good measure of
the effective charges for the usual 04w shell-model calcu-
lation.

Figure 2 shows the R values for the E2 properties of
A = 6-10 nuclei. For isovector matrix elements, Rp—;
is not shown for the matrix elements between T' = 0
states, because it is indefinite. We do not show the Rp—;
values also when the isovector matrix element is less than
15% of the isoscalar one. Note that the isovector matrix
element reaches 40% of the isoscalar one at maximum.
The Ry values for B(E2;05 — 2]) of °Be are omitted
in Fig. 2, since the 0] state is highly dominated by the
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FIG. 2. Rr values defined in Eq. (1) for Q moments and
E2 transitions. They are displayed according to the sequence
of moment or transition probability in Table I, except for
B(E2;0,+ — 21+) of °Be. Each Rp—; value concerns the
same transition (or Q moment) as the Rr—o value shown right
above. See the text for details.

2hw configuration (97%) in the present calculation.

It is remarkable that Rr—g is fairly constant for A = 6-
10. Most of the Ryr—o values are in the 0.9-1.2 range,
which leads to eff = 1(es® + ecf) = 0.45¢-0.6e for the
0%w space. We point out that Rr—o for 8Li (or ®B) is
not extraordinary, compared with their surrounding nu-
clei. Since there is no enhancement in the Ryr—o value
for Q(8Li) and Q(®B), a strong quadrupole deformation
is not likely to occur in ®B. We here state that the prob-
ability of the 2/w configuration shows no increase in the
ground-state wave functions of 8Li and ®B. This result,
showing no notable increase of the 2/w mixing in 8Li, is
consistent with the result of a Hartree-Fock shell-model
calculation in Ref. [16].

The Rr—; value shown in Fig. 2 fluctuates consider-
ably. The Rr—; value changes from 0.9-1.5 for A = 7
and 8 to 0.0-0.5 for A = 9 and 10. The Rr-; values for
the Q moments of 8Li and 2B are larger than those for
the other nuclei, which accounts for the relatively large
difference between Q(®B) and Q(8Li). However, the Ry’s
for 8Li and ®B still stay within the range of its fluctua-
tion. .

The present systematic study suggests that the isovec-
tor core-polarization effect changes from nucleus to nu-

cleus in lighter mass region, probably because the nu-
clear system is not large enough and therefore the mean
field is less developed. The Ry values shown here in-
dicate that the 2/w core-polarization effect on isovector
effective charges seems to have a significant nucleus de-
pendence. Such variation of the core-polarization effect,
however, cannot be taken into consideration within the
OAw configuration space, as far as constant (or almost
constant) effective charges are used. The present exten-
sion of the model space has a remarkable advantage to
take into account this variation of the core-polarization
effect.

IV. DISCUSSION
A. Assessments of proton-halo hypothesis

It has been shown that Q(®B) can be understood with-
out introducing a rather exotic feature such as a proton
halo, contrary to the analysis in Refs. [2,3]. Being con-
sistent with the interaction-radius measurement [4], the
proton halo in ®B is not likely to exist. At this stage
we should reconsider the soundness of the proton-halo
hypothesis in Refs. [2,3].

The proton separation energy (Sp) of ®B is very small
(~ 0.14 MeV). This was probably one of the basic moti-
vations for the proton-halo interpretation in Refs. [2,3].
It is known that the tail form of the 8B wave function is
connected with S, as is discussed in the Appendix for
a more general case. We should keep in mind, however,
that the separation energies do not fix the amplitude of
the tail part, which is denoted by £ in Eq. (A9). In usual
cases, this amplitude is considered to be small enough to
be neglected. Only the halo nuclei, in which the nucleon
occupation number in the tail region is of order of magni-
tude one, have appreciable contributions of the tail part
to various physical quantities.

In Ref. (3], Kitagawa and Sagawa compared two results
with different sets of single-particle wave functions. One
is obtained from the harmonic-oscillator potential, while
a Woods-Saxon potential is assumed in the other. They
applied the Cohen-Kurath shell-model density matrix [7]
to both cases. Their procedure to determine the single-
particle wave functions from the Woods-Saxon potential
is explained in the following. The ground state of B was
expanded in the products of the "Be ("B) “core” states
and last proton (neutron). For the “Be+p channel, this
expansion is expressed as

$(®B;gs.) = Zcf,jw(’Be; i)ep(5)], (2)

where 1("Be;i) denotes the ith eigenstate of "Be, ¢p(j)
the single-particle orbit 7 of the last proton, and cf’ j
stands for the spectroscopic amplitude. The single-
particle wave functions of the last proton were fixed by
the observed S, and the Woods-Saxon potential as shown
below. Note that the wave function ¢,(7) is determined

by this method not only for the tail part but also for
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the inner part, and is used for calculating physical ob-
servables. The proton single-particle energies €,(j) are
determined by the condition

E(°B;gs.) = E("Be;i) + €p(5), 3)

for each set of ¢ and j in Eq. (2). Note that E(®B;g.s.)
and E("Be;i) are obtained from observed energies of
the relevant states of 8B and "Be. The depth of the
Woods-Saxon potential was varied for each combina-
tion of ¢ and j separately, so that the proton single-
particle energy should be adjusted to this value. Since
the proton separation energy is defined by S,(®B) =
E("Be;g.s.) — E(®B;gss.), the value of €,(j) was fitted
to —S,(®B), when the state i refers to the ground state
in Eq. (3). Associated with the small S,, this config-
uration led to the proton halo. It is noticed that the
wave function of the last proton, as well as the Woods-
Saxon potential depth, depend on the "Be-core states in
Eq. (2). It was claimed in Refs. [2,3] that this adjusted
Woods-Saxon approach can reproduce Q(®B) with a set
of effective charges similar to those of heavier nuclei.

The “adjusted Woods-Saxon” prescription described
above was originally developed by Millener et al. [17] in
order to reproduce the tail form of the total wave func-
tion. We point out here that, through the condition of
Eq. (3), the following two approximations are made in
determining ¢,(j) by the “adjusted Woods-Saxon” ap-
proach: (a) The residual interaction between the "Be core
and the last proton is ignored (likewise the interaction be-
tween "B and the last neutron). (b) The coupling among
different configurations was ignored. In other words, off-
diagonal matrix elements of the nuclear force are ne-
glected among different configurations in Eq. (3). The
separation like Eq. (3) could be valid when the quan-
tum number of the state is owed by the last proton.
This requires for the core state to be 07. Thus the “ad-
justed Woods-Saxon” manipulation may work better for
a loosely bound particle decoupled from its 0% inert core.
The states discussed in Ref. [17] seem to be the cases of
this kind. On the other hand, several problems occur in
8B.

We list the problems on the proton-halo hypothesis in
Refs. [2,3] below.

(i) As is stated in Sec. I, no enhancement of the inter-
action radius is observed in B [4].

(ii) The lowest 2+, 1%, and 37 levels of ®B correspond
quite well to those of ®Li [10], thus indicating good isospin
symmetry. Note that those isobaric analog states are also
observed as excited states of 3Be [10]. Since the neutron
halo is not expected in 8Li, the proton-halo hypothesis
for the ®B ground state would destroy these isospin mul-
tiplets to a certain extent.

(iii) In ®B, we have three protons in the p shell, as
far as we work within the 04w shell-model space. In the
theoretical analysis of Refs. [2,3], Kitagawa and Sagawa
seem to have distinguished the orbits for the last pro-
ton from those for the other two valence protons. Hence,
when the 7Be core stays in the ground state in the ex-
pansion of Eq. (2), they assumed a loosely bound orbit
for the last proton and deeply bound orbits for the other

two valence protons. The antisymmetrization among the
three valence protons, however, was not treated correctly.
This can lead to erroneous results.

(iv) The weak-coupling assumption stated above was
fundamental for the proton-halo hypothesis in Ref. [3].
It should, however, be tested carefully whether this as-
sumption is valid in 8B or not. We shall estimate the
coupling effects ignored in Ref. [3], which are referred to
as (a) and (b) in the preceding discussion, by applying
the Ofw shell-model calculation with the Cohen-Kurath
interaction. We obtain, for the sum of the correlation
energies, E("Be;g.s.) + €,(0p3/2) — E(®B;g.s.) ~ 2 MeV.
This value seems too large to be ignored, compared with
Sn(8Li) — Sp(®B) ~ 2 MeV.

(v) It was assumed in the theoretical interpretation
of Refs. (2,3] that the effective charges should be the
same among the A = 8, 11, and 17 nuclei. Apart from
the possible arbitrariness in their selection of nuclei, the
constant effective-charge assumption has to be used with
extreme care to draw the proton-halo conclusion in the
light mass region. Among such light nuclei, a consid-
erable mass-number dependence of the effective charges
might be possible, as we discussed in Sec. III. It can also
be questioned whether or not the effective charges should
be common among halo orbits and normal orbits.

(vi) The shell-model density matrix calculated with the
Cohen-Kurath interaction (7] was employed in Ref. [3].
The Cohen-Kurath interaction, however, is adjusted to
the levels of nonhalo nuclei. It is not consistent to apply
those density matrices to the halo orbits. The influence
of the halo on the density matrix should not be ignored
in the case that the halo causes significant changes of
physical observables.

(vii) The excited 1* and 3% states of B are considered
to have a certain similarity in structure to the ground
2% state, since these three states are regarded as the
(0p3/2)4, T = 1 multiplet, as a zeroth-order approxi-
mation within the jj-coupling scheme. It is desirable,
therefore, that the structure of the three states should be
described in a consistent manner. However, if we apply
the “adjusted Woods-Saxon” method of Ref. [3] to the
excited states, the following problem may occur. The 3%
state is observed 2.2 MeV above the threshold for proton
emission. Hence, Eq. (3) leads to ¢, ~ 2.2 MeV for the
3% state, when the state i refers to the ground state in
Eq. (3) as in the 1T state. On the contrary, the height of
a Coulomb barrier is about 1 MeV, if we calculate it by
using the Woods-Saxon potential with the parameters of
Ref. [18]. The higher ¢, than the barrier makes the state
impossible to survive even as a resonance state.

(viii) Let us consider the term in Eq. (2) with the "Be
state being the ground state. Both the proton Ops,; and
0p,/2 orbits can produce 2% states by coupling to the
"Be ground state. If the single-particle energies of the
last proton are determined from Eq. (3) as in Ref. [3], we
obtain €,(0ps/2) = €,(0p1/2)- This implies that the L - S
splitting was ignored in Ref. [3].

(ix) The Aw value adopted for the harmonic-oscillator
wave functions in Ref. [3] is questionable. Although this
value (and the corresponding b parameter) was important
for the shell-model estimate of Q(®B), the fw value was
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fixed by the systematics among much heavier nuclei. We
shall return to this point in Sec. IV B.

As has been mentioned at point (iii), the correct anti-
symmetrization among nucleons is important. It is not
easy to carry out the full antisymmetrization among con-
stituent nucleons and simultaneously reproduce the cor-
rect tail form of the “Be+p channel. In Secs. II and III
we have been staying within the shell model, abandoning
for the time being the reproduction of the tail behav-
ior. The shell model describes the nuclear surface region
pretty well, while in usual cases the tail region is be-
yond the scope of the model. The quadrupole moment
under discussion is dominated by the surface region for
normal nuclei. If we were not capable of reproducing the
@ moment within the shell model, it would suggest the
possibility of a halo.

B. Reconsideration of the b parameter
in the 0/iw shell model

As mentioned at point (ix) in the previous subsection,
the harmonic-oscillator wave functions in Ref. [3] would
hardly reproduce the properties of the nuclei around A =
8. We shall reexamine this point.

The Cohen-Kurath interaction [7] has been frequently
used for the 0%fiw shell-model calculation in the p shell.
The discussion in Refs. [2,3] was also based on this stan-
dard interaction. We now consider the shell-model wave
function obtained from the Cohen-Kurath (8-16)TBME
interaction. In order to fix the oscillator length b, we use
the observed matter radius, in contrast to Ref. [3]. The
rms matter radii of 8B and 8Li reported in Ref. [4] lead
to b ~ 1.77 fm, after the center-of-mass correction. This
value of the b parameter differs significantly from the one
adopted in Ref. [3], i.e., 1.60 fm.

The Q moments and B(E2) values in A = 6-10 nuclei
computed with b ~ 1.77 fm in the 0Aw space with the
Cohen-Kurath interaction are shown in Table I, together
with the (0 + 2)Aw results and the experimental data.
This 0Aw calculation contains a single parameter ders =
0.5e, which leads to eff = 1.0e. The agreement with
the data seems to be rather good, indicating the validity
of the present isoscalar effective charge. It is found that
Q(8Li) is reproduced well, while Q(®B) is underestimated
considerably.

If data of @ moments in a set of mirror nuclei are
available, it is possible to determine the effective charges
for those nuclei from the data, as was done in Ref. [3)].
By applying this procedure to 8Li and B, together with
the present value b = 1.77 fm, we obtain esf = 2.1e and
e = 0.3e. This set of effective charges is less surprising
than those obtained from the smaller value of b in Ref. [3].

The isoscalar effective charge comes to eff = 1.2e,
whereas e = 1.6e in Ref. [3] for the harmonic-oscillator
wave functions. The analysis in Ref. [3] for the 4 = 11

and 17 nuclei led to eff = 0.9¢ and eff = 1.0e, respec-

tively. Compared with these values, eff = 1.2e for the
A = 8 nuclei is not anomalous.
Through the above discussions we recognize that it is

quite difficult to reach a conclusion when dealing with

such light nuclei, as far as we restrict ourselves to the
0/uw space, since both the effective charges and the single-
particle wave functions give rise to ambiguities. The cal-
culated Q moment is influenced by these ambiguities.
We further comment upon the analysis using the
single-particle wave functions obtained from the ordi-
nary Woods-Saxon potential. If the Woods-Saxon po-
tential with the parameters in Ref. [18] is adopted, the
data of Q(8Li) and Q(®B) will lead to e = 2.3e and

e = 0.3e. If we vary some parameters so as to fit the

v/ (r?) data, quite similar effective charges are required
to the harmonic-oscillator case giving the same (/(r2).

C. Explanation of the difference
between Q(®Li) and Q(®B)

In this subsection we shall discuss why Q(®B) is sub-
stantially larger than Q(8Li), in an intuitive way within
the 07w shell model. Suppose that Q@ moments are dom-
inated by isoscalar degrees of freedom; equal values are
obtained between mirror nuclei. The Q moments of 1B
and !C are so close, exhibiting an example of this kind.
On the other hand, in experiment, Q(®B) is about twice
larger than Q(8Li). Within the jj-coupling scheme with-
out a residual interaction, the Ops/; orbit is partly oc-
cupied while the 0p,/; is unoccupied, for either protons
and neutrons. However, once we switch the residual in-
teraction on, it is much easier in 8Li for neutrons to ex-
cite to 0p;/2 than for protons, owing to the excess in
number. The inspection of the density matrix and the
single-particle matrix elements indicates that the exci-
tation or deexcitation of a nucleon between Ops/; and
0p, /2 yields the principal contribution to the Q moment.
It follows that Q(8Li) is dominated by the neutron de-
grees of freedom, unless ecf value is not too small. Simi-
larly Q(®B) is governed by the proton degrees of freedom.
Consequently, Q(3Li) and Q(®B) reflect the neutron and
proton effective charges, respectively, giving rise to an
enhanced sensitivity to the isovector charge. Note that
this mechanism does not work for the A = 11 nuclei, pri-
marily because of the smaller difference between proton
and neutron number.

D. Sensitivity of Q(°B) to interaction

The shell-model interaction of Ref. [5] adopted for the
present (0+2)fw calculation has several problems, as has
been argued in Ref. [6]; the radial excitation is a primary
problem in the argument. Furthermore, the present wave
functions do not necessarily provide us with reasonable
nuclear radii, as mentioned earlier. Although we do not
discuss these points here, it should not be overlooked how
sensitive the present result of Q(®B) is to the choice of
interaction.

It is known that, since the quadrupole part dominates
the proton-neutron correlation in low-lying states, the
energy levels are sensitive to the Q, - @, component of a
two-body interaction, where



892 H. NAKADA AND T. OTSUKA 49

Q=Y YD (s) (p=m,v), (4)

kep

with k being the label of each nucleon and £ = ry/rk.
This Q. - Q, part plays a significant role, at the same
time, in describing E2 properties. Hence the low-lying
energy levels and the E2 properties are not independent
of each other. Although effective charges may give rise
to an ambiguity in calculating the E2 properties, this
ambiguity will hardly influence when the effective-charge
corrections (de’s) are small. In such cases the E2 prop-
erties are dominated by Q.

The E2 properties of low-lying states depend predom-
inantly on angular correlations of nucleons in the nuclear
surface region. The low-lying spectrum is also dominated
by the surface degrees of freedom, because the low-lying
excited states are obtained usually by exciting one to a
few nucleons around the surface from the ground state.
The Q, - Q, component of the interaction carries an im-
portant part of this excitation. On the other hand, the
radial (or monopole) excitation is much more dependent
on the interior region (and excitations from this region)
than the E2 properties and the low-lying spectra. In
other words, this excitation is much of the volume char-
acter. Owing to this aspect, the low-lying spectra and E2
properties can be treated separately, to a certain extent,
from the problem of the radial excitations.

We shall now move to the problem of the radius. This
problem is more general and is not characteristic to the
present scheme, as stated earlier. On the other hand,
the change of the radius from a nucleus to another is
treated independently of energies and E2 properties in
most shell-model calculations. This is reasonable prob-
ably because energies and E2 properties are more sensi-
tive to angular correlations in the surface region. As an
example, the A dependence of the interaction and that
of the single-particle wave function are not connected to
each other in the successful shell-model calculation for
the sd shell [19]. A more precise description of the ra-
dius seems to be a difficult task in a general term, and
the goal is rather far. Note that the nuclear radius is also
contributed by the interior region to a considerable ex-
tent. For a phenomenological interaction like the present
one, the problems of radial modes (radius and radial ex-
citation) may be separated from energy levels and E2
properties.

It has been shown in Ref. [5] that the low-lying energy
levels around A = 8 are reproduced by the interaction of
Wolters et al. This interaction should contain the Q.- Q,
part in an effective manner. The resultant good agree-
ment between calculated and experimental energy levels
over several nuclei suggests that the effect of Q. - Q, is
incorporated properly. The E2 properties are also repro-
duced in the low-lying states with only a small effective-
charge correction, by the present (0+2)Aw calculation. It
therefore turns out that the present interaction is appli-
cable to the investigation of E2 properties of the A ~ 8
nuclei, while there remain open issues in radii and radial
excitations. This consequence is in accordance with the
general discussion in the preceding paragraphs.

In the present case, the agreement in Q(8Li) ensures

the amount of Q, in 8Li, which is exactly equal to the
amount of Q, in ®B. Since Q. -Q, is tested by the energy
levels, it is expected that the present (0+2)/w calculation
of the Q(®B) value is plausible. Thus one can anticipate
that the present result with respect to Q(3B) will not be
varied, for instance, by a future tuning of the interaction,
as far as the interaction reproduces both the energy levels
and other related E2 properties.

V. SUMMARY

As long as we try to describe the E2 properties of light
nuclei within the 04w shell model, the ambiguities arising
from single-particle wave functions and effective charges
are inevitable. On the other hand, the Q moments and
B(E2) values of A = 6-10 nuclei, including Q(®B), are
reproduced within the present (0 + 2)Aw shell model. It
is noticed that the (0 4+ 2)/w approach is much less am-
biguous in fixing the values of effective charges than the
calculation restricted to the 04w space. This (0 + 2)Aw
calculation suggests that the proton halo in ®B is very
unlikely. The observed Q(3B) value is not an evidence
for a proton halo. This result is consistent with the data
on the interaction radius [4]. Even though the proton
density distribution in ®B may be somewhat spread, its
amplitude seems to be too small to be regarded as a pro-
ton halo. The expectation value of the proton number
in the tail region will be much less than unity, although
such a reduced tail may still produce interesting effects
in astrophysical issues [20]. Though the present discus-
sions have been based on the interaction of Wolters et
al. [5] and this interaction has several problems [6], the
conclusion on the E2 properties is not very sensitive to
the choice of the interaction.

The effect of the 2Aw configuration on E2 is also dis-
cussed. The 2Aw contribution is customarily incorpo-
rated into the Ofw calculation by effective charges. In-
deed, the Ry values defined in Eq. (1) are rather stable
for isoscalar matrix elements. However, those for isovec-
tor matrix elements are largely A dependent. This result
suggests an intriguing aspect that, although the isoscalar
effective charges for the 0%w space could be almost con-
stant, appreciable variation is required for the isovector
effective charges, which play more important roles in nu-
clei far from stability with higher isospin.

Note added in proof. After completion of this
manuscript, we learned that a related work has been car-
ried out by Csoto in terms of three-cluster calculations
[A. Csoto, Phys. Lett. B 315, 24 (1993)]. A proton skin
is suggested in 8B, which is not excluded by the present
work.
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APPENDIX

In this appendix we review how the tail form of a
bound-state wave function is connected with separation
energies. The Schrodinger equation for the nucleus A is

Hay(A) = E(A)Y(A). (A1)
For the sake of simplicity, we shall deal only with the
ground state of A. It is straightforward to extend this
discussion to excited states. If we consider the breakup
channel A — A’ + a, where a represents a single nucleon
or a cluster of nucleons, it is convenient to rewrite it as

¥(4) =N Alpaa(Ra})¥(A5i)(ais)],  (A2)
Ha= Ha + Ha + Tn + Var o ({(Ro}). (A3)

Here v 4/ o({Rqo}) denotes the wave function with respect
to the relative coordinates between a nucleon involved in
A’ and another nucleon in a. The expression .4 stands
for the antisymmetrizer for all nucleons and A/ an ap-
propriate normalization constant. The indices ¢ and j
represent various configurations of the partition A’ and
a. The operator Tg in the Hamiltonian represents the
kinetic energy regarding the variable R, where R is the
relative coordinate between the center of mass of A’ and
that of a, and Var o({Ra}) the interaction between A’
and a.

For sufficiently large R in the breakup channel, we can
take ¢ (A’;%) and 9¥(a;j) as eigenstates of Hy and H,,
respectively. Then ¢ 4 ({Ra}) becomes a function only
of R and A can be regarded as identity. This will be
satisfled when R exceeds the range Ry outside which
the nuclear force between A’ and a vanishes. The po-
tential term V consists of the nuclear part V¥ and the
Coulomb part VC. Because of the finite-range nature of
the nuclear force, V is described only by V€ for R > Ry .
Hereafter we restrict ourselves to R > Ry, abbreviating
para({Ra}) as o(R).

It is sufficient to consider only the ground states of A’
and a for discussing the asymptotic behavior of ¥(A).
Substituting Egs. (A2) and (A3) into Eq. (A1) and inte-
grating out the internal variables of A’ and a, we obtain

[Tr + VC]p(R) = [E(4) - E(A') - E(a)lp(R)

for R > Ry. (A4)

The separation energy of A for the particle a is defined
by

Sa(4) = —~[E(4) — E(4') — E(a)]- (AS5)
Therefore we can rewrite Eq. (A4) as
[—Z—Z‘- + VC] ¢(R) = —S.p(R) for R > Ry, (A6)

where the reduced mass for the A’ + a system is denoted
by u. Remark that we are considering a bound state of
A (i.e., S > 0), leading to the boundary condition of
¢(R) — 0 for R — oo. The strongest damping factor in
the asymptotic region is determined from the equation
[by neglecting terms of O(R™1)]

1 82
_ZL_W(,,(R) ~ —S.,p(R) for large R.

(A7)
Therefore, for extremely large R, the wave function ¢(R)
necessarily has the damping form f (R)e‘Vz“S“R, where
f(R) represents a function without an exponential damp-
ing tail. Indeed, suppose that a is a neutron, for which
V¢ = 0; Eq. (A6) provides us with the solution

oim(R) ~ 'RV (i1/2uS.R)Y,V(R) for R > Ry, (A8)

where hfl)(:z:) expresses the spherical Hankel function,

R indicates R/R, and ¢ denotes an amplitude. This
immediately leads to the asymptotic form of p(R) as

e-\/m:ﬂ DB
oim(R) ~ E—R—Y#)(R)

for R> Ry and R > 1//2uS,. (A9)

The asymptotic forms of other channels are obtained in a
similar manner. It should be kept in mind that the value
of the amplitude £ in Eq. (A9) cannot be determined
within this asymptotic treatment. It is pointed out that
the channel with the smallest separation energy yields
the farthest reaching tail of the total wave function of A.
Thus the wave function of a bound ground state has a
definite tail form given by the corresponding separation
energy.
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