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Configuration of the two-neutron halo of 'Li and Gamow-Teller transition
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Effects of the halo as well as meson exchange currents (MEC) are studied for the Gamow-Teller (GT) B
transition 'Li(3/27)—!"Be(1/27,0.32 MeV). They are found to be important to reduce transition matrix
elements and remedy deviations from the observed logft value of the GT transition. This GT transition is
shown to play an indispensable role in identifying the structure of two-neutron halo of !'Li. It is indicated that
the two neutrons forming the halo consist of the pf/z configuration with 60—70 % probability.

PACS number(s): 23.40.Hc, 21.10.Gv, 21.60.Cs, 27.20.+n

Neutron halo has been discovered in !'Li and 'Be owing
to the recent developments of radioactive nuclear beams
[1,2]. The first excited state of 'Be(1/27,0.32 MeV) as well
as the ground state (1/2*) have small neutron separation en-
ergies of S,,=183 and 503 keV, respectively, and hence are
expected to have the neutron halo. In fact, this neutron halo
has been discussed and confirmed for the ground state (g.s.)
[3,4]. The ground state of Li(3/27) also has the neutron
halo due to the small two-neutron separation energy of
S5, =295-340 keV [5,6].

In this paper, effects of the neutron halo on a Gamow-
Teller (GT) B transition, “Li(3/2” g.s.)—'Be(1/27,0.32
MeV), will be investigated in terms of shell-model calcula-
tions with single-particle wave functions consistent with
such small separation energies. Observed logft value for the
transition, logft=5.58 [7-9], is larger than the calculated
values obtained by using the Cohen-Kurath interactions [10]
with harmonic oscillator (HO) wave functions and by taking
into account only one-body terms: logft=4.59—4.80 (see be-
low and Fig. 2 also).

In this paper, effects of the halo of the neutron (v) pyp,
wave function in ''Li and 'Be are studied for one-body
transition matrix elements as well as for two-body meson
exchange currents. Diagrams considered in the present work
are shown in Fig. 1. The neutron halo of !'Li is expected to
reduce vpi,— TP, T3, One-body transition matrix ele-
ments and hence enlarge the calculated logft values. The
halo also affects the two-body exchange current matrix ele-
ments when a halo neutron changes into a proton. The halo
further affects the GT matrix elements when A3 resonances
are excited from a halo orbit. One of the major open prob-
lems with respect to the two-neutron halo in !!Li is to what
extent the (0p,,,)* and (1s,,,)? configurations are included.
We shall point out that the present GT matrix element pre-
sents precious information on the probability of the
(0p2)? configuration, and thus determines a basic structure
of the two-neutron halo. This probability varies drastically
from one calculation to another as tabulated in Ref. [11],
while no direct experimental information of this probability
has been reported.

We start with a simple assumption that neutrons of 'Li
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are not excited into the sd shell. The shell-model configura-
tion amplitudes are obtained by using three sets of the
Cohen-Kurath interactions, POT(8—-16), TBE(8-16), and
TBE(6—16) [10]. For the transition matrix element, we use
the vp,,, single-particle wave function obtained in a Woods-
Saxon well with a diffuseness parameter a =0.57 fm, so as to
reproduce the observed single-neutron separation energy
(S,). This single-particle wave function is somewhat differ-
ent from that assumed with the Cohen-Kurath interaction,
primarily in its tail behavior. However, at the final stage of
this paper, we will vary the shell-model configuration ampli-
tudes by changing single-particle energies, and hence the
present work is focused more directly upon the shell-model
wave functions rather than the interaction. For this reason,
the difference mentioned above is considered to be rather
minor, while a more consistent treatment is desired to im-
prove the accuracy of the arguments.

The value of S, is taken to be 160 keV in !'Li, which is
half of the average value of S,,=295 keV [4] and
S2,=340 keV [7]. This wave function gives rms radius of
4.85 fm for the valence vp,,, orbit, that is close to the ex-
perimental values; 4.8 fm [1,2] to 4.9 fm [12]. Calculated
results for logft are found to be insensitive to the variation of
S, by ~30 keV. They are also insensitive to the values of the
diffuseness parameter adopted (a=0.44-0.6 fm) so long as

+

FIG. 1. One-body and two-body GT B-decay processes consid-
ered in the present work. The left figure denotes the one-body
B~ -decay processes, while the right one shows the one-pion ex-
change current processes due to Aj;-isobar excitations.
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the rms radius of vp,, is adjusted. The vp;,, wave function
in "Be is taken to be the same as that in 'Li. This is quite
reasonable as the neutron separation energy of 183 keV in
1Be is very close to the above S, value of Li.

Effects of the halo on the one-body terms (O;=g, 07,
where 7,.n=p) are shown in Fig. 2. Upper two sets in Fig. 2
show the calculated logft values obtained with harmonic os-
cillator (HO) wave functions with b=1.64 fm [13] and those
obtained by using the Woods-Saxon wave function for
vpi,. Note that the latter has the halo structure. Here,
ft=61474|(J 04| |J;)|*/(2];+ 1)} [14]. Only the dominant
GT (17) transition is considered. The E2 (2") transition can
affect logft only by <0.001 as j,(qR)~0.016 when
gR~0.1X4.9 and can be safely neglected. The halo reduces
the GT matrix elements by 35—-43 % and is important to get
close to the experimental logfz value [7-9].

We now extend the shell-model configuration space so as
to include the sd shell. Effects of the excitation of valence
particles into the sd shell are investigated by using the
Millener-Kurath interaction [15,16]. Three sets of interac-
tions, PSDMK, PSDMK2, and PSKMK1 [16], whose p-shell
part corresponds, respectively, to POT(8-16), TBE(8~16),
and TBE(6-16), are used. The interactions in the sd shell are
the one obtained by Preedom and Wildenthal [17] for
PSDMK and PSDMK]1, and the one obtained by Kuo [18]
for PSDMK?2. Excitations of up to 2 valence particles in the
sd shell results in the increase of logft by 0.08-0.12 (see
Fig. 2).

One-pion exchange currents due to A s3-isobar excitations
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FIG. 2. Logft values of the GT transition. The observed value
(logft=5.58+0.01 [8]) is indicated by a vertical line with “EXP.”
Symbols O, X, and [J denote three sets of the Cohen-Kurath wave
functions: POT(8-16), TBE(8-16), and TBE(6-16), respectively.
Results with p3(sd)? configurations admixed by the Millener-
Kurath interaction are shown by symbols @, ¢, and B, which
correspond to O, X, and [J, respectively. Lower three sets of the
results in the figure include the contributions from the A 3;-isobar
exchange current, while upper three sets include only one-body
terms.

are included next. The processes shown in Fig. 1 are all
considered. The method of the calculation is the same as in
Ref. [19]. For B~ decay, the contributions from the
As3-hole excitations are given by the following formula:

<fz|160*||f1>=—(1/AE)§ (2 + D) W(Ahjjo ;M) 148 (= 1)i1+h=7

X{N2R A (ONA) TIIAN Ay T IV(A= P yPyg) B iy 2T
+V2/3(h J|(OND) T[|AXAj 1 TIV(1= PP hjin i IV + (= D12 oy, by, 1)

where \ is the rank of the transition operator (=1 for the
GT transition), AE=my—my, A (h) denotes the angular
momentum of the A (hole) state, and 7 Sv) specifies that the
hole is proton (neutron). In Eq. (1), 0;‘,2 =giST. , where S
(T.) is the spin (isospin) transition operator [20], is the
N—A transition operator, and P, and P,, are spin- and
space-exchange operators, respectively. The one-pion-
exchange potential, V=V (r)Si0,+V(r)S;,, where
S1p= \/gﬁ[cm(r)x[slx 7,010, has the central part
Ve(r)=3X(1/4m) funnfmyae " #/r and the tensor part
Vi(r)= (VAT f ennf anal 3+ Vpr+1/(ur)?le™#/r  with
(1/47r)ff,NN=O.08. A phenomenological Chew-Low value
of gf=2.1g, [21] with g,=1.26 is used here. The wNA
coupling constant f_ya is taken so as to satisfy
f-n'NA/fﬂNN:g:/gA [21’22]

The contributions from the excitations of the A 33 from the
Osq, core are evaluated exactly in the present calculation,

while those from the excitations of the As; from p shell are
treated approximately. Although the Cohen-Kurath wave
functions are of the intermediate coupling nature, in the case
of vpy,—mpy,,Tps, transitions, the existence of the
VP, core is assumed and the Aj; resonances are allowed to
be excited from the sy, plus vp3), closed core. In the case of
Vp3p— TPy, TP3, transitions, the existence of the vp,),
core is assumed further and thus Aj; resonances are allowed
to be excited from the core consisting of s/, vp3,, and
vpy, - This approximation can be considered reasonable as
the contribution of the A;; excitations from the Os,), core is
dominant in all the above cases. The halo in !!Li and 'Be
reduces the two-body terms in the GT matrix elements by
7-8 %. In collecting various contributions, the halo effects
on the one-body term reduce the GT matrix element from the
original value to its ~60% (57—65 %). The meson exchange
currents (MEC) further decrease this matrix element (see
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Fig. 2); the matrix element becomes ~85% (85—87 %) even
if the halo structure is neglected. If the halo and MEC are
combined, the GT matrix element is reduced only to
~45% (41-52 %) of the original value. When the admix-
tures of the sd-shell configurations are taken into account,
the matrix element becomes even to ~41% (34—45 %) of
the original value.

Finally, we discuss the configurations of the two neutron
halo in !'Li. What is the probability of vpf/2 and vs%/2 con-
figurations in the halo of ''Li? We change the probability of
vp%/2 configuration by lowering the single-particle energies
of 1sy,, 0ds,, and Od 3, orbits and study the variation of the
calculated logft values. The change of these single-particle
energies is assumed to be the same among them, for simplic-
ity. We use the PSDMK?2 interaction because this interaction
is the original Millener-Kurath interaction [15] and has been
most frequently used and tested by various authors [23]. The
halo wave function is used for vp,, in calculating B decay
matrix elements, and the contributions from the MEC due to
Ajs-isobar current are included. The probability of the
vp%/2 configuration decreases as we lower the single-particle
energies of the sd orbits. The mixing probability of
p3(sd)? configurations in 'Be, on the other hand, is as small
as 1.4% and changes only up to ~2%. The fraction of
sd—sd transition in the GT matrix element, therefore, re-
mains small (5—15 %), and halo effects in the sd shell are
neglected here. Calculated results for logft are shown in Fig.
3. The calculated logft values increase almost linearly as the
probability decreases down to ~60% and cross the observed
value (logft=5.58) at ~65%. This value is a little smaller
than the value obtained in Ref. [24]: probability=77%. Vari-
ous theoretical values of the probability are compiled in Ref.
[11].

In order to see the validity of the above change of the
single-particle energies, the magnetic moment of !'Li is cal-
culated. The obtained value is 3.90 nm with the MEC (pair,
pionic, and Aj;-isobar currents) contribution (3.71 nm with-
out the MEC contributions) for the PSDMK2 with the origi-
nal single-particle energies for the sd orbits, which gives
89% probability of the pf/Z configuration. When this prob-
ability is decreased to 63%, the calculated magnetic moment
becomes 3.76 nm (3.57 nm) with (without) the MEC contri-
butions and gets closer to the observed value: 3.67 nm [25].
This also supports the rather strong mixing of the sd-shell
configuration in the two neutron halo in Li.

We can conclude, within the present calculation, that both
the effects of the halo and those of the exchange currents are
important to reduce deviations from the observed logft value
of the GT transition. The study of the effects due to the pair
and p-m exchange currents, which are smaller than the ef-

RAPID COMMUNICATIONS

R557

- 1 LI
dot : exp.
575 -

cross : calc.

log ft

6.50

. | 2 N ] . N N 1 |
40 80 80 100
(p1/2)® prob. (%)

FIG. 3. Logft values of the GT transition vs probability of the
vp}, configuration. Dotted line shows the observed logft value: log
ft=5.58.

fects of the Asj-exchange currents [21,22], are now under
way. When the excitations of the valence particles into the sd
shell are further taken into account, the experimental logft
value is almost reproduced. The halo, the exchange currents,
and the mixing of the sd-shell configuration contribute co-
herently to explain the observed logft value. We should em-
phasize that, among these effects, the halo produces the larg-
est change of the B-decay matrix element, and that the
anomalously large logfr value can be used as another foot-
print of the halo in drip-line nuclei. We mention that the
present study indicates rather strong mixing of the sd-shell
configurations for the two halo neutrons. We would like to
stress this new aspect of the GT decay as a tool for clarifying
the configurations of the two-neutron halo. The problem of
these configurations is related to the momentum correlation
of the two halo neutrons [26]. A calculation with a two-body
interaction and single-particle wave functions which are fully
consistent with each other is desired, although achieving it
will be difficult.
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