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Abstract. Using the shell model wave functions, we have studied quadrupole moments of medium-weight
and heavy hypernuclei, and obtained the shell model values of quadrupole moments of NA systems (N = p
and n). With the use of the first-order perturbation theory, we have also estimated the configuration mixing
effects on quadrupole moments of these NA hypernuclei. We show that the hyperon-induced configuration
mixing effects are small and the nucleon-induced configuration mixing effects are large in many cases.

PACS. 21.80.4+a Hypernuclei

1 Introduction

Motoba et al. have investigated E2 transition moments
of light A-hypernuclei by using the cluster model [1,2].
They showed the several times enhancement of B(E2)
values in comparison with the simple shell model values,
and pointed out the importance of the clustering effects in
hypernuclei. Recently, we have calculated quadrupole mo-
ments of light A-hypernuclei on the basis of N = Z double-
closed core, and estimated the configuration mixing effects
on these hypernuclear quadrupole moments [3]. To study
electromagnetic moments of hypernuclei will serve to un-
derstand the hypernuclear structure and to refine the hy-
pernuclear model.

In this paper, within the framework of shell model, on
the basis of N # Z double-closed nuclear core, we calcu-
late quadrupole moments of medium-weight and heavy
hypernuclei with the NA configuration (N =p and n),
and estimate the configuration mixing effects on these
hypernuclear quadrupole moments by using the first-
order perturbation theory [4,5]. To investigate hypernu-
clear quadrupole moments will lead us to understand the
quadrupole deformation of hypernuclei and the effective
charges of hyperons as well as nucleons in hypernuclei.

In section 2, quadrupole moments of A-hypernuclei are
discussed on the basis of the perturbation theory. In sec-
tion 3, are presented the results of shell model calculations.
In section 4, we discuss quadrupole moments of some spe-
cial hypernuclei and effective charges of nucleons and hy-
perons in hypernuclei

In section 5, a summary is given. In appendix, are
shown the correction formulae of configuration mixing ef-
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fects on static moments of medium-weight and heavy NA
hypernuclei.

2 Static moments of A-hypernuclei

Previously, within the framework of shell model, we have
studied magnetic moments of A-hypernuclei and esti-
mated the configuration mixing effects on these hyper-
nuclei by using the first-order perturbation theory [6,7].
Recently, to investigate quadrupole moments of light A-
hypernuclei [3], we have used the same method as pre-
vious works of hypernuclear magnetic moments. In this
paper, we study quadrupole moments of medium-weight
and heavy A-hypernuclei with the use of the same method
as previous works [3,6,7].

Here, we review and summarize the first-order per-
turbation method to investigate static moments of A-
hypernuclei within the framework of the shell model. The
wave functions of A-hypernuclei may be written as

w(J) Z%-FZ“YNiWNri-ZWAi!Z’Ai, (1)

if the admixture of the excited to the ground configuration
is very small (yn; < 1 and v4; < 1). The zeroth-order
wave function ¥ is given by a nuclear wave function (¥y)
and a A-hyperon wave function (¥,); Wy = [Un X Wyulo.
The basic wave functions ¥y; and ¥,; are constructed by
exciting a nucleon (N) and a hyperon (A), respectively;
Uni = [N X Wy); and Wy = [On x W4'];. The coefficients
vni and 7v4; are the mixing amplitudes, which may be
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evaluated by the perturbation theory. They are written as

(Wl 2o Vo)

INi = EO — ENZ‘ ) (2)
(Tl V)

YAi = EO — EA ) (3)

ZV:ZVNN+ZVNA, (4)

where Vyn and Va4 denote the residual nucleon-nucleon
interaction and nucleon-hyperon interaction, respectively.
The nucleon-induced corrections, which are induced by the
nucleon-nucleon interaction (Vnn), were extensively stud-
ied by Blin-Stoyle, Arima and Horie [4,5]. On the other
hand, the hyperon-induced corrections, which are induced
by the nucleon-hyperon interaction (Via), are attempted
to estimate in this and the previous papers [3,6,7].

The hypernuclear spin (J) is obtained by coupling a
nuclear spin (Jy) and a A-hyperon spin (J4); J = Jx+J 4.
With the use of the wave function (1), we can calculate
hypernuclear moment

F® = 4 P (N=p and n), (5)

where the symbol f*) denotes the one-body operator of
rank k, such as the magnetic moment p(k = 1) and the
quadrupole moment Q(k = 2). The result is written in the
form

(fPI)) = (ST, + Ox + b,
<f(k)(J)> = <%’f(k)’%>J + Z2VN¢<%U(M‘WN1‘>J

+ Z 27/11-(%|f(k) |@ai) . (6)

Here, (f*)(J))o shows the zeroth-order value of hyper-
nuclear static moments, and dy and 4 denote the first-
order corrections induced by nucleon (N) excitations and
hyperon (A) excitations, respectively.

After some Racah algebra [8], we have obtained the for-
mulae of configuration mixing effects on static moments of
NA hypernuclei. The results are summarized in appendix.

3 Shell model calculations

Within the framework of shell model, we have estimated
the first-order correction dy to quadrupole moments of
medium-weight and heavy hypernuclei with the simple NA
configurations (N = p and n). The correction d4 turns out
to be zero, as far as we use the free charge of a A-hyperon
(es = 0). The excited states (¥n1, PNz, PN3, - - - ) are classi-
fied according to the configuration mixing theory of Arima
and Horie [5]. Employing the one-proton excitation mode
of Arima and Horie [5], we have obtained the correction
formulae with the use of the standard Racah algebra [8].
The correction dy is divided into two parts:

ON = ONN + N4,

On =) 0pi(NN)+ ) 6,i(NA) (i=1,2,3,...), (7)
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where dnn and dnx 4 denote the corrections induced by the
NN interactions (Vxn) and the NA interactions (Vn4), re-
spectively. The symbol d0p;(NN) shows the correction of
the one-proton excitation mode induced by the NN in-
teraction (Vnn), which was extensively studied in the nu-
clear moment analyses by Arima and Horie [5]. On the
other hand, ¢,;(NA) denotes the correction of the one-
proton excitation mode induced by the NA interactions
(Vna), which we attempt to estimate in the hypernuclear
moment analyses [3,6,7].

3.1 The pA systems with j, =1, £ 1/2 orbit

We use the following basic states:

8
N1 = |jp'da) g, 9

Po = |jpja), )
)
Uno = aljp’ja) s + bl[lipin~1(Jo = 0)4n'1(In)ia) s, (10)
)
)

(
(
Uns = [(Gp") " dp > (J0)](In)ja) s, (11
g = |[[(G " 52"1(J0)dp) (In)FA) 1

Uns = al[[(x " dx1(J0)dp) (IN)ia) s

+ Bl 5"1(J0)gpl (In)ia)s
+ {2h-4p states}.

(12

(13)

These states are schematically shown in fig. 1 and fig. 2.
The factors (a,b) and (o, 3,7,9) in these wave functions
(Pn;) are given by the isospin Clebsch-Gordan coefficients
as follows:

5T 1
(a.0) = <\/2TC+1’_\/2TC+1>’
T T
(Oé,ﬁ7’}/,6) = <\/2(TC+1)7\/2(TC+1))

1 1 5
NeT+1) \21T.+1) ) (15)

where the quantum number T, denotes the isospin of the
nuclear core. On the other hand, the symbol Tj shows the
isospin of valence particles. Hypernuclear excited states
(Pn;) are obtained according to the Arima-Horie classifi-
cations scheme of the configuration mixing theory [5]. For
example, in the case of 5’Sc, we get the wave functions
U2 and ¥ys by an application of the isospin lowering
operator (T_) to [5’Ca(gr. conf.)) and |5Ca(ex. conf.)),
respectively. The total isospin of Wys are obtained by the
core-particles coupling scheme: T' = T, x Tp(hp). In the
numerical calculations, neglecting {2h-4p states}, we se-
lect only the one-proton excitation mode, because we are
interested in the first-order corrections to hypernuclear
quadrupole moments.

(14)
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Fig. 1. The shell model configuration of the ground states of
medium-weight and heavy hypernuclei. (a) pA systems with
Jp = lp £1/2 orbit. (b) nA systems with jn = ln & 1/2 orbit.

3.2 The nA systems with j, = |,, == 1/2 orbit.

Basic states are as follows:

Yo = |juja) s (16)
Un1 = |[ix " in G (J0)(In)ia) (17)
Wno = al[(jp") " [ipdnl (Jo, To = 1)(In)ia)s

+6/[(jn") 32 (Jo, To = DI(In)ja)s

+ {4p-2h states}, (18)
Wns = [[(jp") " [pdn) (Jo, To = 0)(x)ja)s, (19)
Ung = [fir [x'dn) (Jo. To = 1)](Ix)ja) s

+ Bllix " lipdv1(Jo, To = D)](In)ja) s

+ 8|0y indn1(Jo, To = D] (IN)ja) s

+ {4p-2h states}, (20)

Uns = —=|lir " n' Gl (Jo, To = 0)](IN)ja) s

-
V2
+ 5l Ui W To = O )ia) s (21)
These wave functions are schematically presented in fig. 1
and fig. 3. The factors (o, 3,7, 9) in these states are given
by eq. (15) (& = v2a). In the case of 5’Ca, for example,
we obtain the wave functions Yo and ¥ng4 by applying the
isospin shift operator (7-) to |5°K(gr. conf.)) and |5’K (ex.
conf.)), respectively. The total isospin of Wno and Wny are
obtained by the equation: T = T, x Tp(pp). In the nu-
merical studies, as for the pA systems, we choose only the
one-proton excitation mode, because we try to estimate
the first-order corrections to hypernuclear quadrupole mo-
ments.
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Fig. 2. The shell model configuration of the excited states of
medium-weight and heavy pA hypernuclei with j, = I, +1/2
orbit.

Hypernuclear wave functions with good isospin, such
as Uz, Uns (in fig. 2), ¥n2 and Uy (in fig. 3) were used
to investigate magnetic moments of medium-weight and
heavy hypernuclei [7]. On the other hand, nuclear wave
functions with good isospin were proposed for a systematic
study of core polarization phenomena of medium-weight
and heavy nuclei, such as N = 28 isotones [9].

The correction formulae for static moments of NA
hypernuclei are presented in appendix, where the sym-
bol fp(,k) denotes the one-body operator of rank k,
such as the quadrupole moment operator Q, =
V167 /5 epr2Ya0 (0, ¢p), and the symbol dy,; shows the re-
duced matrix element of the correction

J kJ\ <
Opi = (—JOJ) Opi

In the shell model analyses, assuming the energy de-
nominator —AE,; = Ey — Ep; is constant, we summed
up the intermediate states and described the correc-
tions Spi in terms of the average energies Ey;(NN, jrj),
Eui(NA, jrjr") and Eyi(NA, jrjr'), which are defined in
appendix.

(i=1,2,3,...). (22)
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Fig. 3. The shell model configuration of the excited states of
medium-weight and heavy nA hypernuclei with j, = I, +1/2
orbit.

3.3 Numerical results

The zeroth-order value of quadrupole moments of NA hy-
pernuclei jx = In £ 1/2 is given by the equation [3]

@ = ( ;5 7) tiaTl@xlixial)

(Q())o = a(J)(@n(in)),

where (On(jn)) shows the single-particle value of the nu-
clear quadrupole moment and the coefficient «(J) is given
as follows:

(23)

(2jn — 2)(2jn +3)
2jn(2jn + 1)
L, J=jn+1/2.

) J:JN_1/27

a()) = (24)

Numerical values of pA and nA hypernuclear quadrupole
moments are listed in table 1 and table 2, respectively.
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Effective values are calculated by using observed values
of quadrupole moments of nuclei with {core + N} config-
urations (N = p and n), such as 2°°Bi and "3Ge [10]. On
the other hand, single-particle values are estimated simply
assuming the uniform charge distribution with a nuclear
radius R = rgA/3 [3].

It is interesting to discuss effective quadrupole mo-
ments of heavier NA hypernuclei, such as 2!°Bi and 7!Ge.
The discussions on these moments are given in the next
section.

Here we show and discuss the configuration mixing ef-
fects on quadrupole moments of medium-weight and heavy
NA hypernuclei. The calculations of these heavier hyper-
nuclei are rather tedious, and we select the simple cases;
%0Sc and 3’Ca, the pA system and the nA system, re-
spectively. With the use of the correction formulae in ap-
pendix, we can estimate the configuration mixing effects
on quadrupole moments of these hypernuclei.

The active orbits in the calculations are as follows:

[50SclWp2 : jp = Lfr)0;
Jo' =1f5p.2p32,1h110, 1 he2 2 fr0, 2 f5p2,3p3p2-
W3t Jp = Lfzj2:0p" = 1ps)a-
YUps t Jr = 1ds 25
g’ = 1g9/2,1g7/2, 2ds5 2, 2d5 2, 351 /2.
I = 1d3/2§j7r/ = 1g7/2,2d5/2,2d3/2, 351 /5.
Jr = 2812; jx’ = 2d5/9,2d35.
Jr = 1p3y2;jx’ = 1f5/2,2p3/2, 2p1 /2.
Jr = 1p1ya; jx’ = 1fs/2,2p3)2-

[0Ca) W1 : jir = 1p3j2;jn’ = 1f7/0.
Upo @ Jp = 2p3/2;jp/ = 1273/2, 1p1/2-
W3t Jp = 2p3/2; Jp’ = 1pss2, 112
VUpa t Jr = 1ds 25
g’ = 1g9/2,1g7/2, 2ds5 /2, 2d5 2, 351 /2.
Jn = 1d3/2§j7r/ = 197/2a2d5/2a2d3/2a351/2'
Jn = 2512} Jx = 2ds5/2,2d3 /5.
Jr = 1p3ja;ja’ = 1f5/2,2p1 /2.
Jn = 1p1/2;jwl = 1f5/2~
Ups @ Jr = 1ds2;
Jx' = 199/2, 1972, 2d5 2, 2d3 2,351 /3.
Jn = ds)2; jn' = 1g7/2,2ds5 /2, 2d3 2, 351 /2.
Jn = 281/2§j7r/ = 20{5/2’2(13/2-
Jn = 1p3j2; 4’ = 1f5/2,2p1/2-
Jn = 1p1y25 dx’ = 1f52.
All configurations (¥,1—Wp5) are not always used to evalu-
ate the first-order corrections to hypernuclear quadrupole
moments. A A-hyperon is assumed to be in the ground
configuration; j4 = 1s1/2. In tables 3 and 4, the numeri-

cal results of configuration mixing effects are given in unit
of the inverse of the harmonic oscillator frequency 1/vn
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Table 1. Quadrupole moments of medium-weight and heavy pA hypernuclei with j, = I, & 1/2 orbit (in efm?).

hypernuclei Configuration J" Effective(® Single particle®
381 1dz/2 (p) X 1s1/2(A) 1+ —3.246 —1.918
2t —6.493 —3.837
PSc Lfz/2 (p) X 1s1/2(A) 3" * —6.886
4~ * —7.712
Y 1go/2 (p) X 1s1/2(A) 4t * —11.690
5% * —12.525
%CNb 1go/2 (p) X 1s1/2(A) 4t * —11.865
5% * —12.712
21Sb 1hi1/2 (p) X 1s1/2(A) 5~ * —16.529
6~ * —17.316
210B; Litz/a (p) X 1s1/2(A) 6t * —23.540
7t * —24.342
Lhg s (p) X 1s1/2(A) 4~ —42.9 —20.654
5 —46.0 —22.129

() Effective Values are calculated by observed values of quadrupole moments of nuclei with the {core+p} configuration.

(®) Single-particle values are calculated by assuming the uniform charge distribution with a nuclear radius R = rgA/3.

Table 2. Quadrupole moments of medium-weight and heavy nA hypernuclei with j, = I, & 1/2 orbit (in efm?).

Hypernuclei Configuration J" Effective® Single particle™
PCa 2p3/2(n) X 1s1/2(A) 1~ * 0.0
2” * 0.0
S2Ni 1fs5/2(n) X 1s1,2(A) 2~ —6.4 0.0
3 —8.0 0.0
MGe 1gg/2(n) X 1s1,2(A) 47t —-16.1 0.0
5% —17.3 0.0
XSr 2d5/2(n) X 1s1/2(A) 2t * 0.0
3t * 0.0
%Zr 2d5/2(n) x 1s1/2(A) 2+ * 0.0
3t * 0.0
24Sn 2f7/2(n) X sy /2(A) 3 * 0.0
4~ * 0.0
210py, 2g9/2(n) X 1sy2(A) 4t * 0.0
5T * 0.0

(@) Effective values are calculated by observed values of quadrupole moments of nuclei with the core {core4+n} configuration.

(®) Same comments as for table 1

and 1/v4. The factors £p;(NN, jrj.") and &p;(NA, jrjx’)
in these tables are defined as follows:

Epi (NN7 j‘rror/)

épi(NN7jﬂ'jﬂ',) = AE ] ) (25)
pt

_ . Epi(NA, jrjr’

6pi(NA7]7r.]7rl) = %7 (26)
pt

where the averaged energies Ep;(NN,j.j.") and
E,i(NA, jrj') are estimated, assuming the energy

denominator AE},; to be constant. the factor &,; and the

average energy Epi(NA,j.j.') are defined in the same
way:

. . Ei(NA, jrjr’)

5pi(NA>,77r]7rl) = W (27)
In the numerical calculations we use free charges of nucle-
ons and a A-hyperon (e, =1, e, = ey = 0).

From tables 3 and 4, we see that the number of correc-

tion terms dn 4 is much fewer than that of correction terms



486

The European Physical Journal A

Table 3. The first-order corrections to quadrupole moments of medium-weight and heavy pA hypernuclei [A = 50 systems] (in
efm?). The corrections dx;(NN) and dxi(NA) are given in units of 1/vx and 1/va, respectively. See text for details.

Hypernuclei

Jﬂ'

oni (NN)

5Ni(N/l)

0S¢

59Sc

3-

—3.659 p3(NN, 1f7/21ps/2)
—2.250 £55(NN, 1d5,21g9/2)
—0.636 £p5(NN, 1ds5,/21g7/2)
—0.734 £55(NN, 1d5 /22d5 2)
—0.367 &p5(NN, 1ds,22d32)
—0.519 &,5(NN, 1d5/2351/2)
+1.909 &,5(NN, 1d3/21g7/2)
—0.367 &ps (NN, 1ds/22d52)
—0.561 &p5(NN, 1d3/22d3/2)
—0.424 £,5(NN, 1d3 /2351 2)
—2.173 &ps(NN, 251 /22d5 /2)
—1.775 &,5(NN, 251 /22d3,5)
+0.581 &p5(NN, 1ps /a1 fs/2)
40.474 £,5(NN, 1p3/22p3/2)
+0.474 E,5(NN, 1p3/22p1 /2)
—1.086 &p5(NN, 1p1 /21 f5/2)
40.474 £,5(NN, 1p1 /22p3/2)
—4.098 Zp3(NN, 1f7/91p3/2)
—2.520 &p5(NN, 1d5/2199/2)
—0.712 &p5(NN, 1d5/21g7/2)
—0.823 &p5 (NN, 1ds5/22d52)
—0.411 £,5(NN, 1d5 /22d32)
—0.582 &p5(NN, 1d5 2351 2)
+2.138 &,5(NN, 1d3/21g7/2)
—0.411 £,5(NN, 1d322d5 2)
+0.628 £,5(NN, 1d3/22d3/2)
—0.475 &p5(NN, 1d3/23512)
—2.434 Z,5(NN, 25, /92d52)
—1.988 &,5(NN, 251 /52d3/2)
+0.650 £p5(NN, 1ps /21 f5/2)
40.531 &,5(NN, 1p3/22p3/2)
+0.531 &p5 (NN, 1p3 /22p1 /2)
—1.217 &,5(NN, 1py /21 f5/2)
+0.531 £,5(NN, 1p; /22p3/2)

—0.659 yn2(1f5/2)
+2.244 ’YN2(2f7/2)
+0.311 ’yNQ(Qfs/Q)

70479 ’YNQ(lhg/Q)
+2.514 yn2(2f7/2)

OnN- Therefore, hyperon-induced configuration mixing ef-
fects (3 0ni(INA)) turn out to be one or two orders of mag-
nitude smaller than nucleon-induced configuration mix-
ing effects (3 dn;(NN)), because NA interactions are one-
order of magnitude smaller than NN interactions. More
detailed numerical calculations of these corrections will
be the next-step problem.

The perturbation theory, which we use in this and pre-
vious papers [3,6,7], turns out to work well in hypernu-
clear moments analyses, because N/ interactions are one-
order of magnitude smaller than NN interactions. Thus,
we may justify the perturbation method in hypernuclear
moment studies.

4 Discussions

In this section, we give discussions on quadrupole mo-
ments of special hypernuclei, whose effective values are
available. We also discuss effective charges of nucleons and
hyperons in hypernuclei and the diagram of hypernuclear
quadrupole moments.

4.1 Quadrupole moments of 33Cl

The hypernucleus 32Cl is not heavy, but we simply as-
sume the doubled-closed core 38Ssq, which is the same
type N # Z core as 35Cagg and 39°Pbyas used in this pa-
per. Thus, we studied quadrupole moments of 33Cl in this
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Table 4. The first-order corrections to quadrupole moments of medium-weight and heavy nA hypernuclei [A = 50 systems] (in
efm?). The corrections dn;(NN) and dn;(NA) are given in units of 1/vx and 1/v4, respectively. See text for details.

Hypernuclei J" oni(NN) oni(NA)
YCa 1~ +1.897 £p1 (NN, 1p3 /21 f7/o —0.422 £,2(NA, 2p3 /2 1p3 2
+0.517 €p2(NN, 2p3 /21p3 /2 +0.422 EL2(NA, 2p3/21p1 /2
+0.517 €2(NN, 2p3 91py /2 +0.516 ép3(NA, 2p3/21ps /2
+0.632 Epg(NN, 2])3/2 1p3/2 —0.516 épg(NA, 2p3/21p1/2
+0.632 &p3(NN, 2p3/21p1/2
—1.227 Ep4(NN, 1d5 /21992
—0.347 Ep4(NN, 1d5/21g7/2
—0.400 ép4a(NN, 1ds522d5)2
—0.200 Ep4(NN, 1d5/22d3/2
—0.283 &p4(NN, 1d5 /2351 /2
+1.041 £,4(NN, 1d3/219g7/2
—0.200 ép4(NN, 1ds,22d5)2
+0.306 £,4(NN, 1d3/22d5/2
—0.231 &p4(NN, 1d3/2351 2
—1.185 &4 (NN, 251 /52d5,2
(
(

— — — —

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
—0.968 £p4(NN, 251 /22d3,2)
+0.316 £,4(NN, 1ps /21 f5/2)
+0.258 £,4(NN, 1p3/22p1 /2)
—0.592 Epa(NN, 1py /21 f5/2)
—1.500 &p5(NN, 1d5 /2199 /2)
—0.424 £,5(NN, 1d5 /21g7/2)
—0.489 &,5(NN, 1d5 /22d5/2)
—0.244 £,5(NN, 1d5 /22d3,2)
—0.346 £p5(NN, 1d5 /2351 /2)
+1.272 £p5(NN, 1d3 2197 /2)
—0.244 Zp5(NN, 1d3/22ds5 /2)
+0.374 &p5(NN, 1d3/22d3/2)
—0.282 &,5(NN, 1d3/2351/2)
—1.449 £,5(NN, 251 /22d5 /2)
—1.183 £p5(NN, 251 /22d32)
+0.387 £p5(NN, 1p3 /21 f5/2)
+0.316 &p5(NN, 1p3/22p1 /2)
—0.724 £55(NN, 1p1 /21 f5/2)
( )

)

)

)

)

)

)

)

)

)

)

)

)

)

Ca 2- +3.794 5,1 (NN, 1p3 /21 f7/2 +0.553 &p2(NA, 2p3/21p3/2)
+1.034 £,2(NN, 2ps 5 1ps /o —0.553 &p2(NA, 2p3/21p1 2)
+1.034 EPQ(NN, 2])3/2 1p1/2 —0.676 épg(NA, 2p3/21p3/2)
+1.264 8p3(NN, 2p3/21p3/2 +0.676 épg(NA, 2p3/21p1/2)

+1.264 £,3(NN, 2p3/21p1 /2
—2.454 £54(NN, 1ds /21992
—0.694 &p4(NN, 1d5 /21972
—0.801 £p4(NN, 1ds5,22d5/2
—0.400 épa (NN, 1ds522d3)2
—0.566 &pa(NN, 1d5 /23512
+2.082 £,4(NN, 1d3 /21972
—0.400 pa (NN, 1d5,22d5 )2
+0.612 £pa (NN, 1d3/22d3)2

(NN

—0.462 &£p4 , 1d3 23512
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Table 4. continued

Hypernuclei JT

dni(NN) Ini(NA)

—2.371 £pa(NN, 251 /22d52)
—1.936 &pa(NN, 251 /52d3,2
+0.633 E4(NN, 1ps 21 f5,2
+0.517 Epa(NN, 1p3/22p1 /2
—1.185 &pa (NN, 1py /21152
—3.000 &5 (NN, 1ds 2 1gs 2
—0.848 &p5(NN, 1d5 /21972
—0.979 &,5(NN, 1d5/22d5/2
—0.489 &,5(NN, 1d5/22d3 /2
—0.692 &5 (NN, 1ds /2351 2
+2.545 &p5(NN, 1d3/21g7/2
—0.489 &,5(NN, 1d3/22d5 /2
+0.748 £p5(NN, 1ds22ds
—0.565 &p5(NN, 1ds /23512
—2.898 &p5(NN, 251 /22d5/2
—2.366 &p5(NN, 251 /22d3 /2
+0.774 &,5(NN, 1ps /21 f5,2
+0.632 &,5(NN, 1p3/22p1 /2
(

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
—1.499 £,5(NN, 1p; /51 f52)

paper. The magnetic moment and quadrupole moment of
37C1 were investigated by Noya et al. [5], and the exper-
imental data [10] were nicely reproduced by the simple
shell model. We may justify the simple shell model config-
uration [1ds/o(p) X 1s1/2(A)] for the ground state of 3 CL
The effective quadrupole moments of 17 and 27 states of
33Cl are calculated to be —3.246 (efm?) and —6.493 (efm?),
respectively.

4.2 Quadrupole moments of 2!°Bi
The hypernucleus 4'°Bi is a typical example of heavy
p/A systems, whose effective moments are available. The
magnetic moment and quadrupole moment of 209Bi
(9/27,g.s.) were extensively studied by Noya et al. [5]
with the use of the shell model. The magnetic moment was
shown to be not satisfactorily reproduced by the configu-
ration mixing theory. On the other hand, the quadrupole
moment was shown to be nicely reproduced by the stan-
dard shell model calculation. By using the experimen-
tal data of 2°9Bi (9/27, —46.0 efm?) [10], quadrupole mo-
ments of 4~ and 5~ states of 3!°Bi are predicted to be
—42.9 (efm?) and —46.0 (efm?), respectively. These values
are several times enhanced in comparison with the single-
particle values of the shell model (table 1).

4.3 Quadrupole moments of %’Ni

As is well known, Ni-isotopes have complex energy spec-
tra, and valence neutrons have large effective charges [10].

For introducing effective quadrupole moments of heav-
ier n/A hypernuclei, we simply assumed the double-closed
core $9Nizy and calculated quadrupole moments of §Ni
in this paper. The quadrupole moment of the 5/27 state
(0.067 MeV) of ®INi was observed to be —8.0 (efm?) [10].
The effective quadrupole moments of the 2~ and 3~ state
of §2Ni are calculated to be —6.4 (efm?) and —8.0 (efm?),
respectively, which are compared to the single-particle
value 0.0 (efm?) (table 2).

4.4 Quadrupole moments of "'Ge

Ge-isotopes also have complex energy spectra [10]. As for
the previous example (52Ni), for the sake of introducing
effective quadrupole moments of heavier nA hypernuclei,
we simply assumed the double-closed core {3Geyq, and cal-
culated quadrupole moments of *Ge in this paper. The
magnetic moment and quadrupole moment of “3Ge were
suited by Noya et al. [5], and the experimental data [10]
were well reproduced by the simple shell model calcula-
tion.

The quadrupole moment of the 9/2% state (g.s.) of
"Ge was observed to be —17.3 (efm?) [10]. The effective
quadrupole moments of 4T and 5% states of }'Ge are cal-
culated to be —16.1 (efm?) and —17.3 (efm?), respectively.
The experimental data of these moments are much desired
to test the hypernuclei shell model.
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4.5 Effective charges of nucleons and hyperons in
hypernuclei

As is well known, neutrons and protons have effective
charges (de, and dep,) in nuclei, which shows the collective
motions of nuclei [4,5]. Generally speaking, neutron’s ef-
fective charges are rather larger than proton’s (de, 2 dep).
From the shell model point of view, this fact is ascribed to
the strong property of neutron-proton (np) interactions.
Indeed, the number of correction terms in 5’Ca are about
twice larger than that of correction terms in 5°Sc (tables 3
and 4). As NN interactions are one-order of magnitude
larger than NA interactions, we may expect larger effec-
tive charges of nucleons and smaller effective charges of
hyperons in A-hypernuclei; de, 2 dep 2 dea.

4.6 The quadrupole moment diagram of hypernuclei

The nuclear quadrupole moment diagram, where the ra-
tios (Qexp/|Qsp|) are plotted against the mass number
(A), is frequently used to show the deformation and the
collective motion of nuclei [4,5]. In the same way, we
may expect the hypernuclear quadrupole moment dia-
gram, where the values (Qexp/|Qsp|) are plotted against
the mass number (A). This diagram will lead us to in-
vestigate the deformation and the collective motion of hy-
pernuclei. We desire the experimental observation and the
diagram of hypernuclear quadrupole moments.

5 Summary

Finally, we summarize our work as follows. In this paper,
we studied the quadrupole moments of medium-weight
and heavy NA hypernuclei within the framework of the
shell model. The quadrupole moments of these hypernu-
clei (Q) are determined mainly by those of nuclei (Qn),
as far as the effective charge of the A-hyperon (e4) is
small. We also estimated the configuration mixing effects
on these hypernuclear quadrupole moments by using the
perturbation theory. The hyperon-induced configuration
mixing effects presented in tables 3 and 4 turn out to be
one or two orders of magnitude smaller than the nucleon-
induced configuration mixing effects, because nucleon-
hyperon (NA) interactions are one-order of magnitude
smaller than nucleon-nucleon (NN) interactions. There-
fore, the effective values of medium-weight and heavy NA
hypernuclear quadrupole moments listed in tables 1 and 2
are expected to be very close to experimental moments.
The experimental observation of hypernuclear quadrupole
moments is much desired to test hypernuclear models and
theories.

We would like to thank Ms. H. Joga for typing of this paper.

Appendix A.

Using the basic states in the text (o, Pn1,%N2, ¥ns,
WUng, and Py5), we obtained the correction formulae of
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configuration mixing effects on static moments of NA sys-
tems. In this appendix, we present the correction formulae,
which we used in the numerical calculations of quadrupole

moments. The symbol fék) denotes the one-body opera-
tor of rank k, such as the quadrupole moment Ql(ok) (k=2)

and the symbol Spi shows the reduced matrix element of
the correction;

Opi = <_‘]J 0 J> Opi  (i=1,2,3,4,5).

Appendix A.1. The pA systems with j, =1, =1/2
orbit

1) Correction induced by ¥n; (NA interaction).

Op1(NA) = 2> (| £ [ @1 (")) s Y1 (),

Jp’
T J J k
-9 _\J+Ek+ip+ia 20 +1 S !
) er+n{l 8
(| £ 110"y rma (') (A1)

2) Correction induced by Wno (NA interaction).

Op2(NA) = 2 (G| 87 1 n2(3p)) s N2 (')

Jp’
I J J k
=2 2§:—=’+’€+JP+M+1 2J+1Y 7,
¢ ,,() ( +)Jpjp’JA
Jp
x<jp‘|fp()k)ij/>'YN2(jp/)- (A.2)

3) Correction induced by Wns (NN interaction).

- 2
dp3(NN) = " Afns D> ol £ 1%s) g

Jp’ JoJN
X (Wps| Vx| Wo) 7,

22(_)J+k+jp/+jA+1(2J+ 1){‘] J k }

— ]pjpj/l
Jp

EPS(NNajpjp/)

X <jp||f;§k) 170" ABns ; (A.3)

where

D i a7 = Jp Jp Jo
Ep3(NNv]pJp ) = ;(2']0 + 1){jpl i k }
0]

><<j}.2)|VNN|jpljp>J0 (JO = 0, even). (A4)
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4) Correction induced by ¥n3 (NA interaction).

Bpa(NN) = == > > (Tl fg" [¥s) s
jp' JoJN
1+ (=)
X (Wp3|Vna|¥0) g X %,
ity J J k
= (=)t ti oy Y Y0
Z( ) @7+ ){]AJA]p}
Jp
. o Eus(NA, jp50)
k 3 9
(ol £ ”IJ;»')W
J J k
NEREEREZYON SNEE D P
+Z + ){JpJpI]A}
ey UpdalValip'da) g
(ol £55 1170y 2 Ay (A.5)
where
_ o 7
Bps(NA, joip') = 3 (-)’ @Jﬁ%u{?jAk}
J! p
X (GpgalVNalip'da) - (A.6)

5) Correction induced by ¥n4 (NN interaction).

0pa(NN) = Z PRUAFAR I
]wjﬂ'JoJN
X<Wp4|VNN\%>J,
s J J k
=2 —)J kiAo £ 1) Y Y
Z/() ( +)jpjpm
NEVES
(k) Epy(NN, jrjx')
il 59 15n") =2 g2,
where

_ o , TN

Bpa(NN, jinjin') = > (=) (27 + 1){3j jp k}
J’ p Jr
X<j7r/jp|VNN|j7rjp>J/

6) Correction induced by ¥n4 (NA interaction).

Opa(NA) = Z PRUAFAR Y
]ﬂjﬂ/JUJN
><<Wp4|VNA|%>J,
L J J k
=2 )Rt 0 4+ 1) T Y
ij:,( ) @7 +1) Ja ja Jp
. - Epa(NA, jrjx")
(k) n =p4 )
(el 50 gy ot O,
where
_ o / . J
En(NA o) = S+ i 2

J/
X (jr'ja|VNalinia) s

|

(A7)

(A.8)

|

(A.9)

(A.10)
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7) Correction induced by Wns (NN interaction).

2
AFxs S Wl £ 1%s)

Jrgx" JoJN
X (Wps | Van [Wo0) 7,

207 Z )IHhetin+ia (9,7 4 1){3‘.] }] jli }
P Jp

Jrin'

dp5(NN)

Ep5(NN,j7l'j7Tl)

X (G | F59 11 3") A (A.11)

where

_ L , 'ﬂ/ - JV

Eps (NN, jrja’) = > (=) (2] + 1){31. jp k}
J’ p Jm
><<j7r/jp|VNN|j7rjp>J’ (A.12)

8) Correction induced by Wns (NA interaction).

Sps(NA) = == > > (ol 14
ij‘rr/ JoJn
><<%5|VNA|%>J7
J J k
__2 2 J+k+hﬂﬂw 2J 1 X X :
« Z (27+1) JA JA Jp
Jrn’
Eos(NA, 15"
. (k)| 1 PS5 yJnlw
X (G ll.f5 HJH—AEN5 : (A.13)
where
) o J
Eps(NA, jrjz') = 2J + 1) 77 A
s NAgei) = ST 07+ 0
X (jr'jA|VNAlGria) s (A.14)
Appendix A.2. The nA systems with j, =1, £1/2

orbit

1) Correction induced by ¥n; (NN interaction).

S 3 Wl i 1)

Jnix’" JoJn

X (Wp1|Van [%0) 7,

P4 J J k
-9 Z (_>J+k+]7r +JA(2J+ 1){jn i ]A}

Jrjn'

Spl(rqrq) ZAIEN

Epl (NN7 jﬂ'jﬂ'/)

O R

(A.15)

where
D J Jx' Jn Jo
EPl(Nijﬂj'n'/) = Z(_) 0(2J0 + 1){ ].7; ]: k }
Jo

X (G VNG i) 0 (A.16)
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2) Correction induced by Wn1 (NA interaction).

op1(NA) = Z Z (o]l 39 Wp1) s
]7!:77\" JoJN
><<Q;pl|‘/vNA|WO>J7
o J J k
-9 Z (_)J+k+3n+1w (2J+ 1>{j/1 jA jn }
Jnn’
Eor(NA, i)
. (k)y . n Epl y Jre)w Al
x<-77\'pr H.]7T> AENl ? ( . 7)
where
i .oy J’ / J /jA J
B (NA i) = S @7 + {7 2
J/
X (Jr'ja|Vaalinga) s (A.18)

3) Correction induced by ¥no (NN interaction).

5p2(NN) = Z D (@[l £ 1) 5
jp' JoJn
X (Wp2|Van [¥0) 1,
- s J J k
:22 _J+k+Jp+JA2J 1 s
@ Z/( ) ( + ) Jn Jn JA
. - n Epa(NN, jpjp")
k 2 )
X<Jp||f;() )||Jp/>pTN2pp, (A.19)
where
— . i i J
By (NN, jp Jp/):Z(_)JO (2Jo + 1){1}0 . kO }
T Jn Jp
><<jpjn|VNN|jp/jn>J0 (J():O,even). (A.QO)

4) Correction induced by ¥n2 (NA interaction).

opa(NA) = Z Z %Hf(k)H
jp, JOJN
1+ ()
X (p2|VaalPo) s ————,
5 o J Tk
— 72 J+k+jp+j]]2j+1{. . }
]Z/( ) ( ) JA JA In
. - Epa(NA, jpip)
k 2 » JpJ
S ey
+ QQZ I+k+Jp+JA ]p||f;(>k)||jp,>
]1)
Ep2(NA7jpjp/)
T B (A.21)
where
R .. J
Epn(NA, jojp') = > ()? (2J’+1){ s k}
J/
X (jpjalValip'ia).r (A.22)
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and
5 gp' ga J’
Ep2(NA, jojp’) = ZW’“){ Tk jn}
J/
X{JpgalVNalip'ia)s (A.23)
5) Correction induced by ¥n3 (NN interaction).
Bpa(NN) = == > > (ol fg" [¥5a) s
jp' JoJN
X (Pp3| Vi [%0) 1,
P4 J J k
=2) (=)t tiar4 ) T T
]2/:( ) ( + ) Jn Jn JA
: - Eps(NN, jpjp)
(k) /=Zp3\-Y Y JpJp ) A.24
x(Gpllfo 7 17n") Abna (A.24)
where
— . . . .n J
EPB(NNujp Jp, ) = Z(—)JD (QJ() + 1){]_}) ‘7 k‘o }
7o Jn Jp
X(Jpin|VaN|dp dn)se (Jo=o0dd).  (A.25)
6) Correction induced by W3 (NA interaction).
Opa(NA) = = 35— > (ol £ ¥53).s
jp/ JOJN
1= (o)
X (Uns|ValPo) s X ——5——,
= _\J4k+ip +in 2] +1 J J k'
Z( ) @7+ ){]AJA]n
Jp
. o Eys(NA, ju50")
R
—ZJWWMWW
M
X A (A.26)
where
= o J!
EPS(NAJp]p/) = Z];( ) (2JI + 1){;1) .‘77/1 i }
X (JpdalVaalip'ia) s (A.27)
and
3 g’ ga !
ButNd) = s -0 {53 7]
J/
X (JpgalVNalip'ja)s (A.28)
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7) Correction induced by Wn4 (NN interaction).

6pa(NN) = Z PRUAFARI NN
ijw/]OJN
X<Wp4|VNN‘J/O>Ja
J J k
= 2a° RELEEAIREZY0Y S B P S
@ Z ( +) Jn Jn JA
Jrdn’
‘ - Epa(NN, 525:")
(k) ! p4 )
X(Jx 1 f5 HJH—AEM , (A.29)
where

n . . . 0 J
NE———
Jo

X (Jr Jn| VAN |G dn) Jo, s - (A.30)

8) Correction induced by ¥n4 (NA interaction).

0pa(NA) = Z > (o[l £ 1Wpa) s
ijw/JOJN
><<Wp4|VNA|U70>J,
J J k
=202 )IHktintin (97 41)8 O 0
“ Z (J+ ){J/lj/ljn}
Jrjn’
. - nEu3(NA, jrir’)
(k) n ~p3 )
X (Grllfp lin >—AEN4 , (A.31)
where
_ o , _ J
EP4(NAa]ﬂjﬂ/) = Z(*)J (QJ/ + 1){‘; ‘;: i }
J/
X(jr' AIVNAlGmia).a (A.32)

9) Correction induced by ¥n5 (NN interaction).

T 3 2 AP,

Jrjx’ JoJIN
X (Wps5 | VN [Wo) 7

Z()”W«’HA@JH){J 7 .’“}

-, Jn Jn JA
NENES

x (G 3

ops(NN) = —

EpS (NN, jﬂ'jﬂ'/)

Yo (A.33)

17x")
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where
D gt Jo jﬂ'l Jn Jo
EP5(NNa.77r.77r ) = Z(—) (2J0 + 1) i in k
Jo
X<.j71'/jn|VNN|j7rjn>J0,T0:0 (A34)

10) Correction induced by ¥ns (NA interaction).

~ 2
dps(NA) = ——=— > > (W0l £ 195).s
5 j'rrj‘rrl JoJN
X (Pps|Vna|Po) g,
_ Z(_)J+k+jxl+jw/(2j_~_1) J J k
—, JA JA In
NENES
. Eos(NA, j5:")
. (k). n ps y Jw)w A
<Gl FP15) 2R EI (As)
where
Eps(NA, jrjie) = S0(=)7 (20 +1) Jx'Ja
p ) ~ ,]/1 ,]7r k
X (' jA|VNAlGnda) 0 (A.36)
References

1. T. Motoba, H. Bando, K. Ikeda, T. Yamada, Prog. Theor.
Phys. Suppl. 81, 42, 104 (1985).

2. H. Bando, T. Motoba, A. Zofka, Intern. J. Mod. Phys. A
21, 4021 (1990).

3. Y. Tanaka, M. Matoba, Nuovo Cimento A 112, 359 (1999).

4. R.J. Blin-Stoyle, Proc. Phys. Soc. A 66, 1158 (1953).

5. H. Noya, A. Arima, H. Horie, Prog. Theor. Phys. Suppl.
8, 33 (1958).

6. Y. Tanaka, Phys. Lett. B 227, 195 (1989).

7. Y. Tanaka, Nuovo Cimento A 108, 1 (1995).

8. A. De-Shalit, I. Talmi, Nuclear Shell Theory (Academic
Press, New York, London, 1963).

9. E. Osnes, Proceedings of the Topical Conference on the
Structure of the 1f7,5 Nuclei, Padova, 1971; edited by
R.A. Ricci (Editrice, Compositori, Bologna, 1971).

10. C.M. Lederer, V.S. Shirley, Tables of Isotopes (John Wiley
& Sons, Inc., New York, 1978).



