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Microscopic proton two-particle neutron two-hole shell-model calculations have been performed for the
nucleus }3?Te,,. Evidence results for the existence of a weak-coupling pattern obtained by coupling nuclear
low-lying levels in 3*Teg, and !3°Sny,. Electromagnetic properties for the most important low-lying levels in
13’Teg, are also calculated and compared with existing experimental data. The limitations of proton two-
particle- (neutron two-hole-) core coupling calculations are also exhibited when proton and/or neutron
number only deviates from closed shell configurations by a small (4-2) number.

NUCLEAR STRUCTURE % Teg, shell-model 2p — 2h calculations, electro-
agnetic properties, Ty;;, comparison with 2p(2h)-core coupling macroscopic

calculations.

I. INTRODUCTION

Recent experimental studies have indicated!:?
that, if both proton and/or neutron number deviate
from a closed shell configuration by only a small
number of nucleons (£2, +4), the typical two-par-
ticle (-hole), four-particle (-hole) degrees of
freedom can still be clearly observed and are not
averaged completely into a collective excitation
pattern. Thus, also in the '32 Te,, nucleus, typi-
cal proton two-particle and neutron two-hole con-
figurations clearly stand out in the experimental
level scheme® ® and resemblance with a vibration-
al-like spectrum is only very crude, although such
calculations have been carried out before.” 8
Therefore, and because the basic building blocks
13 Teg,, '30Sng, and '3%Sby, constituting the nucleus
under study are experimentally well known,°~!?
we have tried to study the limits of a unified-mod-
el treatment where only proton two-particle-

(neutron two-hole-) core coupled configurations
are treated and all neutron (proton) excitations

are averaged out. Experimental evidence for
specific neutron hole configurations of the type
(2d,,, '1h,,,, ") and (3s,,, "1k, ;") is definitely avail -
able through the occurrence of low-lying J" =7~

and 57 levels in '3 Te,. Also, the proton
(1g,/,)4+%, ¢ configurations clearly stand out in

the experimental spectrum. In Sec. II, the nuclear
Hamiltonian as well as the solution of the nuclear
secular equation are discussed whereas in Sec.

ITI, the necessary transition matrix elements are
obtained. Finally, in Sec. IV, the experimental
results are compared with the shell-model cal-
culations where different approximations have been
used. Also, comparison is made with proton two-
particle-(neutron two-hole-) core coupling calcu-
lations in order to point out in a clear way the
shortcomings of such calculations when performed
near closed shell configurations.

II. NUCLEAR HAMILTONIAN

The Hamiltonian describing the '32Te,, nucleus, when both proton and neutron excitations occur,

can be denoted as

- t.1
H= Z eaalaa+ Z Vasys Ga@pasay + E foﬂybalaga&a, . (2.1)
o o, B,y, 8 o, y(m)
(m,v) (7, v) B, §(v)

The basis configurations are specified by (see Appendix A)
|(hyh)d  (p1p,) 3 IM) =[(AT AT W, (A A])J, ]I MID)N, (2.2)

where |0) denotes the (50, 82) doubly-closed shell vacuum state. The diagonal term of (2.1) contributes ,
within the basis (2.2), the single-particle energy E s tEp,+E n +E,,, whereas the proton-proton and neu-
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tron-neutron interactions give the following contribution:

(R TL(PLDY) T 3 TMIV gy + Vo | (Rihy) I (D10, T 5 M) =[] 053 Ty My |V | 10537, M,y ) DY By, ik )
+( IRy M|V | Byl I M) D(D1D3, D103 d )]

7
X0y g1 05 1NN, (2.3)
with
D(ab, cd;d ) =6, 6,g — (= 1)fa* =955, (2.4)

N=[(1+0,,)(1+08,,,)]7*/2,

and N’ equal to N with primed indices.

In calculating the proton-particle—neutron-hole interaction matrix elements, the coupling scheme for
particle-particle angular momentum coupling is better adapted to the basis (2.2) chosen than the particle-
hole angular momentum coupling scheme. Therefore, we can write the third contribution in (2.1) as

3 !

iy d in dn J’

- ’ "n):JNAT, 1, -m +!'-m ERARY'M

n p:p.znzn UL PR IIA L A Ay -my m, =M’ J\-my m, M’ (-1 ’ ’
Jim'

(2.5)

where U((p’ p) (k' h);J ') stands for the angular momentum coupled matrix element of V,, [V,,, the third
component of Eq. (2.1)]. Here we use the coupling scheme (p’p)J’ and (k' h)J’, as defined by Eq. (2.5).
If we define the direct matrix element of V,, within the configuration space (2.2) as

F(ihyd 5, 010593 hod s 01020539 ) = (k) I 1 (D103 T35 TM| Vil (i 1) I (D102) T 3 TM ) s
(n.a.s.= non-antisymmetrized) one obtains after some Racah algebra (see also Appendix A)
FR Ty, DLbaTys hyyd s Di0dy39 )=y I3 I, ANN' Sy s 8y
Z j,’,2 J’ Ingf \Ip ' dy ) (I, I J;
! 7 . T
LN A PR S P

s .
n Iny n\ P, Jp, Ip,
X (=1)n tdptd A dp+d tip +Th iy +ipt +T)

=1)'m 1 2 B (2.6)

Defining the matrix element where the ket side has been antisymmetrized as

F (hhyd ), pipsdy s hihyd gy bipod 3 )= (R I 1 (D1 03T s IM| Vi | (B 1) I (D10,) T 5 M)

) denotes the antisymmetrized ket vector), one obtains

(

F, (R Rd ., piphd s s hihyd oy pibydp3d )EF (oo L) = (=120 49202 ¥ P F(p, = p,) = (= 1)'m *In2 " In F(h = h,)
+(=1)p1tipe i ine B I F(p o =p, k= h,) . 2.7)

Thus the total proton-particle—neutron-hole matrix element is obtained as

((RIRD)IL(DIpD) T IMIV | (yhy) o (poD,)d 3 IM) = F, (RiRSJ,, piphd s hibyd s DDy, 5 )
= (= 1), "9, *T5 F (b= ph) = (= 1)h "8, " F (k] = B)
+(_1)!;l+!;2+j;',1+j,',2+.r;,+1,: Fa(P{’PQ, h;"hé) . (2.8)

As already mentioned, in using the representation of (2.5) for the particle-hole interaction, an important
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numerical simplification results as compared with the usual particle-hole coupled representation of this

interaction.

III. TRANSITION MATRIX ELEMENTS

If we call {(a||,]|d) the independent particle reduced matrix element for the electromagnetic multipole
operator 2,, we can calculate the full reduced matrix element between the initial state |J; M;) and a final

state | J, M, ) as,

<Jf l‘gxll‘]i) = {Z} C{(hxthn ybhipad i d; )Cf (h{h;J;;P;péJ; ;Jf )(f"g)\“l) ’ (3.1)

iof

where ( f||2,]| 7) denotes the basic transition matrix element that can be further separated into a proton
and neutron contribution and c;(...), ¢,(...) denote the expansion coefficients of the initial and final state,
respectively, within the basis of Eq. (2.2). For the proton contribution, we find as the direct term contri-

bution

{J’ A J,} i, A j,z}
1,7 .
N, gy 3,51, gy, dy ) Ot Oy DR, B3 dy) - (3.2)

(see also Appendix B), and for the matrix element taking into account the antisymmetry in initial and

final states,

(FIRallidy =0, (o) = (= D)5 52775 @, (p]=p)) = (= 1)'n* 2122 Q (p, = p)

+(=1)b tibyrin tiny vt IbQ (pl=pl pi=p,) . (3.3)

After similar calculations, one obtains for the neutron contribution

Qo (WL, DIb4T s g5 hihyd s Dibydyy )= S, T d J NN (R QI RL) (= 1)ihe =3m #2400

JIL oA d, ],’l2 A j,'2
141 .
+ J‘ Jp Jf J" jhl J:' Ghlh; alp J; D(P1p2) plpzpr) ’

(3.4)

with a similar expression for the total neutron matrix element (f|| 2,||¢), as given in Eq. (3.3). The final
matrix element then results by making use of the equation (3.1) and using (f|| 2,]/2) =(f Q2 )+ CFIRE),-

IV. RESULTS AND DISCUSSION
A. Energy spectra

In performing the calculations, based on Secs.
II and I, the proton-proton as well as neutron-
neutron interactions have been taken to be of
Gaussian shape with spin exchange admixture,
i.e., V=V, e ¥ (Ps+tP,), in line with studies
of N =82 and N =83 nuclei within this particular
mass region.!’’"!® For the proton-neutron inter-
action on the other hand, an interaction of the
form V=V,8(7,-7,) (Ps+t'P,), as discussed in
Sec. II and also used in the same mass region,'¢: !’
has been considered. Here, Pg and P, denote the
spin singlet and spin triplet projection operators.
In the Gaussian interaction a value of g =0,325

(3.5)

fm~2 was used throughout.

For this particular nucleus '¥2Te,,, the separate
p-p, n-n, and p-n interactions were determined
by studying the adjacent nuclei '3iTey,, '33Sng,,
and '32Sb,, and searching for the best agreement
with the experimental data. The parameters
Vo Vi, t, and ¢’ as well as the proton and neutron
single-particle (-hole) energies thus determined
are given in Table I, and correspond to the ex-
perimental single-particle (-hole) energies as ob-
served in '3Sb,, and '3Sn,,, respectively.'® !°
In Figs. 1, 2, and 3, the calculated and experi-
mental results for these three nuclei are given.® 2

Starting from the residual p-p, n-n, and p-n
interactions as well as the proton and neutron
single-particle (-hole) energies thus determined,
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TABLE 1. The parameters for the proton-proton,
neutron-neutron, and proton-neutron interaction as
well as the proton single-particle and neutron single-
hole energies. Values for the small space (A) and the
full configuration space (B) are given separately (see
also Sec. IV). For the proton single-particle energies
and full space (B), calculations with Ey45,,=0.75 MeV
and £y, ,,= 3.0 MeV have also been performed.

Proton Neutron
A B A B
Eiry ), 0.0 0.0 By, 0.0 0.0
E2d5/2 1.0 1.0 E351/2 0.3 0.3
Emnyy 2.0 By, 0.4 0.4
E243/2 2.4 Ek”? 2.4
Ey, 2.0 By, 2.8
Vo —50 -39 Vo -50 -39
t + 0.2 + 0.2 ¢ + 0.2 + 0.2
Vy=—84 (MeVfm?)
¢’ =5
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FIG. 1. Comparison for '3#Teg, between experimental
data (Refs. 9 and 10) and theoretical results using the
proton single-particle energies and force strength par-
ameters of Table I (B) (calculation I). Also, the calcul-
ation with changes in the proton single-particle ener-
gies Eq4,,,=0.75 MeV and E"’u/zz 3.0 MeV have been
performed (calculation II).
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FIG. 2. Comparison for '3 Sng between experimental
data (Ref. 5) and theoretical results using the neutron
single-hole energies force strength parameters of Table
I(B).
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FIG. 3. Comparison for '¥ Sby, between experimental
(Ref. 12) and theoretical results using single-particle
(— hole) energies and force strength parameters of Table
I (B). The unperturbed proton-neutron configurations
are also drawn.
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one can solve the secular equation corresponding
to the Hamiltonian discussed in Sec. II and calcu-
late transition rates, using the formulas of Sec.
II. Already by studying the separate results for
the proton two-particle and neutron two-hole nuclei
in some detail, we expect, through the coupling

of both subsystems by means of the 6 proton-neu-
tron interaction, to observe both proton and neu-
tron excitations in a pronounced way in the final
132Te,, nucleus.

In obtaining these final results, we also have
made some approximations in truncating the con-
figuration space available for both proton and neu-
tron single-particle (-hole) configurations, to the
most important ones. We used

(1) approximation (A): proton levels 1g,,,, 2d;,,
and neutron levels 2d,,,”", 3s,,,”%, 1k, ,,”},

(ii) full space (B): all proton and neutron levels
in the 50-82 shell, i.e., 1g,/,, 2d;,,, 2d;/,, 3S,/,
and 1k, ,,. One has to remark that in considering
the full space, matrices of a typical dimension
1000Xx 1000 occur and have been diagonalized.
Moreover, because the force strength parameters,
given in Table I(B), were determined for the com-
plete configuration space for either protons (neu-
trons) separately, some renormalization in ap-
proximation (A) will have to be incorporated on
force strengths in order to reach an overall agree-
ment with the experimental data. These parame-
ters [approx (A)] are also given in Table I.
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52 82 50 80 52 80
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FIG. 4. The important low-lying levels in %Te,
130gn, and in the nucleus '32Te, indicating the weak-
coupling pattern.
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FIG. 5. Comparison of the experimental data in
132T¢ (Refs. 3—6) with the microscopic proton two-par-
ticle neutron two-hole calculations within approxima-
tion (A) and using the full space (B). The results of
unified-model calculations where, respectively, proton
two-particle (or neutron two-hole) configurations are
coupled to quadrupole vibrations of a core nucleus, are
also given. Dashed lines connect levels with definite
J T assignment.

Before studying in detail the correspondence
between calculated and experimental level
schemes, one can very clearly distinguish a weak-
coupling pattern in constructing states in '32Te,,,
starting from the '*Te and '*°Sn adjacent doubly-
even nuclei (Fig. 4). The states in !32Te with
specific proton and neutron configurations stand
out very clearly. A new level, recently found,
at 1665.3 keV (Ref. 3) in 3*Te can very probably
be associated with the J | = 2} (or 23) theoretical
level.

In comparing approximations (A) and (B) with
experiment, up to E, =2 MeV, good overall agree-
ment occurs although three extra low-lying levels
[77=0; 0}, 2; (or 2;)] result in the calculations
(see Fig. 5). Above E, =~2 MeV, no detailed com-
parison is possible due to the growing density of
proton two-particle coupled to neutron two-hole
configurations. In studying the wave functions
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corresponding with the J | =0}, 2!, 4}, 6}, 57, 77, tion, a weak-coupling mechanism seems to be
8], and 10; levels (see Table II), one immediately acting. Therefore, one can try a decomposition
recognizes that in coupling the '3iTe,, and *3Sn,, of the wave functions in a direct coupling repre-
subsystems by means of the residual p-» interac- sentation.

TABLE II. Wave functions for the lowest-lying states in **Te as obtained in both approxi-
mation (A) (first column) and the full space (B) (second column). The 2h — 2p configurations
are always indicated within the (jn,irg)Jy, (jpljp2)Jp basis space. Excitation energies (MeV) are
also indicated as the numbers between parentheses. A dash means that the corresponding
amplitude squared (intensity) is less then 0.04. This criterion is also used to leave out (only
in the table) the other configurations constituting the complete wave functions.

Configuration (0.0) 0} (0.0) (1.322) 0% (1.467)
(2d3/9) 0+ 2(1g7 20 0.68 0.62 0.43 0.36
(35179 0+ H1g7/9)g+° 0.51 0.39 -0.85 -0.82
(Mg 9y0+ 7 (Lgq ) 0.” —-0.50 —0.47 —0.26
(331/2)0+'2(2d5/2)0.2 oes -0.22
(3s1/9) 0+ *(1hqy s9)g+" ... 0.24

(1.038) 2% (1.109) (1.307) 2% (1.306)
(2ﬂ3/2)0+—2(1£7/2)2+2 0.67 0.42 e 0.51
(35179 0+ 2187 /9) 9+ 0.48 0.24 cee 0.33
(Lhyy9) o2 (1gq 9)a+? —0.47 —-0.30 . _0.37
(g1 9) 9+ 2187 )0+ oo 0.22 —0.22
(245,9)+7 21879 g+ -0.25 —0.49 0.59 0.27
(2(]3/2-1351/2-1)2+(]£’7/2)0+2 LR 0.43 -0.73 -0.49
(1.412) 44 (1.582)
(2d3/9) 0+ (1877 0)4+" 0.68 0.68
(381/2)0;2(1},’7/2)442 0.52 0.42
(179 0+ 21y oha s —0.49 —-0.48
(1.547) 63 (1.705)
(2’73/2)0+—2(1ﬁ’7/2)e+2 0.68 0.68
(Bs1/2) 0+ 72187 2) g+ 0.52 0.42
(1h11/z)0+'2(127/2)6+2 -0.49 -0.48
(2.778) 81 (2.697)
(1hyq,9)g+~2(1gy 9 g+ 0.94 0.85
(1hyy,9) g+ 225 5) 0. e 0.31
(kg ge" (Thyg ) oo cee ~0.26
(2.800) 109 (2.704)
(Thyy)9) 10272187, )g+? 0.93 0.84
(Tyyy9) 10+~ H2d 5 9) 4 eee 0.31
(1479104 "21R11 o)y 2 oo —0.26

(Thy1y9) 1047287 s0) 042 -0.28 -0.22
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TABLE II. (Continued).

Configuration (1.827) 71 (1.823)
@dy 2" hyy57 ) - (g7 0e? 0.96 0.87
(2dy,5 hyg 971 - (18790042 —0.25 ~0.20
(23,5 Thyy 577 = (2d5,9) 042 0.25
@dyy 3 Thyy g - (Mhyyyoes® oo -0.26

(2.065) 57 (2.035)
(2d3/2-11h“/2_1)5 - (1»‘37/2)o+2 -0.72 ~0.68
Bs1/57 1,575 = (1g7/9)0s  0.65 0.56
(23,5 Thyg57Y5 = (Thyg ) ge? 0.20

By means of diagonalizing within the proton
space, the proton particle-particle interaction
V,» and, in the neutron space, the neutron hole-
hole interaction V,, (in both cases, all configura-
tions in the 50-82 shell are considered) as well
as directly diagonalizing within the full two-pro-
ton-particle—two-neutron-hole space [approx (B)],
the total interaction V,,+V, +V,,, the wave func-
tions

| (0, B = 2 B (i, d ) (k) T,y (4.1)

Ry hy

Wy (m, =20 pX(pubasd | (Bip )T, » (4.2)

Py by
and

IJi> = E Cg (h1h2Jm plszp ;J)
hys koo I
P1y P24 Jp
x| (ko) T, (pyb) I3 ) (4.3)

in 13%gn, !3Te, and '*?Te are obtained. Inverting
the relations (4.1) and (4.2), one can express the
states (4.3) within the coupled basis of (4.1) and
(4.2) as

9= 2 a4, k3d, (@), 15 ]
Jn("), "l’ (m)
B x| (W, (1),1). (4.4)

The wave functions (4.4) for some of the important
low-lying levels in '32Te, are shown in Table III.
Here, the weak-coupling picture, at least for the
lowest states, becomes immediately clear. The
levels J] =2;, 4], 6 are the proton excited J]
=2}, 4%, and 6] states in '**Te coupled to the
130gn J" =0" ground state, whereas the J] =57, 77,
8%, and 10% are mainly the !*°Sn excited J] = 57,
77, 8;, and 10" states coupled to the ***Te J" =0"
ground state. The structure of the J] =27 level is
mainly the neutron !3°Sn J" = 2" first excited state

coupled with the '*Te J" =0" ground state. The
multiplet |25(») & 2% (n) (" =07, 17, 23, 3%, 4%) is
observed as a weak-coupling multiplet of states

+

near the unperturbed energy of E, (2", 13*Te)
+E, (2], '*°Sn) = 2.478 MeV.

B. Comparison with unified-model calculations

Within the unified-model type of calcula-
tions,”* 8 2 2 taking only explicitly into account

TABLE III. The wave functions for some of the low-
lying levels of 827, expressed in the basis (4.4). The
same truncation as in Table II is used to limit the ex-
pansion of the wave functions as given in the table. The
first column gives the theoretical excitation energy in
MeV (approximation B only).

0.000 | 0%) = —0.98 [ 0%(1)®0%(m)

1.467 | 03)= 0.86]05(»)®0%(m )+ 0.49] 05(r) ®07(n))
1.566 | 03)=0.83] 05(1)®0%(m) — 0.47] 03()® 0 (m))
1.977 |19 = 0.96] 17(»)® 0} (m) — 0.24| 2} (») ® 2 (x))
2.425 |13 = 0.94|21(1)®2{(n) +0.24[ 1{(») R 0% (m))
1.306  |2%)= 0.75] 01(»)®2%(m)) + 0.60| 2{ (1) ® 0% (m))
1.109  |2%) = —0.78|25(»)® 01(m) + 0.61]| 0;() ®2% (m))
2.408 |3 = 0.97|210)®2%(n)

1.582  |41)= 0.97]|01(»)®4%(n))

2.480  [45)= 0.81[41(1)®07(m) — 0.46|2{ () ®2%(m)
2,310  [43)= 0.84|27()®2(m)+ 0.49] 4{() ® 0% (m)
1.705 |67 = 0.97|07(»®6%(m)

2.697 |81 = 0.96] 81(»®0%(m))

2.764 | 8% = 0.98/21(1)®6%(n)

2.704  |10%) = 0.95[103(»)®0%(m) - 0.24[101() @2 (n))
2.035 |51 = 0.97|57(»)®0%(m)

1.823 |71 = 0.96] 71(»®0Y(m) — 0.22]|7{(») @27 (n))
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the proton two-particle (neutron two-hole) con-
figurations coupled with the core excitations of the
139gn (***Te) nucleus, important simplifications
have to be made. Results from both types of
macroscopic particle (-hole)-core coupling cal-
culations are compared with each other and with
the fully microscopic calculations in Fig. 5,
thereby showing some of the apparent shortcom-
ings in the unified-model calculations. Within the
proton two-particle-core coupling calculations,
the parameters of Ref. 7 have been used. No low-
lying negative parity levels (/" =5~,67,7") occur
and also, a low-lying J " = 0* state originating
from neutron two-hole configurations is not re-
produced.

For the neutron two-hole-core coupling calcu-
lation, the same neutron single-particle energies
as discussed in Table I, full space (B), have been
considered. The core was specified with 7w,
equal to the experimental J = 0] to 2] energy sep-
aration in '}}Te,,, the residual neutron-neutron
interaction was a surface delta interaction (SDI)
force with force strength G=0.21 MeV, whereas
the hole-core coupling strength £,=1.0 was taken,
a value consistent with the experimental B(E2;
27— 0}) value in '*Te. In this calculation, the
low-lying J" = 4* and 6* levels are missing as
compared with experiment and with the fully
microscopic approach.

C. Electromagnetic properties

Because only very few experimental transition
rates are known, we have calculated the electro-
magnetic properties of some selected levels,
such as the lifetime for the J | = 6] level deexcit-
ing via an E2 transition towards the J§ = 4] level.
In calculating transition rates, the effective
charges e, = 1.5¢, e, =0.5e, g¢"=0.5 gl have
been used throughout. In approximation (A),

a value T, ,,(6;) = 257 nsec [226 nsec in full space
(B)] results, which is to be compared with the ex-
perimental value of 145 nsec. In trying to calcu-
late the lifetime of the J} = 7] level, deexciting
towards the J] =67 level, within the model spaces
(A) and (B), no E1 transitions can occur. The
lowest multipolarity contributing in model space
(A) is M4, whereas in the full space (B), M2
transitions can occur with T,,,(77)=0.038 sec.
These results point towards a small but definite
admixture of proton and/or neutron excitations
out of, respectively, the Z =50 proton and/or

N =82 neutron closed shell configuration, making
E1 transitions possible. The 57 - 7] E2 transition
results in a value T',,,(5;)=0.21 psec in model
space (A) [0.23 usec in full space (B)].

A possible explanation for the recently observed
T,;»=3.9 pusec isomeric state® *? at 2,701 MeV

20 30 40 50 60
——EylkeV)—==

FIG. 6. Calculated half-life for the J}=107 level
within both the full space (B) (dashed line left-hand
scale) and the pure neutron two-hole (144/,)" 2 config-
uration (full line) as a function of the deexcitation gamma
energy Ey. Both results for e, =0.5¢ (right-hand scale)
and 1.0e (left-hand scale) are given.

could be provided through an E2 transition between
levels of the almost pure (1k,,,,),»% and
{1h,,/,)e+ % neutron configurations. Since the ex-
perimental J" = 10* level is not known experiment-
ally in a unique way, an upper limit could, how-
ever, be deduced when associating the 3.9 usec
isomeric level with the J =10 level®* feeding the
2.701keV J] = 8] level with a low-energy transition.
We have calculated for pure configurations

B(E2;10}~ 8})

1
2

:68‘6;'{1?1 1_1} <1h11/2H72Y2“1h11/2>|2’
Z

as well as for the exactdiagonalizationin the full space

(B), the T, ,,(10%) value as a function of £, (see Fig. 6),

taking into account the theoretical conversion
coefficient ay+a; +a, (Ref. 23). In this cal-
culation, one observes that for E, =50 keV, half-
lives of the desired order of magnitude occur and
can explain the experimental half-life of a J |
=10} level close to and above the J | =8 2.701
MeV level in '3iTey,. In the further deexciting
mechanism, the J] = 8] level will proceed via the
J{ =6} and 7] levels. Half-lives for the corre-
sponding transitions were calculated with as a
result for particlc half-lives T,,, (part.; 8;— 67)
=10 nsec (B) and T, (part.; 8;~7;)=23.4 nsec
(B). Therefore, one can conclude that within a
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consistent microscopic calculation of the '32Te,,
level scheme, transition rates for some interest-
ing low-lying levels as well as a recently dis-
covered 3.9 usec isomeric state®® can qualitative-
ly be accounted for, except for the 77 - 6} E1
transition rate.

V. CONCLUSION

Starting from the recent experimental data on
the '32Te,, nucleus, it has become interesting to
perform more refined shell-model calculations in
order to explain both the proton and neutron excita-
tions, clearly observable in the experimental
data. We have pointed out that both a proton two-
particle-(neutron two-hole-) core coupling calcu-
lation does not yield a satisfactory explanation for
both types of excitations, i.e., the core excitations
deviate too strongly from the underlying harmonic
quadrupole assumption.

In a shell-model calculation treating both types
of excitations (protons and neutrons) on equal foot-
ing and considering the p-p, n-n, and p-n interac-
tions, it becomes possible to explain both the low-
lying negative parity states J] =77, 57 as neutron
two-hole excitations and the Jj = 4;, 67 levels as
mainly proton two-particle excitations. Moreover,
the p-n interaction results in being fairly weak in
order to clearly establish these features. The
problem of low-lying J" =2* states originating from
the | 2;(v)® 07(7)) configurations also can find a
probable solution in the recently discovered low-
lying 1.665 MeV (2") level, although the excitation

energy of the 2; level is not reproduced correctly.
The J" =(3, 4) level at 2.107 MeV probably corre-
sponds to the |2{(v)®2;(r);4*) configuration.
Thereby, all important levels below E, < 2.1 MeV
find a simple explanation in terms of weak coupling
of the 33Te,, and '3JSn,, nuclear systems, even if
the excitation energies are not always reproduced
correctly (J" =2; ; levels). The weak-coupling
quintuplet | 2;()® 2;(r); J ") has also been calcula-
ted although no clear experimental evidence for
definitely locating these levels is available as yet.
Concerning the electromagnetic transition proba-
bilities, the half-life of the J ; = 6] level was re-
produced as 257 nsec [226 nsec in full space (B)],
a result that is still too slow compared with ex-
periment. Also, no important E1 transitions can
occur within the model space as considered here,
therefore the usec lifetime for the J [ =77 level
remains unexplained. A recently discovered iso-
meric level with T,,,(expt.)=3.9 usec can find a
probable explanation as a J] = 10} level, feeding the
underlying J] =8} level through a very low energy
[ < 50 keV] transition.
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APPENDIX A

We first point out that the operators A}, [see Egs. (2.2) and (2.5)] stand for creation operators for parti-
cle or hole states, i.e., they are defined as follows:

ALE al for particle excitations and

Al= (~1)a*ma dq, -m, for hole excitations.
Here, we use the greek letter a for @ ={a,m,}. Also, the single-particle (-hole) energies E, denote the
positive quantities E, = €, for particle excitations and E, = — €, for hole excitations. These numbers are
given in Table I. Whenever, in two-body matrix elements, the quantum numbers corresponding with hole
configurations occur, we explicitly indicate if the hole configuration occurs as such by using the notation
k™!, Furthermore, to simplify the formulas, we use the following notation for the quantum numbers p’
= (p'ym}), n'= (W' ,m;), p=(p,m,), n=(h,m,), respectively.

We shall now derive the relation (2.6) from expression (2.5) and we also show the advantage of using the
representation (2.5) for the particle-hole interaction. Usually, the particle-hole interaction can be expres-
sed in terms of the two-body particle-hole matrix element (p’'r'~*,J |V, |ph~:, J)), i.e.,

Von = E

p,0'n,M
Iy, My

('R 4|V | PRI VAT ATV AL A [y mye e mge | I M) Cgpmydymy | I M) (A1)

The matrix elements of V,, between the two-hole-two-particle wave functions of (2.2) result in a sum of
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16 terms. The use of (A1) leads to the following expression for the quantity F of expression (2.6) (see
also Ref. 24):

F(hhyd,, pipadys hihody, pipydy;d )= fp j; jn*f:- On1a} Opopt NN’

X (=1)b{ *hy *ip * in Tptintdh+idf E ff(pl'h'z", TVl DyB3Y, J))
7

1

X[ J j"l ng Jl . (A2)
Jll’ JP jhé jh2

The quantity between square brackets in the summation is a 12-j symbol of the second kind following the
notation of Ref. 25, p.62. The 16 terms of the total matrix element can then be generated as indicated by
relations (2.7) and (2.8). Let us now start from the expression (2.5),

Tt < ]; y Jl)(];‘ N J,>
- ’ IBAYN 2] _1)it=mlt it —mla g -y
Vph_o'.;%,n ULP" p)H R); T ) Apr Ay Aq Ay (=1)'p7 75" n ™" -m, m, =-M/\-m] m, M'/"

J'M'

(A3)

The quantities U((p’ p)(h’ h);J’), defined by the previous relation, can be calculated once for all and
stored for computer calculations. Obviously, the U((p’ p)(h’ h);d’ ) and the (p’ h'~',J,|V,,| ph~1,d ) are
related. We obtain

Jp Iy Ja

U((p' p)(n’ h);J')=J"2}; J2(=1)ptinrd w0 { }<p'h"*, J AV lph™, J,) . (A4)
1

in J"Jy
Using (2.5) or (A3) we can calculate the matrix element of V,, between two-hole-two-particle wave func-

tions. The quantity F of expression (2.6) can be written compactly using graphical methods for operations
with sums of products of Wigner coefficients (Ref. 25, Chap. III) with, as a result,

FORN T L0173, Ty 21029530)= T 5 T 0o g Oy NN 2L V(DL ) )5 0)S (45)

where G is the diagram of Fig. 7. This diagram is the product of three 6-j symbols and a phase factor,
since it is easily separable (see Ref. 25; pp.47 and 50). The separation lines are shown by dashed lines
in Fig. 7. Then formula (2.6) follows immediately as

F(hyhidy, b103d 5 Ry hod gy Dy 0od p5d) =d,d, J:” Ju O,y Opops NN’
}: j,,é J! j,l2 J, I dy) (I, J'd,
X U((P'P)(h’h)'J'){ . }{ } . . . }
7 traeTen o Jny IaYWL T, Joi Jpy, b,
x(_1)4.1+./p+.l+J"+J"+J;'+jp1+l; +§>2+jh£ . (A6)
From a computational point of view, we have only to deal with a product of three 6-j symbols instead of a
12-j symbol of the second kind as was the case in (A2). In the former case, much less time is needed for
the calculation of the two-hole-two-particle matrix elements.

One can now easily prove the equivalence of (A6) and (A2) by substituting the explicit form of the U-ma-
trix elements (A4) into (A6) and using relation (19.3) of Ref. 25 giving the summation over four 6-j sym-
bols as a 12-j symbol of the second kind.

APPENDIX B

Here, we shall derive the reduced transition matrix element. The transition operator consists of an
operator acting in neutron space €, (n) and an operator acting in proton space 2,(p). We deal first with the
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proton operator. Using relation (15.27) of Ref. 26, one gets
Q’p (h; h;J; ’ p{p;J; 9Jf ’ hl thyw pl szp ’ Ji )

= Jydy 8, g DG Bl 1y oy ) [(1+ 8, ) (1+ Byga)] 71/ 2(= 1)7n* %7+

Jy A d,
XCpipn SN L T)) Jf} . (B1)
The proton reduced matrix elements is the sum of four terms. One of them is, always using relation
(15.27) of Ref. 26.
IMy = Bppq (= 110 90, 5 X F T (146, ) (14 By )] 772
x{j’é ' j’2}< ALNIS (52)
Jy dy, Jp) PP

We can use (B2) and (B1) to obtain the relation (3.2)
£2, (h; hyd s P;p;J; ’ J.f shyhod oy DDy, Iy )= fi‘ff‘fﬁJL 61,,1;, 6919{ D(hy kg, hy hy; J )NN'(= 1)/0, Tipyt I Int b ey

X ! .
PR A (ALY, (B3)
The relation (3.3) then generates the four terms of the proton contribution. The neutron contribution is al-

so the sum of four terms which are obtained in the same way. Making use of relation (15.26) of Ref. 26, we
have first

Q, (ki hyJ}, P1P3d5, i hihod oy Dy D2dy s Ji)

=4, 4, 85,45 D(DL D% bipsi L1+ 8y )(1+ o,;,é)]-l/Z(- 1)7ntdptdi+ A

Jroxd,
Vg, g, g, Bk THl @l T, (B4)

One of the terms of the reduced neutron matrix element, using (15.27) of Ref. 26, and also taking into ac-
count that the neutron states are hole states, is obtained as

-~ J;‘z A j"z
m = 5;.1»{(— 1)%n thy ~in [(1+ Gnlnz)(l + Gu{n'z )]-I/ZJ,.J;{J" jn I (ol R3) (B5)
1

Combining now (B4) and (B5), expression (3.4) is obtained,

Q"(h{ h; J:n p{p;J;’ Jf; h1 hyd s plszP’ Ji)E Jiff J"J; 6.1,.1,', éhlhiD(p{P;’ Ay 2 JP)NNI (_1)1’+Ji+jh§-j"l+)\

JhoX d) [y A jhz}
X{J‘ % J,}{J" Iny J; (Rl 1) - (B6)

Then the four terms of the neutron contribution are generated in the same way as in the proton case.

APPENDIX C V=t p'z‘n L5 So Vi AbALA A, .
Rewriting the residual interaction Hamiltonian of (c1)

Eq. (2.1) that acts in the one particle-one hole

space, one obtains, specializing to the notation of Here, we use the notation p= (p, -m,), etc., and

Appendix A, the following expression for V,,, moreover, use the definition of s, =(-1)"
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FIG. 7. The summation of 3-j symbols, resulting in
Eq. (A6), carried out in a graphical way.

in order to simplify the expressions. We can now,
as shown by Baranger,”” use three different meth-
ods of vector coupling the V/ matrix elements:

(i) Using the standard particle-particle coupling
of angular momentum, i.e., (p’,7) and (', p), one
obtains

Viasro == 0, G(p'h, i'p;d)

J, M

X(j;m;,j,.—m,.\JM)
x(gn=mp,dymy| I M), (c2)

and then the resulting particle-hole interaction
reads

Vp=-2 2
ppan,
I M

SySyr G(D" 1y 1 13 T)

X( iy s =l M)

X jn =y jym,|IMY)

x Ap:ATALA, . (C3)
(ii) Using the angular momentum coupling

scheme (p’,n’) and (p,7). According to Ref. 27,
one obtains

Visrrp==5 2, F(p'R, ph;d)(Gymy,jamp| I M)
I M
ijmp, ]hmh[JIW)SﬁS;I, (C4)

and the interaction V,, becomes

Vyp = =2 ; EGH DI Ty, S| 00
PPy M

TG jm, | IMYAL AT, A, A
(Jpm,, Jymy, pAnr A p,

(C5)
being equal to our expression (A1) since - 2F(p’H’,
bh;J) is equal to { p'h'"L, J |V|ph~t, J) (Ref. 28).

(iii) Using a third angular momentum coupling

scheme for (p’,p) and (’,7), again using Ref.
27, one obtains

Vime=% 2, F(0'p, 1 3d)s 55
I M
x{Jpmy, p=m,| I M)
X (jp =my, jymy| I M) . (C6)

Making use of the symmetry relations for the
F-matrix elements and using 3-j symbols we ob-
tain for V,, the resulting expression

V=2 2. F(pp, bi';J)(2J +1)

pyp’smn, '

Tou
(o 2 o)

x
-m; m, -M/'\-m; m, M

X Sy Sy (=177 AL AT A A, . (CT

Then, a relation with our U-matrix elements
results in

U(p'p, h" h;d ) = 2F (pp’, hi' ;J )(2T +1),  (C8)

thus one also has
U(p' py b h3d ) == (2T + 1) pp' L, J |V|mR' ", J ).

(c9)

Next to Eq. (A4), one can also give the relation
with the usual particle-particle coupled matrix
elements as
U(p'p, k' b3 d )
N
cm (D)L @I (=R
J! ];. ]h J
X(p'n | VIpH', I .
(C10)

APPENDIX D

Here, we would like to prove explicitly the equivalence of our expressions (2.6) and (2.8) with the two-
particle-two-hole matrix element as given by Ma and True* in their Egs. 5 and 6. Taking the expression
(2.6), and filling into it the relation (C10), relating the U-matrix element with the particle-particle coupled

matrix element, one gets
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Py {ﬂz X J}{ o
- ’ 4 " I 4
(2d" +1)(2d " + 1X pi hyy I" | V| p, B, I J jhl sl g g

{J I I (95, s, J'}
%< . . ) . B, o8y pr (= 1)1, +1,, +!,, +:, +:, +/;. I Dy T I I T T . (D1)
Iby I, Jpl}{h'.z dn, )M

We then also get, after reordering the 6-j symbols, the expression

J; J, J’ J; J" J’! ./‘ j,‘ J’ jp ]; J! -
_§(2J"+1)[ZJ0(2J’+1){J g J}{ L }{',2 '2 }{J; 1 . }(_l)phm”c]

In, Iny Ing ) Uy Jpy " v JIo I,
X (p hz:J” l V‘ pl J"> 6). h' szpg ) (D2)

[calling (- 1)P"*+ %" = (= 1)%5,** " *% of Eq. (D1)].
Applying now, Eq. (19.1) of Yutsis et al. (Ref. 25), one easily gets
JERAN N
—ZJ‘; 2d"+11 J In, J” Jp, (byhy, " | V| pyhy, I7) Onyng Opp4 5 (D3)

Jo In In, jl,>1

obtaining a 12-j symbol of the first kind. In these expressmns [(D1) to (D3)], we left aside, and will do so
further on, the norm NN’ as well as the factor J, »Jp J Je.

Now, the result (D3) has been obtained starting from the two-hole-two-particle configuration, denoted
as

(B B (p1p5) g, T V| (oW (P10, ), (D4)

and calculating our first term as (D3). Conforming to the notation of Ma and True?* (for the analogous
matrix element) in calculating
< (HIHZ)JI(PIPZ)JZ’ J \V\ (H3 H4)J3( P3P4)J4’ J> ’ (Ds)

this corresponds to the Tth term of Ma and True’s Eq. (6), giving after some reordering the resulting
contribution of

P2 PS J4 J3
_;(ZJ”+1) P, J" Hy J ((P,H, d"|V|PsHy I" )0y Opyp, - (D6)
J, H, J H,

If we now make the substitution of corresponding quantum numbers from (D4) and (D5), one gets the result
Ja, o Ip In

“2L QU ARG 7 by TP 37 VBRI s By (D7)

Iy n d s

This points already to the equivalence of (D7) and (D3), since the 12-j symbol defined according to Roten-

berg [see Eq. (Al) of Ma and True, Ref. 24], is also a 12-j symbol of the first kind (the notation of Roten-

berg, however,differs from Yutsis et al.?®). This can be seen explicitly from the equation (A1) of Ref. 24,
since
jP2 jpl JP Jn

. ; it ' ’ (T J! ] 3t ; J! ‘ ,

j;l J" ]’.2 J:I :E {]pl ]Pl J }{J, J, J }{ n n J }{""2 ]"2 } (2J'+1) (_l)phdse +J , (D8)
7 ’ : ’ 7 ; 3 s "

Jy ],’.2 J Jo I Jp, ) Ua Jn J Thy Iny In) Vs Js J

1

a definition that exactly corresponds to the one as used in (D2). Thereby, we have proven the complete
equivalence of our Eq. (2.8) and Eq. (6) of Ref. 24.
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