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Two shell-model interactions are constructed in the model space of the five proton and six neutron
orbits just above the double shell closure at Sn. One interaction uses the two-body matrix elements
calculated by Kuo and Herling for use near Pb. For the other, the proton-proton two-body matrix
elements are replaced with effective ones of Kruse and Wildenthal and selected proton-neutron
matrix elements were varied in order to better reproduce the known energy spectra of Sb. The
main difficulty in this construction is the determination of the neutron single-particle energies. This
determination was done by comparison of theoretical and experimental (d, p) spectroscopic factors
for the N = 83, Z = 54, 56, and 58 isotones. The 6J g 0 first-forbidden P decays of Sn(~ ),

Sn(0+), Sb(0 ), and Sb(7 ) were considered in order to exemplify the application of these
interactions.
PACS number(s): 23.40.Hc, 21.60.Cs, 23.40.Bw, 27.60.+j

I. INTRODUCTION

Recent advances in the spectroscopy of exotic nuclei
have led to experimental information for numerous ar-
eas in the periodic table which were previously unstud-
ied and even considered inaccessible. Of particular inter-
est is the many attempts to approach and study magic
and semi-magic domains. Examples of such domains are
Z, N = 28,50; Z, N = 40,40; Z, N = 50,50; and Z, N =
50,82. Our interest in the last of these areas —in partic-
ular, the nuclei consisting of a few valance nucleons near
doubly-closed Sn —was aroused by the discovery of

fast AJ = 0 first-forbidden P branches in the decays of
Sn, Sn, and ~s4Sb [I]. These decays offer the op-

portunity to extend the recent study [2] of such decays in
the Pb area to the next lower available doubly-magic
domain.

We shall describe the construction of two shell-model
interactions designed for the study of these decays. To
date, P decay is the only process available for testing
our interactions in these A = 133—134 nuclei. In this
article we consider the AJ g 0 first-forbidden P de-
cays of Table I. Our aim is to establish the viability
of the interactions as well as possible with these rather

TABLE I. Fast first-forbidden P transitions in A = 133—134 nuclei. For the last six columns the number in parenthesis is the uncertainty in
the least significant figure. For fo, the number in square brackets is the power of ten. The data are from Refs. [1r 4—9]. When combining disparate
values of Qp and T1g2, the resulting uncertainty was increased so that y (per-degrees-of-freedom) was unity. In some cases uncertainties were not2

given in the literature. In those cases we have estimated them. The branching ratio is denoted by B.

Transition
Initial Final

sn(g ) sb($+)
Sn(y ) Sb(y )

133sn(7 ) 133sb()t)

E
(keV)

0

962
2708

T1/2
(sec)

1.35(12)

Qp
(keV)

79so(9o)
6988(90)
S242(9O)

fo

1.60(8)[+5]
9.0(5)[+5]
5.84(7)[+2]

B
(%)

8s.o(so)
12.2(24)

O. 11(3)

log fot

5.406(51)
6.005(98)
7.49(13)

'34Sn(O+ )
134S (0+ )
"4Sn(O+)

134Sb(p —
)

134Sb(p- )
134Sb(0- )
134Sb(0- )
134s}(p

—
)

134Sb(7- )
134Sb(7 )

134Sb(p —
)

134Sb(1—
)

134Sb(1—
)

134T (p+ )
134Te(2+ )
134T (2+)
134T (1+)
'34Te(2+ )

134T (6+ )
134T (6+ )

0
318
872

0
1279
2464
2632
2934

1691
2398

1.20(10)

0.7s(7)

1O.43(14)

7000(300)
6682 (300)
6128(300)

8410(160)
7131(160)
5946(160)
5779(160)
5476(160)

6813(150)
6106(150)

9.O7(17)[+4]
7.4(15)[+4]
s.o(11)[+4]

2.13(18)[+5]
1.02(11)[+5]
4.s4(s4) [+s]
4.00(49)[+5]
3.16(41)[+S]

8.31(81)[+4]
5.1 1(56)[+4]

70.0(230)
1.4(7)
8.0(30)

97.5(25)
&0.5

o.2(1)
2.o(2)
o.3(2)

43.0(30)
s7.o(3o)

5.192(17)
6.8O(24)
5.88(19)

S.214(S6))7.18
7.23(23)
6.177(80)
6.90(30)

6.304(53)
5.971(53)

Weighted average of 1.44 + 0.04 s [4] and 1.20 + 0.05 s [7].
Weighted average of 7830 + 70 keV [8] and 8013 + 50 keV [6].
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well understood observables before undertaking the more
complex [2] b,J = 0 decays of Table I.

The formalism of first-forbidden P decay is complex
and an adequate description of the procedures used to
compare experimental and theoretical first-forbidden P
decay rates is necessarily lengthy and involved. Such a
description is given in the study [2] of the 2MPb region
and it would be inefBcient and repetitious to present that
description here. Rather, this present report is not in-
tended to stand alone, but relies on the previous report
[2] for an adequate description of the P processes. An
important ingredient of the calculations is the calculation
of the corrections due to core polarization. For an ade-
quate description of these core polariztion corrections we

rely on a recent treatment of the ~o Pb region [3] which
was made to provide results for use in Ref. [2].

208 Pb82 126
CW KH

2758
2668
2641

2793
3059 11/2

2708
2S

3/2

920 962
1d5/2

0
g7/2

2090

1490
1485

1220

755

13/2

5/2
Oh g/2

P 3/2

7/2

II. THE INTERACTIONS

KH:—9690
CW:—9596

132
5PSn82

KH:—2480
CW:—2380

The desired model space for the calculation of first-
forbidden P decay observables in the A = 134 region
includes, at the least, the five proton orbits and six neu-
tron orbits between the doubly-closed shells at ~s~Sn and

Pb. This model space —designated KH5082 —is
shown schematically in Fig. 1. With a major oscillator
shell designated by Q = 2N + I [with 1V the principal
quantum number (= 0, 1,...) and I the orbital angular
momentum], the five proton orbits are the Q = 4 ma-
jor shell with the highest j orbit (Ogs~2) omitted and the
highest j orbit of Q = 5 (the so-called "unique-parity"
orbit) added. For the neutron orbits the situation is sim-
ilar but with Q incremented by one unit. For brevity
we designate these groups of orbits by primes, i.e., the
proton and neutron model spaces are the Q' = 4 and 5
major shells, respectively.

The KH5082 interaction utilizes the two-body matrix
elements (TBME) of the "bare + one-particle —one-hole
(1plh) bubble" Kuo-Herling (KH) interaction [10—12].
Two changes were made in these TBME. First, a glar-
ing deficiency in the Kuo-Herling interaction is that the
neutron-neutron j = 0 TBME are too attractive [11,
12]; thus, an approximate adjustment for this defect was
made by multiplying these six TBME by 0.6. Second,
the expected mass dependence of the residual interac-
tion was taken into account by scaling all 2101 TBME by
(132/208) ~~a. The single-particle energies were taken
from experiment. For the proton orbits the yrast states
[4] were assumed to be the single-particle states thus giv-
ing the energies designated KH in Fig. 1. The yrast
J =

z level is not known experimentally [4]; the ex-1+

citation energy given in Fig. 1 was estimated from local
systematics. The determination of the neutron single-
particle energies is not as straightforward since the only
levels reported in the literature are the ground state
[4] and possibly a level at 1485 keV [13]. We assume

the ground state to have J =
2 and to be a single-

particle vl f7Iq level. We follow Fogelberg et al. [1] in
the identification of the 1485-keV level with the neutron
OII9~2 single-particle state. The other neutron single-
particle energies of Fig. 1 were arrived at by compari-

-------- Og-15710

Protons Neutrons

FIG. 1. Orbits contributing to the KH5082, CW5082,
KH4082, and CW4082 interactions. The model spaces for
the two 5082 interactions are for a Z = 50, N = 82 core and
include all orbits between Sn and Pb. The model space
for the 4082 interactions include the x0g9g2 orbit as well. As
discussed in the text, the KH and CW forms of the interac-
tions use somewhat different single-particle energies. Those
used are indicated for each interaction in kev. The binding
energies (in keV) relative to Sn are given for the lowest

proton and neutron orbits, the other energies are relative to
these.

son of theoretical and experimental energy centroids for
the Z = 54, 56, and 58, N = 83 isotones. Because
of dimensional restrictions, the proton model space in
these calculations was confined to n'(Og7I2, 1dsI~)" with
n = 4, 6, 8 and with at most two protons in the 1d5I2
orbit. The proton interaction of Kruse and Wildenthal
[14] was used in this calculation (see below). The re-
sults for ~~~Ce are shown in Fig. 2 in order to illustrate
the approach. The experimental energy centroids (E&)
were evaluated from available (d, p) spectroscopic factors
S+(j). The S+(j) for 'Ce are from ~ Ce(d, p) ~~Ce re-
sults of Park, Daehnick, and Spisak [15]. The shell-model
values of (E~) were obtained from calculations which in-
cluded all states of a given j which had non-negligible
spectroscopic strength. The sum of S+(j) over all ex-
perimental levels of a given j is less than unity for all j,
i.e. , there is missing spectroscopic strength. As shown
in Fig. 2, there are many more levels expected than ob-
served. Thus the missing strength is (at least partially)
spread over many levels for which the S+(j) are below
the threshold of perception. Since weak states become
harder to observe as the excitation energy increases, it is
most probable that the single-particle energies err some-
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s+
n

5/2 0.10

2.0— s+ 1/2 0.04

5/2

5/2
1/2
5/2

9/2

13/2+

0.205
0.389
0.151

/o. ass
I 0.241

0.253

0.888

5/2

9/2
13/2+

1/2

1724~5/2

1628 13/2+

1621 1/2

5/2 0.15
3/2 0.06
7/2 0.12
9/2 0.29

1644

1623

5/2 0.27

1/2 0.152

9/2 1454

13/2+ 0 64

9/2 0.70

«j)I
LU

3/2

5/2

0.248

0.040 1/2 0.37

0
~~
~~0X
UJ

10
9/2

0.257
0.001

3/2 1033 3/2 1036

0.479

3/2 0.42

what on the low side. The predicted and experimen-
tal energy centroids for the v0h9~q orbit are seen to be
in rather poor agreement, i.e. , the assumption [1, 13] of
single-particle energies of 1485 keV for this orbit is not
in good agreement with the assumptions of Ref. [15] as
to the placement of the v0h9~~ spectroscopic strength.
One reason for our adoption of the 1485-keV value from
Refs. [1, 13] was that there appears to be considerable
uncertainty in the placement of this strength as can be
seen by comparing the assumed J values of Refs. [15]
and [16]. It is because of deficiencies in the experimen-
tal data of this sort and the necessity of truncating the
model space in the calculation of the S+(j) that more
than one N = 83 isotone was considered. The final re-

suits of Fig. 1 are averages for the Z = 54, 56, 58 nuclei
with Ce weighed strongly because of the semiclosure
of the &Og7~~ shell at Z = 58,.

The KH5082 interaction is an attempt to build an in-
teraction from fundamental principles. Another interac-
tion —designated C%5082 —was constructed in order
to better tune the interaction to local systematics. Thus,
the CW5082 interaction was obtained from the KEI5082
interaction by replacing the proton Q' = 4 TBME with
the efFective interaction of Kruse and Wildenthal [14]
which is derived from a least-squares fit to binding ener-
gies with a surface-delta interaction as a starting point.
The single-particle energies resulting from their least-
squares fit were also adopted as shown in Fig. 1. In addi-
tion, the binding energies of the neutron orbits were de-
creased by 100 keV (see Fig. 1) and five proton-neutron
TBME were modified as shown in Table II in order to
reproduce the known J = 0 and 1 levels of is4Sb [1].

The x0g9~~ orbit has a potentially strong role in first-
forbidden P decay. Thus the Z = 50, N = 8'2 model
spaces were expanded to include the 7r0ge~q orbit. The
1043 TBME giving the interaction of the vr0g9~~ orbit
with itself and the +Q' = 4 and vQ' = 5 orbits were
generated with the bare G-matrix potential (H7B) of
Hosaka, Kubo, and Toki [17] together with the Coulomb
potential. The x0g9~& single-particle energy was set from
the binding energy difference of siIn and Sn (see
Fig. 1). Aside from the addition of the ~0gs/z orbit,
the two model spaces with a Z = 40, N = 82 core are
identical to the KH5082 and CW5082 model spaces and
will be designated as KH4082 and CW4082, respectively.
All calculations performed in the model spaces with a
Z = 40, N = 82 core are done allowing simultaneously
an inert (full) n0gs/z orbit and a one particle-hole exci-
tation out of this orbit together with full participation of
the sQ' = 4 and vQ' = 5 shells.

In summary, two interactions were constructed in a
conventional model space of the nQ' = 4, vQ' = 5 ma-
jor shells. One interaction, KH5082, is based on a "bare
G matrix + core polarization" calculation [10] and thus
has characteristics refiecting our general knowledge of nu-
clear structure. The second interaction, CVV5082, has a
proton-proton part tuned to the energy levels of Z & 50
nuclei [14]. Two interactions are considered so that one
can assess the sensitivity of predicted observables to the
interaction by comparison of the two results. Finally,

7/20— 0.887 7/2 0 7/2 0 7/2 0.79

Model

Energy Centroids

Experiment
141c58 83

FIG. 2. Predicted and experimental energy spectra and
energy centroids for Ce. All levels reported in Ref. [15]
below E = 2.15 MeV are shown. Predicted S~+(j) are shown
for the yrast s(q' = 4) orbits and for the level with the largest
value of this stripping strength for each j. Other predicted
levels below E~ = 2.2 MeU are indicated by lighter, shorter
horizontal lines.

Orbits
17r

(~jl&l~j)
KH CW

Og7/$1 fp/~
Og7/21 f7/2
1ds/~1 f7/~
0u7]~0&9/~
oh„&,0I,&,

0 —0.714
—0.721
—0.609
—0.561
—1.381

—0.678
—0.336
—0.326
—0.279
—1.187

—0.036
—0.385
—0.283
—0.282
—0.194

TABLE II. The modifications made to four diagonal neu-

tron-proton Kuo-Herling TBME to obtain better agreement
with the Sb experimental spectrum of Fig. 4 and to form
the CW5082 and CW4082 interactions. The TBME are in
MeV and A = KH —CW.
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these two interactions are modified to the unconventional
model space resulting from the addition of the x0gg~~ or-
bit. This is done because of a possibly large inhuence
of this orbit on first-forbidden P observables similar to
that found for the x0h~~~~ orbit in the lead region.

III. CALCULATION

A. Energy spectra and scope of the study

1

0

3722

2629
2548

2115
1945

1595

3850

3080

1+ 3850

Sb+n

2622
2465

2062
1947
1740

1+

Calculations were carried out with the computer code
OXBASH [18]. The low-lying energy spectrum of i34sn cal-
culated with the CW508'2 interaction is shown in Fig. 3.
The low-lying levels of i34Sb calculated with the KH5082
and CW508'2 interactions —both in a x(Q' = 4)v(Q' = 5)
model space —are compared to experiment in Fig. 4. De-
tails of the i34Sb energy spectrum and wave functions are
given in Table III. The KH5082 and CW5082 spectra of

Te are compared to experiment in Fig. 5.
As detailed in Ref. [2], the P matrix elements are

calculated via

6 761
695

4 659
6 496~
2 411
3 407~
7 379~
1 0
0 0L

-12993
KH5082

872

318

0 0
—12770(180)

EXPT

134
51 Sb83

872 1r 728 6
625 4
463 5
376 2

+374 3~347 7
318 1

0 0
—12770
CW5082

MR ) ~R(j ~j y ) = ).DR(j jf )MR(j~i f eff)

=).DR(jig)q (j iy)MR(iiy) (3.1)

In Eq. (3.1) o. labels a particular type of matrix ele-

ment which is of rank R, MR(j;jy) is a single-particle
matrix element for the transition j; ~ jy in the impulse
approximation, and the renormalization factor q (j;jy)
corrects MRo(j;jy) for the finite size of the model space.
The DR(j;jy) are the one-body transition densities which
are the result of the shell-model calculation performed
with the code QXBASH [18].

We are interested in the prediction of P decay rates.

In any decay J; ~ JJ, matrix elements whose rank obeys

IJ; —Jy I
& ~ & IJ, + Jy I

(3 2)

can contribute. The decay rate is incoherent in the rank
R and comparison between experiment and theory can

FIG. 4. Comparison to experiment of the KH5082 and
CW5082 predictions for the low-lying spectrum of Sb. All

energies are in keV. Predicted and experimental binding en-

ergies (relative to Sn) are indicated for the ground states.
The only experimental known levels are shown. The nine low-

est predicted levels are shown as well as all predicted J = 0

and 1 levels below the experimental neutron binding energy
of 3080 keV.

2489

2226

1924
1731

2+

+

4+

2981 2+

2366 2+
2291 1+~
2134 6+

2934 {2+}
2632 1+
2464 2+
2398 6+~

2650
2485
2293

1+
2+
6+

3134 2+

1245 2+ 1468 6+
1455 4+g—
1182 2+

1692
1577
1280

6+
4+
2+

1703
1504
1330

6+
4+
2+

0 0+
—6705 keV

0+ 0
—20513
KH5082

0 0+
—20410(140}

EXPT

0+0
—20512
CW5082

134
5oS"84

FIG. 3. The CW5082 predictions for the low-lying spec-
trum of Sn. The predicted binding energy (relative to

Sn) is indicated beneath the ground state. There is no
experimental information on this spectrum. The experimen-
tal binding energy to compare to the indicated predicted value
is estimated to be —6560 + 200 keV (see Sec. IV B).

134T
52 82

FIG. 5. Comparison to experiment of the KH5082 and
CW5082 predictions for the low-lying spectrum of Te. All
energies are in keV. Predicted and experimental binding en-
ergies (relative to Sn) are indicated for the ground states.
The experimental levels are from Ref. [1]. The seven lowest
predicted levels and the JI, ——23 level are shown.
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TABLE III. The CW5082 spectrum of Sb. The index k
orders the states of given J" in energy. Only k & 3 levels are
shown. Dominant configurational contributions to the wave
functions are indicated.

be conveniently formulated via the square root of the av-
eraged shape factor (C(W))i/2, where the experimental
shape factor is defined by [2]

9195 x 105
(3.3)

E (keV) J Dominant configurations

—12768
321
347
374
376
463
625
728
871
881
1035
1218
1234
1265
1317
1438
1454
1549
1589
1740
1745
1746
2180
2232
2365
2465
2512
2514
2530
2605
2680
2885
2940
2986
3184
3274
3311
3312
3403
3450
3566
3579
3710
3711
3789
3848
3848
3898
4140
4386
4471
5536
5554
5664

0
1
7
3
2
5
4
6
1

2
6
4
2
3
5
4
3
5
8
1
3+
6
7
10+
4+
0
8+
5+
6+
9+
7+
7
9+
2+
7+
4+
5+
3+
6+
8+
9+
4+
5+
7+
0
1+
6+
8+
2+
10+
3+
9
10
8

95.5%%uo 7rg7/2v f7/2
87.5% 7rg7/2v f7/2
99 4% &g7/2vf7/2
90.5%%uo 77g7/2V f7/2
85.7% 7rg7/2V f7/2
89.7%%uo 77g7/2v f7/2
90.9% 77g7/2V f7/2
96.1% 77g7/2v f7/2

64'%%uo 7rd5/2v f7/2 + 14% 77g7/2vho/2
39%%uo 77d5/2V f7/2 + 34% 7g7/2vp3/2

97.0%%uo 77d5/2V f7/2
47% 77d5 2/vf7/2 + 22%%uo 77g7/2vp3/2
46%%uo 777g/v2p3/2+ 28% «5/2v f7/2
45%%uo 77d5/2V f7/2 + 34%%uo 77g7/2vp3/2
76% 77g7/2vps/2 + 12%%uo «5/2V f7/2
41% 77g7/2vp3/2 + 25% rd5/2V f7/2
51% 77g7/2vp3/2 + 40% 77d5/2fv7/2

84% 77d5/2vf7/2 + 12% 77g7/2vp3/2
100% xg7/gvhg/2

39%%uo 77g7/2vhg/2 + 19% 1td5/2V f7/'2

95.7% x'hyy/2vhg/2
79% 77g7/2V f5/2 + 14% 77g7/2vho/2

97.8% &g7/2vhg/2
98.4% +97/2 vl /3/2
90.3%%uo 7rg7/2VEJ3/2

81'%%uo 7rd5/2V f5/2 + 12%%uo 77d3/2vp3/2
95 5%%uo +g7/2vi13/2
91.4% m'g7/2 vl $3/2
95.2% xg7/2Vi J3/2

39% 77g7/2vii3/2 + 37% 77hii/2fv7/2
88.3% &g7/gvtq3/2
97.2% 7rdq/2V hg/2

57% 77g7/2viis/2 + 38% 77hii/2v f7/2
97.1% 77hii/2v f7/2

60%%uo 77hii/2V f7/2 + 17% 7rhii/2vp3/2
57%%uo 77hii/2v f7/2 + 36% 77d5/2 vi/3/2
70%%uo 77hii/2v f7/2 + 8% 77 &'ll/2vp3/2

91.2%%uo 77hii/2V f7/2
77%%uo 7rhli/2v f7/2 + 20'%%uo 77d5/2v)13/2
79%%uo +hl 1/2 vf7/2 + 2o% «5/2 vi13/2
72% 77d5/2vii3/2 + 25% 77hi, /2v f7/2
53% 77d5/2vi13/2 + 32% 77hii/2v f7/2
78% 77d5/2vi13/2 + 16% 77hii/2v f7/2
72% 77d5/2vi13/2 + 23% 77hii/2fv7/2

70% 77d3/2vp3/2 + 16%%uo 77d5/2v f5/2
100% 7rhyy/2vhg/2

75% 77d5/2vi'i3/2 + 19% h77ii/2fv7/2
79% 77d5/2vii3/2 + 20% 77hiiv/2f7/2

97.1% 7rhiy/2 vhg/2
98.4% vrhy~/2 vhg/2

72%%uo 77hii/2 v f5/2 + 21%%uo 77hii/2vhg/2
100% eh~~/2vi$3/2
100% ah~~/2vz$3/2
100% 7rhyy/2vti3/2

In Eq. (3.3) W is the P decay energy and the shape
factor modifies the "allowed" shape of the P spectrum
extending from W = 1 to Wo, where Wo is the total dis-
integration energy. The theoretical shape factor contains
all the information on the nuclear matrix elements and is
defined as the sum of the R = 0 (RO), R = 1 (Rl), and
R = 2 (R2) contributions (beta moments) [2].

C(W)=B, +B, +-q +A2p Bi
3

(3.4)

C(W) = k(1+ aW+ b/W + cW ). (3.5)

To illustrate how one combines the two Rl matrix ele-
ments to obtain BI ), the leading (energy independent)
term of Eq. (3.5) is expressable as

h = [a„Mi—a Mi] (3.6)

where the a are positive kinematical factors —depen-
dent on Z, Wo, and the nuclear radius —which can be
accurately evaluated.

We shall consider those Rl and R2 first-forbidden P
decays of issSn(z ), is4Sn(0+), and the two known iso-
mers of is4Sb which are listed in Table I as well as
some Rl and R2 transitions to higher states. The first-
forbidden decay of issSn to issSb is shown schematically
in Fig. 6. We are interested in the decay connecting the
leading terms and in the core polarization terms connect-
ing in first order to the leading terms. Because of Pauli
blocking the only particle-hole (p-h) admixtures in the

R V
Q' = 4

x'

X X

Q' &4

X
X

FIG. 6. Schematic illustrating the contributions included

in the calculation of Sn: ' Sb P decay. The leading
terms are at the top and an example of a 1p-1h admixture
in the initial state (left) and a "final-state correlation" in the
final state (right) are at the bottom.

where q and p are the neutrino and electron momenta and

Aq is a Coulomb function. The R2 moment B& contains
only one matrix element, M&, which is the R2 member of
the (schematic) operator [r, cr]+. The Rl moment BI )

is a combination of the Rl member of this operator, M&,
and of the exact analogue of the El operator, M& . The
shape factor can be formulated as



45 CONSTRUCTION OF SHELL-MODEL INTERACTIONS FOR. . . 1725

initial state which connect to the leading term in the fi-
nal state are those involving the m0g9/2 orbit and are
included in the diagonalization. The radial integrals in-
volved in the single-particle transitions were evaluated
using Woods-Saxon (WS) radial wave functions as dis-
cussed in Ref. [2].

First-forbidden decays have the selection rule b, Q =
+1 governing the transitions between the initial and final
orbits so that they must lie in adjacent major shells. The
final-state correlations illustrated in Fig. 6 are reached
from the leading term in the initial state via v(Q = 3)~ z(Q = 4), v(Q = 4) ~ z(Q = 5), and v0hgg/2~ z(Q' = 4) + z(Q = 6) transitions. These terms
are added perturbatively via the renormalization factors
q (j;j() [3] of Eq. (3.1).

Values of the q (j;j/) for the "closed core plus one"

case of ~ssSn: Sb are collected in Table IV for the~ . &33

five first-forbidden operators we use to describe these de-
cays. These q (j;j()were used for all decays considered.
Two different residual interactions were used in these cal-
culations. Both were derived from G-matrix potentials.
That designated H7B is from Hosaka, Kubo, and Toki
[17] and was used in the previous calculations in the lead
region [3]. The H7B interaction is based on the Paris [19]
nucleon-nucleon potential. Hosaka [20] has also made a
fit with the same potential form to the Bonn [21] nucleon-
nucleon G matrix. This interaction —designated HBB—was also considered because a comparison of the H7B
and HBB results gives some idea of the dependence of
the core polarization on the residual interaction used. In
particular, the Bonn potential has a tensor component
about 25% weaker than that of the Paris potential and,
as fully discussed elsewhere, the dependence on the ten-
sor contribution is of particular interest especially for the
RO beta moment not considered here [22, 3, 2, 23]. Har-
monic oscillator (HO) radial wave functions were used in
these calculations since it was found [3, 2] that the q are
relatively insensitive to the form of the radial wave func-
tions. We note that the results of Table IV bear a strong
similarity to those calculated for A = 209—212 nuclei [3].
This similarity is expected since the A = 133—137 model
space is derived from that for the A = 209—212 nuclei
by lowering the Q' of the neutron and proton spaces by
one unit. The number of p-h transitions contributing to
the q (j;j() are 10, 27, and 33 for RO, Rl, and R2, re-
spectively. It is seen that the summed intensity of these
p-h terms in the final-state wave function is generally
quite small so that a first-order perturbation treatment is
well justified. There is one exception, namely, the contri-
bution of the v0h&&g2 ~ x0g7~2 "final-state correlation"
to the R2 vl f7/& ~ z'lds/z transition. This contribu-
tion arises from a ([vl f7/2] [(v0hqq/2) z Og7/'p]2 —)3/z+
admixture in the final state, which for the perturbative
HBB calculation is 9.6%%up of the total p-h admixture of
10.8% and which contributes 70%%up of the quenching of
this transition. A major reason for the large contribu-
tion of this p-h term to the mld3/2 state of Sb is that
this

&
state is considerably further removed from the

Fermi surface than the ' Sb states involved in the other
two A = 133 transitions considered here, namely, the

Transition

Ohg/2 ~ Ogg/2
1fr/z ~ Og7/z

1f&/z ~ 1da(z
2p3/2 ~ 1d3/2

2py/2 ~ 28$/2

p-h (%)

0.47
0.17
0.36
0.23
0.20

qT

H7B

1.1260
0.8390
1.1277
0.9309
1.0659

HBB

1.1347
0.8927
1.1401
0.9698
1.0859

Ohg/2

Ohg/2
1f7/z
1f7/2
1fr(z
1fa/z
1f5/z
1fa/z
2p3/2

2p3/2

2p3/2
2p1/2
2pl /2

Ois3

~ Ogg/2

Ogv /2~ Ogg/2

Og7/2
—+ 1'/2~ Ogv/2~ 1ds
~ 1d3/2~ 1d5/2~ 1d3/2~ 28'/2~ 1d3/2~ 28'/2~ Ohxx/2

2.03
3.39
0.42
0.74
2.03
0.46
1.71
1.81
0.52
0.53
0.62
0.28
0.71
4.25

0.5948
0.3555
0.6334
0.5596
0.4698
0.6879
0.5168
0.3849
0.5852
0.5512
0.5323
0.6059
0.5158
0.4677

0.6111
0.4016
0.6519
0.6030
0.5071
0.7236
0.5462
0.4307
0.6183
0.5987
0.5746
0.6482
0.5553
0.4910

Ohg/2 ~ Ogg/2

Ohg/2 ~ Og7/2
1fy(z ogg/z

1'(z ~ Ogr/z

1'(z ~ 1d, (z
1fa/z ~ Ogr/z

1fa(z ~ 1d5(z
1f,/, ~ 1d, (&

2p3/2 ~ 1dg /2

2p3/2 ~ 1d3/2
2p3/2 ~ 281/2
2py/2 ~ 1d3/
2p1/2 281/2

0&13/2 ~ Oh11/2

2.03
3.39
0.42
0.74
2,03
0.46
1.71
1.81
0.52
0.53
0.62
0.28
0.71
4.25

0.5778
0.6156
0.7738
1.0087
0,6850
0.7379
0.5889
0.6194
0.7823
0.8561
0.7488
0.7869
0.7028
1.2935

0.6172
0.6751
0.7874
1.0819
0.7368
0.7740
0.6331
0.6756
0.8139
0.9094
0.7998
0.8297
0.7482
1.2536

Ohg/2 ~ Ogg/2

Ohg/2 ~ Og7/2

1f7/2 ~ Og9/2

1f~/2 Ogv/2

1f,(2 ~ 1da/z
1f,/, ~ 1d, (z
1f5/2 ~ Ogg/z

1f5(2 ~ Ogr(z
1f5/2 ~ 1da/2
1f5/2 ~ 1da(z
2p3/2 ~ 1dg/2

2p3/2 ~ 1d3/
2p3/2 2$ y /2

2pl/2 ~ 1dg/
2py/2 ~ 1d3/2

Oil3/2 ~ Oh, l/2

0.67
1.31
0.17
0.16
2.03

10.77
0.17
0.17
0.82
0.33
0.28
0.23
1.60
0.34
0.14
3.48

0.6475
0.3937
0.8481
0.7221
0.4168
0.1212
0.8582
0.8594
0.4193
0.4842
0.7215
0.4833
0.4647
0.6994
1.0788
0.4490

0.6560
0.4333
0.8500
0.7009
0.4454
0.1654
0.8549
0.8765
0.4435
0.5304
0.7342
0.4876
0.4919
0.7104
1.1358
0.4629

TABLE IV. Renormalization factors q (j;j() calculated
for A 132 nuclei with HO wave functions and both the
H7B and HBB residual interactions. Results are for the five

M& matrix elements (o = S, T, u, x, and z) defined in Ref.
[2]. The qs are not listed since for HO wave functions, 1

qz = ql —1. The total sum of the final state admixtures
which contribute to the process for the HBB interaction is
also given.
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s0g7/2 and sids~& states (see Fig. 1). Because of this
large contribution, a proper treatment of this particular
transition demands an expansion of the model space to
include neutron-hole states from below the K = 82 shell
closure, i.e. , a perturbative treatment of such a large con-
tribution will certainly have a large uncertainty and the
v2s~~2 and vld3~~ orbits should probably be included as
well as the v0h~~~~ orbit even though they do not have a
first-order effect on the first-forbidden P decays under
consideration. Nevertheless, we present these results for
this questionable R2 transition in this first attempt as a
quantitative explanation of these decay rates.

IV. RESULTS AND DISCUSSION OF
INDIVIDUAL DECAYS

Comparison of theory and experiment is made in Ta-
ble V for the AJ g 0 decays of Table I. The results
for the two interactions CW4082 and KH4082 are only
marginally different as are the results using the two sets
of q of Table IV. We will use the CW4082 result with
the HBB core polarization in the following discussions.
Before undertaking a description of individual decays, we

consider some general features of the predictions vis-a;vis
those found previously [2] in the lead region.

The AJ = 1 decays considered all have dominant R1
contributions; the R2 contribution is less than 10%%uo in
all cases. Nevertheless, the relative R2/Rl ratio has in-
creased by a factor of over 10 from the lead region. The
causes for this increase have to do with the relative kine-
matics. Firstly, the R1 contribution has terms propor-
tional to Z while the R2 contribution does not. Secondly,
in the lead region the Rl contribution is dominated by
the allowed term with the result that the zeta approxi-
mation [2]—in which only the first term of Eq. (3.5) is
retained —is a good representation. The transitions con-
sidered here in the tin region have Z 50 rather than
Z 82, Qp values 2—3 times larger, and Coulomb dis-
placement energies of about the same magnitude. The

result is a strong cancellation between the Coulomb and
energy terms [see Eq. (28) of Ref. [2]] for the Mi ma-
trix element which dominates the Rl process in the lead
region while the other R1 matrix element, M&, is some-
what enhanced at A 132 and is now dominant. Another
change is that the zeta approximation —which is quite
accurate in the lead region —is not even approximately
correct. That is, in the tin region it is imperative that
the full Rl shape factor of Eq. (3.5) be considered rather
than just the first term.

A general and important feature of the Rl decays of
Table V is that the two matrix elements M& and M&
in terms of which the Rl decay rate is formulated [2]
have the same sign. A result of this is that their contri-
butions add destructively in all four terms of the shape
factor. This is illustrated in Eq. (3.6) for the energy in-
dependent term of the shape factor [Eq. (3.5)]. Thus the
Rl decay rates are noticeably more sensitive to details
of the nuclear structure than if they combined construc-
tively. In view of this sensitivity, the overall agreement
of the comparison of Table V can be termed satisfactory.
Since similar orbits —albeit one major shell away —are
involved as in decays in A = 209 and 210 nuclei [2], it is

not surprising that the relationship bet, ween the R1 ma-
trix elements are quite similar in the two regions. Thus
the discussion of this relationship given in Ref. [2] is
pertinent here also.

For purposes of the following discussion, the decays of
Table V can be divided into two groups. One for which
the final-state wave function is relatively pure and the
other for which the final-state wave function is mixed.
The first group includes the two sSn decays (and also

the decay to the 's Sb 2 ground state), 's4Sn(0+) ~
Sb(li ), and Sb(0 ) ~ Te(2+i&, 1i ). For this

group the predictions are in excellent agreement with ex-
periment. The second group is composed of 's4Sn(0+)
~ is4Sb(1~ ) is4Sb(0 ) —+ is4Te(2s+), aiid is4Sb(7 ) ~

Te(6i 2). For this group the overall agreement with

experiment is poor. (As discussed in Sec. IV C, we view

TABLE V. Comparison of predicted and experimental values of (C(W)) for the A = 133-134 P branches under consid-

eration.

Transition
Initial Final Expt.

E (keV)
KH CW Expt.

(1"(W))'~ (fm)
KH CW

(7 ) Sb(s+)
( ) Sb( +)

962
2708

962
2708

920
2641

30.1+3.4
5.5+0.8

H78

37.3
2.4

HBB

40.0
3.4

H78

37.3
2.4

HBB

40.0
3.4

Sn(P+) ' Sb(1 )
134S (p+) 1&4Sb(1—

)

318
872

0
695

318
872

12.1+3.3
35.0+7.7

13.2
59.3

13.6
63.1

18.3
58.9

18.9
62.4

"4Sb(p ) 's4T (2+ }
134Sb(p —

)
134T (2+)

's'Sb(p )
' 4T (1+)'"Sb(p

—
)

'"T (2+ )

1279
2464
2632
2934

1182
2366
2291
2981

1330
2485
2650
3134

(7.8
7.3+2.0

24.7+2.3
10.8+4.6

5.0
6.8

30.3
0.1

5.1
7.6

30.9
0.2

6.2
6.5

28.0
0.1

6.3
7.0

30.5
0.3

134 Sb(7 )
134T (6+)

'"Sb(7-) "4T.(6+)
1691
2398

1468
2134

1703
2293

21.4+1.3
31.4+1.9

5.3
30.9

5.7
33.0

5.2
30.9

5.5
33.0
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Orbit

1fp(~
2p3/2
2p1/2
Ohg/2

1fs]z
0&13/2

134S
Intensity

(%)
51.0
7.7
3.0

14.6
10.1
10.0

Orbit

1dg/2
1d3/2
2S1/2

0h11/2

134T

Intensity

80.3
12.7
2.4
1.0
3.4

TABLE VI. Intensities of (vQ' = 5) and (s'Q' = 4) pairs
in the CW4082 Sn and Te ground states, respectively.

to the
&

state means a decrease in the decay rate by
a factor of 36. (This value appears to be overestimated,
with q~ 14 indicated by experiment. The difficulty with
this particular q was discussed in Sec. III.) Clearly an
accurate determination of these core polarization effects
is paramount. The R1 and R2 contributions to the de-

cay of sSn(z ) to the z ground state of issSb was
also considered. We predict that these contribute 1.4%%

to this branch, i.e., the branch is 98.6%%uo rank-zero (RO).

B. Decay of Sb(7 )

the agreement for decay to the 62+ level of Te as for-
tuitous. ) The results for the decay of is4Sn also depend
on its ground-state wave function shown together with
that for the is4Sb ground state in Table VI. The other
initial states are quite pure, i.e. , the issSn ground is a
single-particle state and, as shown in Table III, the 0&
and 7i states of Sb have quite pure el f7~zn Ogr~z wave
functions.

A. Decay of Sn(- )

These are conceptually the simplest decays being con-
sidered since, as shown in Fig. 6, they are single-particle
transitions in Arst order. Contrary to expectations, the
role of the initial state admixtures of the x0g9~~ orbit
was found to be of minor importance. The quenching
due to this orbit of M& in the decay to the 2 state and

of M& in the decay to the 2 state were 7.6%%uo and 3.3%%uo,

respectively. These results are typical of the others un-
der consideration. In contrast, the final-state correlations
have large effects as can be seen from Table IV. Note that
the predicted (HBB) q value of 0.17 for the R2 decay

We consider this decay next because it exemplifies
most simply the problem with the second group of final
state discussed above, i.e. , those with mixed wave func-
tions. Other than the known branches to the first two
6+ states listed in Tables I and V, our results indicate
no first-forbidden branches (including RO decays to 7+
states) )0.01%%uo other than 0.84%%uo and 0.21%%uo for the first
two 5+ states, which are predicted to lie at excitation
energies of 2791 and 4635 keV, respectively. The pre-
dictions of Table V for the 6+i state are seen to disagree
greatly with experiment. Possible reasons for this dis-
agreement were explored and the most likely source was
found to lie in the J = 6 proton-proton off-diagonal ma-
trix element (Og7y20g7/2(V [Og7~2 1ds~2) which is responsi-
ble for the mixing between the two lowest 6+ states. The
problem can be understood by reference to Table VII
which shows the contributions of the orbits to the sum
of Eq. (1) for the two Rl matrix elements. Because they
combine destructively, the final values of (C(W)) ii'z are
sensitive to the balance between M& and My . For both
states M& gives the larger contribution to 8& but the
cancellation between M&" and My is much more complete
for the 1691-keV level. The two states are essentially

TABLE VII. CW4082 predictions for the Rl DR(j;jy) and matrix elements of Eq. (1) for the
decay of Sb(7 ) to the 1691 and 2398 keV 6+ states of Te.

D&(&& ) Mi" (j;jr, eff) ~i (j'jr) Mi (j;jy, eff) ~i(i i y)

The 61+ 1691-keV level

Ohg/2

1'~,
Ohg/2
1f7g2

1 '(2
1f7(2

Ogg/2

Ogg

Ogp/

Og7/2

Og7/2

1d5/2

0.0343
0.0130

—0.0858
—0.6133

0.0003
0.3897

Total.

—3.2767
—0.7901
—1.4377
—1.0536

1.0206
1.4567

—0.1125
—0.0103

0.1234
0.6462
0.0003
0.5676
1.2147

0.2625
0.7571
1.9173

—0.1875
0.8661
1.6791

0.0090
0.0098

—0.1645
0.1150
0.0003
0.6543
0.6237

The 62+ 2398-keV level

Ohg/2
1frg2
0hg/2

If7)~
1fs(2
If7)2

ogg/2

ogg/2

Ogv/2

ogv/2
Og7/2

1d5/2

—0.0558
0.0347
0.0695

—0.1844
0.0002

—1.2995
Total

—3.2767
—0.7901
—1.4377
—1.0536

1.0206
1.4567

0.1828
—0.0274
—0.0999

0.1943
0.0002

—1.8929
—1.6421

0.2625
0.7571
1.9173

—0.1875
0.8661
1.6791

—0.0147
0.0263
0.1332
0.0346
0.0002

—2.1820
—2.0010
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orthogonal mixtures of (Og7gq) and Og7y2ldsg2 with the
percentage of these two terms in the 1691-keV level being
92 and 8, respectively. Two noteworthy features of these
decays are the very small value of Mi (1f7' 20g7g2, eff) (so
that the 8% If7~qldp~2 in the 1691-keV wave function is
quite important) and the fact that for the 1691-keV level
M i (1f7~20g7~2) and M i (1f7~21ds~2) are closely equal
in magnitude and add in phase. After consideration
of all possibilities, it seems that the only way to ob-
tain values of (C(W))i~2 close to the experimental ones
within our model space is to change the relative phases
of M", (If7~~0g7~&) and M", (1f7~~lds~2). This is done by
changing the sign of the J = 6 (Og7g~Og7yq)V(0g7yqldsyq)
TBME. For instance, with this TBME changed from
+0.169 to —0.250 MeV the (C(W)) ~~ become 20.1 and
'28.5 fm, respectively, while the percentages of (Og7/g)
and Og7~21d5~~ in the 6& state become 85 and 15, respec-
tively.

C. Decay of Sb(0 )

Aside from the known branches listed in Table I, we
predict no other first-forbidden branch (including RO de-
cays) greater than 0.5'%%uo. The results are in excellent ac-
cord with experiment with the exception of the decay to
the third 2+ state. The experimental branch to this state
has a large uncertainty and the J value is uncertain so
that the disagreement may not be real. If it is real then
the likely problem would be that the mixing between the
23 and 24 s tat es is not given correctly by the inter ac-
tions. This would not be surprising since these two states
are rather closely orthogonal mixtures of Og7~21d3~~ and

(Id5~2) while, in contrast, the 2+i and 2& states are
quite pure (Og7~2) (90%) and (Ids~q) (92%), respec-
tively. The 1+i state of is Te is 98.5'%%uo Og7~21d5~2 for the
CW4082 interaction. Thus the transition to it from the
is4Sb 0 ground state —which is 95.5% vl f7~27r0g7~q is-
a rather pure vl f7~q ~ irld5~q transition. The excellent
agreement with experiment is a successfully passed test
of the core polarization.

TABLE VIII. (| (W)) values and branching ratios
(B) predicted with the CW4082 and HBB interactions for

Sn(0+) decay to bound I and 2 states of Sb. The
excitation energies are those of the CW5082 interaction.

E
(keV) (fm)

B
(%)

318
376
872
881

1234
1740
1780
1947
2062
2085
2226
2431
2622
2668
2811

18.8
3.0

62.4
11.7
10.3
24.6
2.5

17.8
8.3
1.1
0.6
1.1

18.5
0.3
0.1

3.4
0.09

25.5
0.89
0.69
2.3
0.02
1.0
0.18
0.00
0.00
0.00
0.59
0.00
0.00

from which the 3850-keV level is assigned J = 1+ [I].
Using

B(GT) = 6166/fpt, (4 1)

we find a B(GT) value of 0.24 + 0.16 for the branch
to the li state which is 100% v0hgggxOhii~2 in the two
5082 model spaces. The predicted value of B(GT) for
both the KH4082 and CW4082 interactions is B(GT) =
1.06 with no quenching. The quenching of the Gamow-
Teller strength in nuclear matter is known to be 0.6
which results in a predicted B(GT) about twice the ex-
perimental value. Note that for our model space this
transition results entirely from a v0hg(q ~ ~0hqq~2 tran-
sition and thus the B(GT) is directly proportional to the
percentage of (vOhg~q)2 in the is4Sn ground state.

D. Decay of Sn(0+) V. SUMMARY

In addition to the Rl branches to the first two 1
states of i 4Sb, significant first-forbidden branches are
predicted for other bound 1 and 2 states of is4Sb.
These predictions are collected in Table VIII. The Sb
li state is quite pure vl f7~2+Og7~2 and agreement with

experiment for the decay to it is excellent. The 12 and 13
Sb states have mixed wave functions with each other

and other states as well (see Table III). The situation is
more complex than for the 6+ states of Te discussed
above. Agreement with experiment for the branch to the
12 state could be achieved with minor changes in off-

diagonal matrix elements.
In addition to the three known decays to bound states

of Sb, Sn decays with a branch of 13+7% to a state
at 3850 keV. The log fpt value for this decay is 4.41 + 0.29

A general conclusion from the discussion of P decay
given in the preceding section is that the core polariza-
tion is essentially correct but the residual interactions do
not give the detailed mixing of states very well. A specific
failure of the CW4082 interaction (the KH4082 interac-
tion has the same failing) was detailed for the Sb(7 )

Te(6&+z) decays. Similar but smaller changes would

give better agreement for the is4Sn ~ is4Sb(12 ) decay.
It was emphasized that an unusual uncertainty in our

residual interactions was in the placement of the neutron
single-particle energies. How severely do the P decay re-

sults test this placement? The answer is not very severely
at all. Granted that the Oy and 7y states of Sb are
nearly pure vl f7fqwOg7g2 (see Table III) the only signif-
icant dependence on these single-particle energies is via
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the t~Sn groundstate wave function (Table VI) and the
wave function of the lz state of ~s4Sn.

We emphasized in the Introduction that the main mo-
tive for this work was to build and test residual inter-
actions to apply to the Ro LJ = 0 decays of Table I.
From the results given here it can be inferred that the
interactions are quite adequate for this purpose since the
RO decays involve states which are akin to the group of
states for which good agreement was achieved for the Rl
and R2 decays.
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