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The problems which arise in study of the 7 decay of analog resonances are reviewed. The experimental data
are compared for analog 8 and ¥y transitions and analog-antianalog transitions. Data on the pbpulation of
states of the core-polarization type are collected and analyzed. The problems relating to the 7y decay of fine-
structure components of analogs are described. The E1 decay of analogs is discussed.
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INTRODUCTION

Study of the y decay of analog resonances has proved
to be an informative and fruitful field of nuclear re-
search. Apart from purely spectroscopic information
about low-lying states of nuclei such as their energies
and quantum numbers, the mixing of the multipolarities
of transitions, and the values of branching ratios, in-
formation can be extracted about effects due to the na-
ture of analog states. An analog state differs by unity
in isospin from neighboring states. Its wave function is
fairly well known despite the large excitation energy of
about 6-20 MeV in medium and in heavy nuclei. Data
on the ¥ decay of analogs are widely used as a test for
the wave functions of low-lying states. Analysis shows
that the information obtained about nuclear structure
from the y decay of analogs is qualitatively similar to
the information obtained from 3 decay. However, the
range of excitation energies achieved in y decay (3-6
MeV) is appreciably greater than in decay. Study of
analog-antianalog transitions in different regions of
nuclei enable one to obtain new data about the properties
of one-particle states. Charge-exchange nuclear ex-
citations of collective type can also be investigated by
v decay of analogs. In many nuclei, states that can be
interpreted as core-polarization states are strongly
populated. A search for direct and indirect proofs that
a giant Gamow~Teller resonance exists is one of the
most interesting problems.

A new field is the study of the y decay of the com-
ponents of the fine structure of analogs. Correlation
analysis is used to obtain interesting data about the
structure of the T; component of an analog.

The y decay of analogs has attracted attention only
recently. One of the first reviews of this question is
Hanna’s,' and a brief review of the main problem can
be found in Refs. 2 and 3.

1. BASIC IDEAS ABOUT THE y DECAY OF ANALOG
STATES

The wave function of an analog state can be written in
the form

i

Vaagy [Vt neen. )

as
~l}rTﬂ+l. To =

Here, ‘I’;‘:]Hyi'a'l is the wave function of the parent state
with isospin T;+1 and isospin projection Ty+1. The
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operator T. carries a neutron into a proton without
changing the state in which the particle is:

T.= 3 a3 () ax (3). (2)

By virtue of the Pauli principle, the summation is re-
stricted to states populated by excess neutrons.

An analog state has a definite isospin Ty+1, equal to
the isospin of the parent state, and is in a nucleus with
isospin projection T,. In this nucleus, the low-lying
states usually have isospin equal to the projection, i.e.,
To. As a rule, an analog state is at high excitation en-
ergies (from a few MeV to 20 MeV in medium and heavy
nuclei). At these excitation energies, -the density of
states with ordinary isospin is much greater than the
density of analog states. An analog state is sharply
distinguished by many of its properties. The experi-
mental and theoretical data indicate that the mixing of
states with different isospins is small, and the individ-
ual character of analog states is clearly manifested in
many experiments.

In the ¥ decay of an analog state, AT=1, so that only
the isovector part of the operator of the v transition
contributes to the transition. The information which
can then be extracted is in principle different from that
obtained from transitions between low-lying states with
AT=0 (which are particularly sensitive to the isoscalar
part). The hope is that the ¥ decay of a isobaric analog
resonance could yield information about the parts of the
wave functions that are sensitive to the isovector part
of the operator of the electromagnetic transition.

The electromagnetic transition operator M(\, p) is the
operator of the interaction between the currents in the
nucleus and the radiation field:

M(h, )= j §(r) At (kr) dr. (3)

An isospin dependence is contained in the factor jor).
The expression for the current includes terms of the so-
called convection current for protons, and spin currents
(or magnetization currents) for protons and neutrons:

ir)= Z,ep [ gﬂ}; 8(r—rp)+ 8 (r—rp) 25]1'}; J
»

h
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r
e (%)qunﬁ (r—ry), (4)

n

where u, and y, are the magnetic moments of the proton
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TABLE 1. Data on double analogs.

Nucleus Tew T Eﬂ:c‘}tatmn eneTgy, Literature
12Cg 0, 32 27.50 0,10 [4]
180g 0, 2 22,717-:0.008 [5]

6 2 (24.70 =0,10) [4]
BNey 0, =2 16,732--0.0024 14, 4, 6]

0; 2 (18,430=:0.0050) 14l
#Mgy, 0, 2 15.434=:0,003 [
i5is 0, 2 15,223--0,003 [8—10]
2288 0, 2 12,0500,004 11, 12]
BArsg 0, 2 10,858--0,035 14
#Ary 1, 3 18.,784::0,030 {4l
40Cagp 0; 2 14.978-:0,025 [8, 13]
#Tigy 0, 2 9.338 =0.002 [14]
§2Feqq 0, 2 8.54 =0.10 [4]
§8Nigg 0, 2 9,90-0,10 141
“4iPoygg 21, 23 37,36 [15]
and neutron. Using the isospin operators, we can re-

write this expression in the form

10 =53 (1— ) [ 5= 8 (e —r) 8 r —x) 3~

'i‘%( M ¢ ) 2 [y + BT T X 648 (r—1y); (5)

here p,=p,+ppand pl=p, - pp=-p..

We obtain for the current the isoscalar part

i :_tz._ E 9,11
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and also the isovector part
i (r)=

i cpl ( eh
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Accordingly, one can separate the isoscalar and isovec-
tor parts in the transition operator:
MRy W) =M (&, 1) + Wy (e ) Lo (8)

We give the expressions for the isovector part of the op-
erator for M1, E2, and E1l transitions:

W, (1) = ) 2 i (4700, + 1) (9)
My (E2) = (ep —en) r2VE (F); (10)
WMy (E1) = (ep—en) rYL (r). (11)

The separation of the electromagnetic transition op-
erator into isovector and isoscalar parts determines
the main isospin selection rule for y transitions: ¥
transitions of any multiplet must satisfy the condition
AT=0, 1.

Important information about the fulfilment of this rule
can be deduced from vy transitions between states with
AT=2, i.e., study of the y decay of double analog
states. At the present time, states have been discov-
ered in nuclei for which the isospin is two units greater
than the isospin projection: 7=|7,| +2. These states
in nuclei with isospin projection T, are double analogs
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of states of nuclei with isospin projection | T,] + 2.

Double analog states are at high excitation energies
and appear as resonances in reactions of various kinds.
Table 1 gives the nuclei with established double analog
states and their excitation energies. As a rule, the
states found are double analogs of the ground states of
the nuclei. However, one can sometimes also observe
double analogs of some excited states. The energies of
these states are enclosed in brackets in Table 1.

Apart from the nuclei given in Table 1, double analogs
are apparently observed in the nuclei **Cr and *Zn
(Ref. 4) and **Ni and ®°Nb (Ref. 16), and also as reso-
nances in the 5°Cu compound nucleus in the reaction
®Ni(p, n)**Cu (Ref. 17).

Gamma emissionaccompanying the excitation of double
analogs has been studied for nuclei with A =4n: 2’Ne
(Refs. 1, 18, 19); *Mg (Refs. 1, 7), ®si (Refs. 9, 10),
325 (Refs. 12, 20, 21), and *Ti (Ref. 14). It was es-
tablished that these states decay by a two-step y cas-
cade through levels with T'=1 to levels with T'=0.
Direct transitions from T'=2 to levels with T=0 were
not found. For the intensities of E2 transitions with
AT =2 upper limits have been given for *Mg (Ref. 7),
285 (Ref. 9), 32S (Ref. 12), and “'Ti (Ref. 14). These
limits for the values of B(E2) lie in the range 0. 06—
0.004 Weisskopf units, which is about 10-100 times
less than the mean strength of isospin-allowed E2
transitions for nuclei in the range 20=A =40 (Ref. 22).

Data on the probabilities of y transitions with AT =2
can be used to analyze the isospin purity of double ana-
log states. The same information can be obtained by
analyzing the decay of double analog states with emis-
sion of heavy particles: « particles, deuterons, and
protons. Such decays are isospin-forbidden, but are
observed with high probability. The isospin-forbidden
(@, y) reactions serve to excite double analog states.
Gamma transitions to states with T'=1 are isospin-
allowed, so that for the analysis one can use isospin-
forbidden and isospin-allowed processes. Note that the
admixtures of states with 7'=0 to a double analog state
in nuclei with 7,=0 do not contribute to the y transitions
from double analogs to analogs, since for transitions
with AT=0

L M| ]| T

M e B
M | M ) = D er T i

Here, we have written out the isospin-reduced matrix
element and used the explicit form of the Clebsch—-Gor-
dan coefficients.

One can also give a further relation which shows that
the probabilities of transitions for the y decay of double
analogs and the corresponding analogs differ only by a
numerical factor:

(J'M'T'T, | Wy | TMTT,)

T2 T2 ~1/
) MW T8,

o (_)T'_T[ T, (2T —1) (2, (12)

Here, T, is the larger of T and T’.

In Table 2, we give data on the y decay of double ana-
logs in the Mg, 2*Si, and *8 nuclei and of the analogs
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TABLE 2, Decay of T=2 levels in nuclei with T,=0 and T,=1,

Tz =0 Tz =1
Nu- E— E Decay ' E,— E Decay
cleus IMev 1 I Lol J?' Y % Nuclous ‘MeV’ 'J?’ = J?’ s %
15.43-9.97 | 0+, 2— 1%, 1 | 83 .
2 - 24 Ky 2 + 9 __ 4+
WMee| 5us 101 | or, 21+, 1 17} WL (S apsoies | 0y, &~y A 18
5.07—1.3 | o+, 2—1+, 4 | 14} 23
5.97—-3.59 [ 0+, 2 — (%), 1 | 10
15.22-10.80 | 0+, 2 —1+, 1 | 8 5.90—1.37 | 0+, 2 —4+, 1 | 1
gy BRSO S N . = - =
: 221080 | 0F, 2 — 1+, 1 5.09-1.62 | 0+, 2 — g+,
iy, | 15:221 . 43 AL, 99 0, 21+, 1 | 34 -
15,311,446 | 0%, 2 — 4+, 1 | 40 590220 | 0%, 21+, 1 | 43
5.99—3.10 | 0+, 2 — 1+, 1 | <6
5.09-3.54 | 0%, 2— (%), 1 9)
12.05-7.00 | ©0f, 2 — 1+, 1 | ¢ 5,07—0 0, 21+, 1 | 7.8
B8 | 12.05-8.13 | or, 2— s, 1 83} M2] | #Py | 5.09—.45 | o+, 2 —1+, ¢ 85.6} [11]
12.05-9.21 | of, 2 —1¢, 1 | 1 5.07—2.23 | 0r, 2— (14, 1 | 6,6

corresponding to them in the **Na, #Al, and *P nuclei.
Note the great similarity between the y decay of levels
with T=2 in nuclei with 7,=0 and T,=1.

Gamma decay of double analogs is characterized by
strong transitions to T=1 states. The y decay schemes
now known for double analog states are given in Fig. 1.
It can be seen that these states decay in all cases by a
two-step y decay through levels with T=1 to levels with
T'=0. Without exception, all y transitions from double
analogs are strong M1 transitions of the type 0%, 2-1%, 1.

In the **Ti nucleus there are two levels with T=1 next
to each other: 6.60 MeV, 2" and 7.22 MeV, 1*. The
double analog decays only to a level with J"=1* (M1
transition), and an E2 transition to a level with J"=2* is
not observed. The experimental strengths of the M1
transitions from double analogs are given in Table 3 to-
gether with the theoretical values of B(M1).

The theoretical values of B(M1) were obtained in a
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FIG. 1. Gamma decay of double analog states.
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many-particle shell model with effective interaction. In
all cases, the calculations give a good explanation of the
relative intensities of the transitions from T'=2levels to
T=1 levels and of the absolute intensities of transitions
from T=1to T=0 levels. The situation is more com-
plicated for B(M1) for the transitions T7=2- T=1. In
Refs. 7, 10, and 14 it is noted that the theoretical value
is approximately an order of magnitude higher than the
experimental for the nuclei *Mg, ®si, and *Ti. At the
same time, the calculations of Ref. 6 give values that
agree with the experimental ones.

2. GAMMA DECAY OF ANALOG RESONANCES AND
THE STRUCTURE OF LOW-LYING STATES

The transition operator in the ¥ decay of analog reso-
nances is the isovector part of the electromagnetic
transition operator. One can therefore expect the study

TABLE 3. Experimental and theoretical values of B (M1)
for the v transitions T=2—T=1,

Transition B(MI), W.units
Nucleus E; et \f",f- 97, 795, 7; | Experiment Theory
$9Neqo 16.73—11.20 | 0+,2 —1+, 1 1.404-0.25 1.33
[6) [6]
{iMgs 15.43—9.97 0,2 —1+, 1 0.84-0.3 0.99
15.43—10.71 | 0,2 —1+, 1 0.2740.09 1.34
7] [71
88ig, 15.22—11.44 | 0+, 2—1+, 1 0.54 3.94
15.22—10.90 | 0+, 2—1+, 1 0.39 5.62
15.22—10.72 | 0+, 2—1+, 1 0.07 1.85
15.22—10.60 | 0+, 2—1+, 1 0.06 2
[10] [10]
13840 12,05—7.00 0+, 2—4+, 1 | 0.053+0.011* 0.038
12.05—8.13 0+, 2—1+, 1 1.57+0.31 0.89
12,05—9.21 0+, 24+, 1 0.554-0.11 0.33
[12] (6]
#Tiy, 9.36—7.22 | 0+, 21+, 1 0.6 By
[14] [14]

*Under the assumption I, =T.
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FIG. 2, Excitation function near
the py;, analog in *'V (Ref. 24): 1)
ppy reaction; 2) py reaction,

A, tel. units
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of ¥ decay of analogs to give information of a qualita-
tively new type that is not similar to the information ob-
tained by studying y transitions with AT'=0 between low-
lying states of nuclei. '

Data on the y decay of analogs can be used as a test of
wave functions of low-lying states. It is important that
in calculations of the probabilities of transitions from
an analog it is unnecessary to write out the analog’s
wave function explicitly. It is sufficient to know the
wave function ¥ o+, g+t Of the parent state and the func-
tion ‘I’Tu,._,. of the fmal state.

The reduced matrix element for a v transition from
the analog state 'I’To'rhfn to the final state ‘I’{;.O' T, can be
expressed as follows:

(¥hone

pIRACEAU " Y T°>

S W) (T O YRenron) b (18)
i

= 1 1
T VEZ@e D) <‘FT"' £

R

1 siriallip
~vamery (Yhon | 3 0L 0] ¥ )
The probability of the y transition is determined by
the parent, ¥3.1, 7o, and final, ¥4 .. wave functions.

The y decay of the analog state can be regarded as a

charge-exchange process.

In the majority of cases, one studies analogs of low-
lying states whose wave functions are fairly well known.
One can then compare experiment and the results of
calculations with model functions ¥ Tyro- On the other
hand, if T/ ig known well, data on the v decay can give
information about the function ¥ , - .,. Note that in
these calculations the assumption of purity of the analog
state is important: An analog is a pure T,= T+ 1 state
and the mixing with T'.= T, states can be ignored.

In recent years, many experimental data have been
published about the y decay of analogs. However, few
theoretical calculations have been made. One of the
nuclei studied in most detail is *V, for which the y de-
cay of the py,, analog state was studied.?*™® The ex-
perimental values of the transition probabilities were
used in Ref. 27 to study the structure of low-lying
states.

The excitation function in pp, and py reactions and the
¥ spectrum of the decay of the p,,, analog to the ground
state of 5!Ti are shown in Figs. 2 and 3 (Ref. 24). The
ground state of °'Ti is assumed to consist of two protons
and a neutron above the **Ca core. The protons in the
f7/2 state are coupled to angular momentum J,=0, and
the neutron is at the level p;,,. However, one cannot
exclude a configuration in which the protons are coupled
to angular momentum J,=2. In this case, the wave
function of the *'Ti ground state has the form

Y (31T ST =3y) = .; ags (F) [(#F .'z),,v,, Pyl yss 45Ca). (14)

For the low-lying states of *'V the following configura-
tion is assumed: three protons in the f;,, shell outside
the ®Ca core. The next step is to take into account the
P52 shell, i.e., two protons in the f;;, shell and one in
the py 5 shell: [(f%,,)?p%,.];. The energies of the low-
lying states can be fairly well described by the simplest
configuration (f;;,)?, although it is then not possible to
reproduce all the experimental levels. Inclusion of the
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(Vs 4 il FIG. 3. Gamma spectrum of the
decay of the py/, analog in *'V
(Ref. 24).
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FIG. 4. Scheme of "'V states with definite isospin T= T, (c)
and T=T,+1 (d) from the configurations @ and b (Ref. 27):
c—(Ty+1/2, Ty+1/2, 1/2, —1/21Ty, Ty)| Ty+1/2, Ty
+1/2)11/2, =1/2)+ (Ty+1/2, T,-1/2, 1/2, 1/2| Ty, T,)

I Ty+1/2, Ty=1/2)11/2, 1/2); d= (Tg+1/2, Ty+1/2,

1/2, =1/21Ty+1, Ty)I Ty +1/2, T,+1/2)11/2, —1/2)
+(To+1/2, Tg—-1/2, 1/2, 1/21 Ty+1, Ty)| Ty+1/2, T,
-1/2%11/2, 1/2),

P32 configuration significantly improves the agreement
between the calculated and experimental energy levels.

A serious shortcoming of this description is that the
(f2/2)* Py configuration does not have a definite isospin.
To obtain a state with definite isospin, it is necessary
to form linear combinations of the two configurations
shown in Fig. 4. For this, one can use the method of

projection operators® or the method of Clebsch—Gordan
coefficients. 2°

If one considers the probabilities of transitions be-
tween low-lying states with AT=0, they are not greatly
changed by the use of functions with definite isospin.
This conclusion can be drawn on the basis of the fact
that the correction from the (p,n™) configurations is
small. However, in the calculation of the probabilities
of transitions from an analog state the result is very
sensitive to the functions used for the low-lying states.
The reduced probabilities of transitions from an analog
resonance to low levels of 'V may change by an order
of magnitude, and in some cases by more, when the
calculations are made with functions with definite iso-
spin rather than by the ordinary method.

In the simple model for the configurations of the low-
lying states *'V(f%,,)® the wave functions ¥ of the final
state have definite isospin. If the pg,, shell is also
taken into account, then in (13) one must use functions
¥ with definite isospin:

¥ry, 7o =N1,Pr, Y11, (15)
where NTu is a normalizing factor; PTo is the projection
operator which separates the components with definite
isospin; ‘FT:‘TU is a function with the two isospin values
T=Tyand T=Ty+1.

The operator Py, has the form

Pry=1— e T T =1+ 7. \ (16)7

(Tq

Then for the matrix element (13) we obtain
(Pr¥ 1=, || 2 m* (z) 1 (i) || Wi, Tott)
= (Fre=r, || 23 m* (29) £ () || ¥Tot1, To40)

+ Wi, | S ) (9 - (011 ¥hes, 7001 1)
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Calculating the commutator in the second term, we find )

(Pro¥ron || 2 m* (2 2-() |

T,
X ‘y;’:ﬂ, Tobd === _Taﬂi <¥r,=1,
X 3 mt (2 2o () || W, z041)
i e et
Vem,+1)
X || 3} m* (27) 2t () || Whoes, Ty 1)- (18)

1

("1’1'2-_-;1',3

We now turn to actual calculations of the probabilities
of y transitions from the analog state in 5V (Ref. 27).
In Table 4, we give the transition probabilities calcu-
lated in different approximations.

Note first that the simplest (f;,,)® approximation gives
only one y transition to the ground state (first column).
To see this, note, first, that in this model only 2pg,,—
1f;,. transitions are possible. This excludes all M1
transitions. Second, in order to obtain nonzero E,
transitions to (f3,,),, configurations, these last must
include the structure [(f7/2)s,/1/2ls,, where J, is the
angular momentum of the pair of protons in the *'Ti
state. For the approximation I, J,=0 and all E2 transi-
tions to states with spin J;#7/2 are excluded. Inclusion
of the (fy,)3ps, configuration in the *'Ti state enables
one to obtain E2 transitions to the 5V states with spins
5/2 and 3/2 (second column). In the third column, we
give the results for the approximation in which allow-
ance is made for the p,,, configuration for 'v. A
serious shortcoming of these calculations is the use of
functions with indefinite isospin. In the fourth column,
this shortcoming is rectified. It can be seen that to
calculate the probabilities of transitions from the ana-
log state it is essential to use functions with definite

TABLE 4. Probabilities of transitions in different approxi-
mations. I-Illdenotediffering approximations for the ini-
tial, 1) (W +1, Ty+1) and final | f) states; I) the configu-
ration (fy/,) for 5V and (fryo)ipasa for 'Ti. The approxi-
mation II entails allowance for the py,, configuration for

51V using functions with definite isospin; II’) without con-
struction of functions with definite isospin. For *'Ti the
approximation II entails allowance for the configuration
(f172)3 32 I further complexification of the 5!Ti con-
figuration,

B(E2, i— f)e?, F*
B(M{, i — 1), 10-2 p3

Level of *'V

1i> I I bid b bi i

1> 1 1 i d i 1
7/2-, ground state 1.23| 0,76 0.76 0.76 0.73
527 (1) Q 0.13 1.93 0.19 0.20
0 0 0,093 0.52 4.8
32 0 0.018 0.39 0,029 0.03
0 0 0.53 1.0052 0.86
32- @ — — 0.91 0.34 0,38

22 57 67
<827 () - — | 10.4 0.17 0.29
0.36 5.3 9.8
3/2- (3 - — 10.0 0.44 0.39

56 86 75
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FIG. 5. Connection between 8 and y transitions.

isospin. In the last column of Table 4, we give calcu-
lations with an even more complicated ’'Ti state (ap-
proximation ITI). To the *'Ti wave function we have
added 20% of the f2,,(J,=2)p, ,(n) configuration and
0.9% of the f2,,(J, =2)f;,,(n) configuration.

This admixture reproduces the ff values for j transi-
tions from the *'Ti ground state to the 5/2" and 3/2"
levels of *'V. This admixture will also strongly in-
fluence the M1 transitions from the analog state since
it introduces transitions between members of the spin—
orbit doublets 2p, ;,-2P;,, and 1f;,5-117, 5.

In recent years, experimental data on the y decay of
analogs in nuclei of the sd shell have been widely used
as one further test of nuclear models. For nuclei with
A=19-24, calculations have been made of the probabil-
ities of ¥ transitions from analogs to low-lying states
in the many-particle shell model with different effective
residual interactions.®72:30-32 Nilgson’s model was
used to calculate the probabilities of transitions from
analogs for nuclei with A =21-31 (Refs. 34-37). For
nuclei of the region A =30, extensive calculations, in-
cluding the decay of analog states, were made in the
framework of the many-particle shell model with sur-
face 6 forces.3%:3°

3. GAMMA DECAY OF ANALOG STATES AND
3 DECAY

There is a fundamental relation between the probabil-
ity of a ¥ decay from an analog state to any level and the
ft value for the g transition from the parent state to the
same level. This relation is based on the similarity of
the isovector part of the operator of a y transition of
definite multipolarity and the operator of the g transi-
tion of corresponding type. It has frequently been used
to analyze transitions in light nuclei, and has recently
been used to study medium and heavy nuclei.

Most frequently, one uses the connection between the
reduced probability of an M1 y transition from the ana-
log state and the ff value of the corresponding Gamow—
Teller B transition. The B-transition operator is

Yo=Y o (i) (19)

Comparing this expression with Eq. (9) for the opera-
tor of the M1 transition, we note that they have a simi-
lar structure. If the contribution of the [ part to the
operator of the M1 transition from the analog state is
ignored, we can obtain a connection between the proba-
bilities of B and y transitions.
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The B(M1) value of the y transition has the form

BN =2 (g57=) 12 D 171 Mo

7
where My= > (Ui-}—i l,-) 2, (i)- {20)

i

and the ff value of the Gamow-Teller g decay is

f=4390/ X[ (F| Y_| i) ]2,
g
where [ )= (1/ V' 2T) T-] ir). (21)
Using a relation analogous to

{f $ 04T (i) | dg) = —{f | {j; 0% (i) T-1| i)
= —7l 2- 031 /a, () T- | o)
= —Vz_Tu(fI@ oyt. (i) | i),

we obtain the following relation between the ff value and
the spin part of the operator of the M1 transition:

ft =11 530/[T,B (M1, 0)]. (22)

Here, T, is the isospin of the analog and B(M1,0) is ex-
pressed in units of

12 = [eh/ (M),

Gamma transitions from an analog with isospin T, to
low-lying states of a nucleus with isospin Ty -1 and the
corresponding @ transitions, which are called analog
B transitions, are shown in Fig. 5.

The intensities of the g and y transitions can be com-
pared in different ways. In what follows, we shall com-
pare the value of B(M1, o) obtained from the experimen-
tal ft value of the g transition in accordance with (22)
with the experimental B(M1) value for the correspond-
ing y transition from the analog.

Since the value of B(M1, o) characterizes the contribu-
tion to the y transition of only the spin part of the op-
erator, comparison of B(M1, o) and B(M1) enables one to
draw a conclusion about the applicability of the relation
(22), which is based on neglect of the orbital part of the
y-transition operator.

In the literature, one frequently uses an association
of other quantities to compare the probabilities of 8 and
v transitions of this type. The probability of the M1 y
transition is characterized by A(M1):

A (M1) =4z [2Mef(eh)]* B (M1)/3, (23)
and the probability of the g transition by A(GT):
A (GT) = 4390/ (ft). _ (24)

The relationship between A(M1) and A(GT) may be
different for different cases of 8 and y decays encoun-
tered in practice. For the 8 and y transitions shown in
Fig. 5 it is

A(M1)=11.1A (GT)/T,. (25)
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TABLE 5. Values of the factor (L+g,k/u) in Eq.

(29) for different transitions.

Transition Factor IJ Transition Factor:
1

Hra— %42 1.000 [ leg—f-;:/g 1.636
P3i2—Pya 1.212 Tra— Tap 0.894
Pyja— Py 0,894 fso— 152 0.152
Pysa— Py 0.576 2972 — 8oz 1.848
dg g — dgy 1.424 o/0— E1pn 0.894
50— dyyy 0.894 812 —&7/3 0.060
dyjp—dgjn 0.364

In the general case one can, using the matrix elements
for the g and ¥ transitions reduced with respect to the
isospin and the total angular momentum, write

2 (TT; 10| 74T, 3,

] ot uilh
e
@Ti+1p (211 LA G
7 it vl e 1 n] AI6R (26)

where =21 for g decays.

In the general case, the expression for B(M1, ¢) has
the form

B(M1, q)— 3 12 4390 (T5Ty 40| 4T, 3
R SR M (S T3
(2T —1)p (27;+1)p
&, Ty 27)

The ratio of B(M1) and B(M1,0), which characterizes
the contribution of the [ part to the y transition, can be
expressed by

o =[S T a8

In deriving (22) and (25)-(27), we have used two as-
sumptions: 1) the possibility of ignoring the 7 part in the
operacor of the M1 transition; 2) that the analog state
is a pure T, state. The first assumption seems reason-
able on the basis of a one-particle estimate of the con-
tribution of the [ part to the transition.

One can show that for transitions between the one-
particle states j,—j,, j,—j¢, andj.—j,, where js=1+1/2,
and j.=1-1/2, the reduced matrix element has the form

(sl o+ £y =(isllolssy (1421) ;

(sllotfhtticy = (s llollicy (1 —4£L) 5

(<llo+Etlicy =(icllolic Y1 —Ea+1)].
The values of the second factor, which determine the

contribution of the ! part, are given in Table 5 for dif-
ferent transitions.

1
i (29)
J

Data on M1 transitions from analogs and information
about the Gamow-Teller g transitions corresponding to
them in the region of nuclei with 19=A4 =70 are given
in Table 6. The B(M1) values are determined from the
experimental ¥ widths, the B(M1, o) values are calcu-
lated in accordance with Eq. (27), and in the last column
we give the ratio B(M1)/B(M1,0). In Fig. 6, this ratio
is given as a function of A.
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The error in determination of B(M1)/B(M1, o) in-
cludes the error in determination of the reduced prob-
abilities of M1 y transitions and the values of lg ft. In .
some cases, the authors of the papers cited in Table 6
do not give the errors of the measured B(M1) values.
This is explained by the following factors. To calculate
B(M1), it is necessary to know the radiative width I
and to determine the mixture of the multipoles in the in-
vestigated transition. The radiative widths are most
frequently determined in the (py) reaction. To extract
T, from the experimental value of the integrated reac-
tion cross section it is necessary to determine indepen-
dently the proton width I', of the level. In many cases,
this is known from measurements of the proton elastic-
scattering cross section. For some nuclei, however,
such measurements have not been made. To determine
T, in these cases it is assumed that I',>T,. This as-
sumption is reasonable for medium and heavy nuclei,
for proton energies 1-3 MeV, and for small values of i

The measurements of T', and I',, which have been
made for analog resonances in the nuclei **Sc (Ref. 55),
IV (Refs. 56, 57), ‘°Sc (Ref. 49), 'V (Ref. 24), $Mn
(Ref. 50), %o (Refs. 58, 59), and *°Co (Ref. 60) at
proton energies in the range 1.25-2.3 MeV, have shown
that the ratio T,/T, for the different resonances formed
by the capture of protons with I, =1 fluctuates from 7
to 700.

However, when, for example, [p=2 the assumption
I',> T, is not so obvious and justified. Thus, in the
cases When T, is not measured independently, measure-
ment of the py reaction cross section gives only a lower
limit for I',. Inthese cases, the authors of papers
giving the value of T, do not always indicate the error
of the measurements.

To determine the mixtures of multipoles in a transi-
tion, it is necessary to measure the angular distribu-
tion of the ¥’s. In many cases such measurements are
made, and B(M1) is determined with allowance for the
measured 6. However, in some investigations there
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TABLE 6. Comparison of analog B and v transitions.

beta decay gamma decay
B(M1)
A | Z,A (B)—Z4A (Ep) 7 Tin}‘, T | gst B(H:l%.v}. Z,A(B; — Ep I T'_-—J’!, T | By BOM 9
19 [180 (0) — YF (0.19) [5/2+, 3/2—5/2+,1/2| 5.42 | 0.029 | ¥F (7.54—0,19) |5/2+, 3/2—5/2+, 1/2| 0,40 [30] | 13.744.2
19 180 (0) — 19F (1.55) |5/2*, 3/2—3/2+,1/2| 4.59 | 0.20 | F(7.54—1.55) [5/2+, 3/2—3/2%, 1/2| 1.0[30]| 5.1=1.4
19 [130 (0) — 1§F (4.38) [5/2+, 3/2—7/2+,1/2} 3.60 | 1.1 BF (7.54—4.38)  [5/2+, 3/2—7/2+, 1/2[ 4.6[30] 4.0
20 [*20 (0) — %F (1.06) 0%, 2 —1+, 1 3[::63] 1.43 | PNe(16.73—11.2) | 0+, 2 —1+, 1 |255[1] 1.80
20 |%F (0) —gNe (1,63)] 2+, 1 —2+, 0 4{.4%&} 0.12 | 39Ne (10.26—1.63) | 2+, 4 —2+, 0 |0.73[41] 6.23
21 |3F (0) —}iNe (0) |5/2F, 3/2—3/2+,1/2 5.21 | 0.047 | 3}Na (8.97—0) 5/2+, 3/2—3/2+,1/2| 011 [34] | 2.341.6
91 [2F (0) —31Ne (0.35)[5/2+, 3/2—5/2+,1/2) 4,74 | 0.14 | }iNa(8.97—0.34) [5/2+, 3/2—5/2F, 1/2| 0.55 [34] | 3.9:1.2
21 [3F (0) —}}II’:T‘Q(;.?S] 5/2+, 3;‘2—7f2+61,/2 5.06 | 0.066 | #Na(8.97—1.72) |5/2+, 8/2—7/2+, 1/2| 0.70 [34] | 10.6::3.2
22 [82Mg(0)—3:Na(0.58) 0%, 1 —1%, 3.66 | 2,97 | }2Na(0.66—0.58) | 0+, 1 —1+, 0 |6,6[1] 2.2+0.8
P §§M§§o§_§ma§1 oyl om 1 —1r 0 |3.43] 1.43 %E’Nagi.sei—o.ﬁﬁ; 14,0 —0t 1 |62M] | 4.444.0
23 [ENe (0)—Na (0) [5/2+, 3/2—3/2+,1/2| 5.27 | 0.041 | 3}Na (7.89—0) 5/2+, 3/2—3/2+, 1/2| 047 [42] | 4.1+1.4
23 |1Ne (0)—3Na(0.44) 5;{2;. gfz—i,zﬂi 1/2 zgg 0.031 f:"Na (7.89—0.44) |5/2+, 3/2—5/2+, 1/2| 0.12 [42] 4.04_-1.2
24 [MNe (0)—3Na(0.47)) O+, 2 —1%, ; 0.32 | Mg (15.43—9.97)| 0+, 2 —1+, 1 |1.43]7] | 4.5%1.
24 [14Ne (0)—3#Na(1.34) 0+, 2 —1+, 1 [4.37| 0.33 | H#Mg(15.43—10.7)| 0%, 2 —1+, 1 | 048(7) [ 1.5x0.7
25 [¥Na(0)—15Mg (0) [5/2+, 8/2—5/2+,1/2| 5.25 | 0.043 | Al (7.90—0) 5/2+, 3/2—5/2+,1/2| 0.45[36] | 3.5+2.4
25 [35Na (0)—25Mg(0.97)|5/2+, 3/2—3/2+,1/2 5.05 | 0.069 | $3A1(7.90—0.94) |5/2+, 3/2—3/2+, 1/2| 0.04[36] | 0.6::0.6
25 [25Na (0)—Mg(1.64)|5/2+, 3/2—7/2+,1/2| 5.03 | 0.072 | }A1(7.90—1.61) [5/2+, 3/2—7/2* 1/2| 0.35[36] | 4.9+3.4
26 |31 (0) —8AL (1.06) 0+, 1 —1+, 0 | 3.53 | 1.43 | }MAl(1.06—0.23) [ 4+, 0 —0F 1 |37[4, 3.3+1.2
43. 44)
28 [BMg(0)—18A1 (1.37) O+, 2 —1+, 1 | 4.46 | 0.27 | }8Si(15.22—10,72)| 0%, 2 —1*, 1 [ 042[10] 0.45:0.23
28 [BEMg(0)—3AL (1.62) o+, 2—1%, 1 ]4,56 ] 0.27 8Si (15.22—10.90) | 0+, 2—1%, 1 |0.70[1C]| 2.6:1.6
29 [3A1 (0)—2Si (1.23) [5/2+, 3/2—3/2+, 1/2] 5,05 | 0.060 | 38P (8.37—1.38)  |5/2+, 3/2—3/2%, 1/2] 0.043[36]] 0.62-0.40
29 (1Al (0)—#Si (2.03) 5,2+, 3/2-5/2+,1/2| 5,72 | 0.045 | 2P (8.37—1.96)  [5/2%, 3/2—5/2%, /2] 0.16 [36] | 10.6::6.4
. 29 [3A] (0)—398i (2.43) |5/2+, 3/2—3/2+, 1/2[ 4,97 | 0.082 | 3P (8.37—2.40) [5/2+, 3/2—3/2*, 1/2| 0.10[36]| 1.2::0.8
30 (%S (0) —§2P (0) 0+, 1—1*, 0 | 4,38 | 0.47 | P (0.68—0) 0+, 1—1%, 0 [.2[1.45)] 2.540.6
31 |M8i (0)—%P(0)  [3/2+, 3/2—1/2+,1/2 5,52 | 0.023 | 3P (6.38—0) 3/2+, 8/2—1/2+,1/2| <0.036] < 1.56
[42]
33 [33Ar (0)—$3C1 (0.81)(1,2+, 3/2—1/2+, 1/2| 4,44 | 0.27 | 3CI(5.50—-0.81) [1/2+, 3/2—1/2+,1/2{ 0.27 [46] | 1.0+0.3
34 [MAr (0)—34C1 (0.66) 0+, 1—1+, 0 | 4,78 | 0.063 | 3Cl (0.66—0) 1+, 0—0+ 1 [0.014[47)| 0.22:+0.17
37 |88 (0) —3ICL (3A1)[7/2-, 572—17/2-, 3/2| 4,37 | 0.20 | $3C1(10.22—3.11) |7/2-, 5/2—7/2", 8/2[ 1.40 [48] | 3.2+0.8
49 |49Ca (0)—14§Sc (3.08)(3/2-, 9/2—3/2-, 7/2| 4,9 | 0.032 | 49Sc (11.56—3.08) |3/2-, 9/2—3/2", 7/2/0.002[40)}  0.063
49 |#8Ca (0)—4$§Sc (4.97) 3/2-, 8/2—5/2-, /2| 4,7 0.051 | #§Sc (11.56—4.07) |3/2-, 9_*275,-'2:. 7/2] 0,044 [49] 0.86
49 [#8Ca (0)—4fSc (4.74)3/2~, 9/2—5/27, 7/2 4,5 | 0.081 | gsc (11.56—4.74) |3/2, 9/2—5/2-, 7/2/0.045[49)) 0.5
51 [BLTi (0)—3hV (0.32) j3/2-, 7/2—5/2, §/2 4[.212]: 0.049 | 8V (9.40—0.32) |3/2-, 7/2—5/2-, 5/2[0.084(24]| 1.7£0.5
51 |8YTi(0)—85V (0.93) [3/2-, 7/2—3/2-, 5/2 5{,2453 0.012 | 51V (0.40—0.93) |3/2-, 7/2—3/2, 5/2/0.051 [24])] 4.3+1.3
55 [33Cr(0)—5iMn (0) [3/2-, 7/2—5/2~, 5/2| 4,95 [ 0.037 | §§Mn (10.0—0) 3/2-, 7/2—5/27, 5/20.12(50] 82
61 [Cu(0)—8Ni (0)  |3/2-, 3/2—3/27, 5/2| 5,1 0.036 | $iCu (6.40—0) 3/2-, 5/2—3/2-, 3/20.24[51) 6.0
81 [fiCu(0)—BNI0.067)8/2-, 32572, 52| 6,3 | 0.0015 | gcu (6.45—0) |52, 5/2—3/2-, 3/2(0.0027 1.8
[52]
61 [81Cu(0)—giNi(0.28) B2, 3/2—1/2-, 5/2| 5,5 | 0.028 | g}Cu (6.63—0) 1/2-, 5/2—3/2-, 3/2{ 0.024[52)]  0.85
63, [§3Ni(0)—4Cu (0)  H/2-, 7/2—3/2-, 5/2] 6,5 0.0010 | g3Cu (8.57—0) 1/2-, 7/2—3/2-, 5/2{0,030[53])] 30

Note: Unless otherwise indicated, the values of 1g ft are taken from Ref. 54. The values
of E; and E; are given in MeV.

are no measurements of 8.

The authors of the corre-

We also mention that information about the values of

sponding papers assume that the transitions from analog
resonances are pure magnetic dipole transitions, this
being justified on the basis of their similarity with the
v transitions for which AT=1 and for which 6 has been
measured and found to be nearly zero, or on the basis
of a comparison with the theoretical estimates of the
_transition probabilities. In these cases too, the errors
for B(M1) are also sometimes omitted by the authors.

Note that if ', > T, is not satisfied for a transition,
B(Mm1)/B(M1, o) will be underestimated. If the assump-
tion =0 is not true, the ratio will be overestimated.
Analysis of the data shown in Table 6 indicates that
there are no such correlations. For example, one of
the largest values of the ratio B(M1)/B(M1,0)=13.7 is
obtained for the °F nucleus, for which the angular dis-
tributions have been measured and it has been estab-
lished experimentally that 6~0. In Table 6, we give
data on ten pure M1 transitions of the type 0"-1*, 1*-0%,
and 1/2*-1/2*. For seven of them, the ratios B(M1)/
B(M1, 0) have fairly large values: from 1.5 to 4.5.

_Finally, the smallest ratio B(M1)/B(M1,0)=0.063 is
cbtained for the *%Sc nucleus, in which T, and T', were
measured and the relation I'y > T, is satisfied.
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T, can be obtained from measurements of the resonance
fluorescence cross sections and from study of inelastic

scattering of electrons through large angles and the ay

reaction. For low-lying levels in odd—odd nuclei infor-
mation about T', has been obtained from a determination
of the lifetimes.

In Table 6 we give the more reliable experimental
values. The details of the experiment can be found in
the literature quoted in the table. Information about
some of the less reliable transitions not included in the
table will be discussed below.

The majority of the collected values refer to transi-
tions in nuclei of the sd shell. A great many theoretical
studies have been made of these nuclei, and the prob-
abilities of y transitions with AT =1 have been calcu-
lated, i.e., the decay of analogs. In some of the in-
vestigations, the probabilities of the analog B transitions
were also calculated. Usually, one compares the the-
oretical and experimental data on the relative and abso-
lute probabilities of g and y transitions. However, on
some occasions use has also been made of a comparison
of the theoretical ratios B(M1)/B(M1,0), or other ratios

Yu. V. Naumov and O. E. Kraft 368



that characterize the contribution of the orbital part to
the y transition, with the experimental values. Ratios
of this type can serve as an additional criterion for
evaluating the model. Below, we give a brief review of

the papers in which g8 and y transitions have been calcu-
lated simultaneously.

A=19. One compares g transitions from the ground
state 1°0(5/2*) to the states °F(5/2¢, 3/2%, 7/2"). To
other states of !°F sufficiently strong B transitions are
not observed. The analog of the °0 ground state is at
a height of 7.539 MeV (5/2*). Fairly strong y transi-
tions are detected only to levels that are also populated
as a result of g decay. For 5/2'-5/2* transitions one
observes one of the largest values of the ratio B(M1)/
B(M1, ¢) in Table 6. Theoretical calculations and a
comparison of the probabilities of g and ¥ transitions
from the analog have been made in several papers.

The shell model with effective residual interactions of
different types was used in Refs. 30 and 31. Fair
agreement with the experimental values of lg ft and
B(M1) was obtained for the transitions 5/2*-5/2" and
5/2*-3/2*. For the transition 5/2°-7/2" the situation
was more complicated. It was noted by Aitken et l.3%°
that the theory gives much too small (by an order of
magnitude) values for the probabilities of both g8 and ¥
transitions. However, Arima et al.% obtained values
that, although smaller than the experimental, were
fairly near them. In Ref. 32, Gunye and Warke made
calculations in the Hartree—Fock formalism. The re-
sults were found to lie between the calculations of Ref.
30, on the one hand, and those of Ref. 31, on the other.
It should be pointed out that in Refs. 30-32 the ratio
B(M1)/B(M1, ¢) was not analyzed. It was only noted in
Ref. 32 that the contribution of the ! part to the operator
of the M1 y transition cannot be ignored in all cases. It
would seem that the 5/2'~5/2" transition is just such a
case when the [ part is important in the y transition
from the analog.

A=20. Data on the y decay of double analogs and an-
alogs in **Ne enable one to make a comparison with 8
decay., Gamma decay from the double analog (T=2, J7
=0%) to the state T=1, J"=1" in 2Ne can be compared
with the B decay 2°0-%'F. Beta and gamma transitions
were calculated simultaneously in Refs. 31 and 33. The
calculations were made in the framework of the many-
particle shell model with residual interactions. In Ref.
31, Arima et al. obtained approximate agreement with
experiment, although the calculated probabilities of B
and y transitions were found to be somewhat greater
than the experimental ones. In Ref. 33, the agreement
with experiment was much worse. The energies of the
T=2 and 1 states and the probabilities of y transitions
between them differed strongly from the experiment.
The T=2-T=1 transition probability was approximately
ten times larger than the experimental. The 2°0-2°F 8
decay was hindered relative to the experimental.

One can also compare the f transition of **F-**Ne with
the corresponding y transition in 2®Ne (see Table 6).
The probability of this y transition was calculated in
Ref. 31. The transition was found to be hindered, The
probabilities of 8 and y transitions were not calculated
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simultaneously.

A=21. The existing experimental data enable one to
compare the probabilities of B transitions from the %'F
ground state to *'Ne levels and the probabilities of M1 y
transitions with AT=1 in the.?'Na nucleus, which is con-
jugate to 2'Ne. We do not know of any simultaneous cal-
culations for these B and y transitions. However, there
is a rule that y transitions with AT =1 must be the same
in conjugate nuclei. In Ref. 31, Arima ef al. calculated
simultaneously 2!F-2!'Ne $ transitions and y transitions
for the decay of the 5/2* analog in 2!Ne. For the y
transitions, the order of the absolute probabilities and
the relative intensities of the transitions can be repro-
duced if a comparison is made with the experimental
values for the v decay of the 5/2* analog in 2'Na. How-
ever, the B transitions are hindered by one or two or-
ders of magnitude.

A=23. For this A, one can compare 8 transitions
from the **Ne ground state to ?*Na lévels and y transi-
tions to ®Na. In Ref. 42, Shikazono and Kawarasaki
calculated the probabilities of 8 and y transitions in
Nilsson's model. This model satisfactorily describes
the absolute and relative intensities of the transitions.
The contribution of the [ part was analyzed. The ex-
perimental ratio of the reduced matrix element of the
[ part to the reduced matrix element of the o part is 5.5
£1.2 and 4.8+ 1.1 for transitions to the ground and
first excited state of **Na, respectively. The theoreti-
cal value, which is the same for the two cases, is 3. 76.

A=24. Data on the y decay of the double analog in
#Mg enable one to make a comparison with the B decay
#Ne-2*Na. In Refs. 7 and 23, data are given on calcu-
lations of 8 and y transitions in the shell model with
residual interactions, and the results of the calculation
describe both 8 and y transitions well.

A=25. One can compare B transitions from the -
ground state of ®*Na (T=3/2) to the Mg levels with en-
ergies 0, 0.97, and 1.61 MeV (T=1/2) and the corre-
sponding M1 y transitions with AT =1 in the 2*Al nucleus,
which is a mirror nucleus of *Mg (in the nucleus *Mg
itself the radiative widths for the M1 transitions with
AT=1 are unknown). As we have already said, the pos-
sibility of such comparison follows from the well known
rule that ¢ transitions of any multipolarity with AT=1
have identical properties in the conjugate nuclei.

In Ref. 36, Morrison ef al. calculated the radiative
widths and 1g ff of B transitions in Nilsson’s model.
Calculations were made for the allowed transitions
T,J;K;=3/2, 5/2*, 3/2'-T,J,K;=1/2, 5/2*, 5/2' (ground
state) and 1/2, 7/2%, 5/2' (1.61 MeV). Agreement is
observed between the calculations and experiment for
the absolute values of the probabilities of v and B transi-
tions and for the B(M1) ratio for v transitions from the
analog to low-lying levels that are members of the ro-
tational band with K=5/2*. The calculated value B(M1)
x(5/2-5/2)/B(M1) (5/2-17/2) =0, 40 agrees well with the
experimental value 0.41+0. 07.

The transition 3/2, 5/2*, 3/2*-1/2, 3/2*, 1/2* (0.97
MeV) is forbidden in this model, and to explain the ob-
served probabilities it is necessary to introduce an ad-
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mixture of a certain configuration to states with T'=3/2.

In Ref. 37, Jones et al. made a quantitative compari-
son of the absolute probabilities of B and v analog decays
in ®*Na and ®Al nuclei and of the ratio of these probabil-
ities with calculations made in Nilsson’s model. They
showed that the experimental data can be reproduced
well by the model. In particular, in the framework of
this model one obtains an explanation of the experimen-
tal fact that the ratio B(M1)/B(M1, o) for allowed transi-
tions to the levels of 2Mg (0 and 1. 61 MeV) is approxi-
mately six to eight times greater than for the transition
to the 0.97-MeV level. The calculated excess in Nils-
son’s model is about 3-4, whereas for a spherical po-
tential this ratio is the same for all transitions.

A=28. The y decay of the double analog in #8i can
be compared with the **Mg—2%Al B transitions. The
probabilities of 8 and y processes were calculated si-
multaneously by Jelley et al. '® The branching ratio was
reproduced quite well but the absolute probabilities of
transitions were much larger than the experimental. In
the calculations, a shell model (valence nucleons in the
sd shell) with residual interaction was used. The con-
tribution of the I part to the y transition was not ana-
lyzed.

A=29. One can compare the experimental values of
B transitions from the ground state of *Al (T=3/2) to
levels of #98i (T'=1/2) and the probabilities of M1 y
transitions with AT=1 in the nucleus 2°P, which is a
mirror nucleus for 2°Si (in the nucleus *’Si itself the
radiative widths of the corresponding y transitions are
unknown). Attempts to explain the relative probabilities
of B decay in the framework of Nilsson’s model were
unsuccessful. A qualitative explanation of the relative
probabilities of B and ¥ decay can be obtained by using
the shell model (spherical potential) with jj coupling. 7

A=31. For this A, one can compare the f transitions
from the ground state of *'Si to the levels of *'P. How-
ever, the probabilities of y transitions from the analog
of the ground state of *'Si to 3'P are not known. In
Table 6, the value of the upper limit for the transition
to the ground state has been used. Nevertheless, there
exist theoretical estimates of the contribution of the or-
bital part. In Ref. 42, Shikazono and Kawarasaki made
this estimate in Nilsson’s model; in Ref. 32, Gunye and
Warke used the shell model and Hartree—Fock calcula-
tions.

A=34. For this A, one can compare the y decay from
the 0. 66-MeV state in **C1(7'=0) to the ground state of
this nucleus, which has isospin 1, and the analog B de-
cay from the ground state of **Ar (T=1) to the 0. 66-MeV
level of *Cl. In Ref. 47, Evers and Stocker calculated
the probabilities of these B and y transitions in a shell
model with different interactions. They indicate that
the best agreement with experiment is obtained when
tensor forces are taken into account.

A=37. The measured radiative width of the y transi-
tion from the analog at 10. 22 MeV to the 3. 11-MeV
level in *'Cl was compared with the calculated value in
Refs. 48 and 61. The éalculations were made in the
shell model. A simultaneous calculation was made of
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the probability of the analog B decay from the ground
state of *'S to the same 3. 11-MeV level in *'Cl. Very
good agreement with experiment was observed for 8 and
¥ processes.

Table 6 does not include a comparison of the intensi-
ties of B and y processes in the #™Al and *Mg nuclei.
It is known experimentally®®%® that there is a y decay of
the *Mg state with E, =10.0 MeV, which is an analog of
the isomer level 2™ A1 (J"=1%). It is also known that
there is a B decay of the isomer to the *Mg levels. If
the experimental data for B(M1) and B(M1, ¢) are used,
for the ratio of these quantities one obtains very large
values: 100 for transition to the ground state of >*Mg
and 77 for the transition to the 1. 37-MeV level. These
large values may arise from an incorrect determination
of lg ft for the g transitions; for the transition to the
ground state lg ft=6.0; to the 1. 37-MeV level, it is
6.2. These values are clearly too large for allowed j
decay in light nuclei.

In some of the quoted papers, attention is drawn to
the role of the orbital part in an M1 transition from
analogs. In Ref. 31, for example, Arima et al. assert
that in nuclei of the sd shell M1 transitions from an
analog are basically determined by the spin part of the
operator, In Ref. 32, Gunye and Warke note a similar-
ity between analog 8 and y transitions but say that in
some cases the [ part is important., Quantitative analy-
sis of the experimental data leads to a different conclu-
sion. Comparing the values of B(M1, o) and B(M1) in
Table 6, we can conclude that, as a rule, the I part’s
contribution to the M1 transition exceeds the contribu-
tion of the spin part or is comparable with it. Never-
theless, one can show that the majority of the B(M1)/
B(M1, o) ratio values lie in the range 1 to 5 and one
does not encounter very large or very small values.

Attention should be drawn to a circumstance that is
not reflected in Table 6 or Fig, 6. Fairly often, one
cannot observe a y transition from an analog or the cor-
responding analog B transition, although the quantum
numbers do not forbid it.

This means that analog B and y transitions are corre-
lated although the contribution of the 7 part may be
greater than the ¢ part’s. These data can be explained
by the selection rules for the matrix elements of the
and o parts being the same, so that the matrix element
of the I part is small in the cases when the ¢ part’s is.

It is to be expected that the contribution of the I part
is more important when the B transition is hindered.
Indeed, large values of B(M1)/B(M1, o) are observed
for B transitions with lg ft~=5-5.5. These are B decays
of nuclei with A=19, 21, 29. However, in other cases
when lg ft has the same value, the ratio B(M1)/B(M1, o)
has normal values. It should be noted that in cases
when B as well as y transitions are hindered, experi-
mental difficulties generally arise in determination of
their absolute intensities, In addition, for weak y tran-
sitions one must take into account the possibility of a
contribution from the T, component of the analog. In
nuclei of the f;,; shell there are not many data that en-
able one to compare analog # and y transitions.
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A=49. Gamma decay transitions of the P32 analog in
*%Sc can be compared with B transitions from the ground
state of **Ca. This case is characterized by the fact
that all the ratios B(M1)/B(M1, o) are less than unity.

It is obviously difficult to explain the small value of this
ratio (for example, 0.063 for transitions to the 3. 08-
MeV level of “*Sc) by the contribution of the ! part. In
*Sc, the neutrons completely fill the fase shell, so that
the transitions which could contribute to the total value
of B(M1) are f1/o~f1s, frjz=Fsszs D1jz=D1ss, and D1je=Daya,
and the [ part for these transitions cannot strongly re-
duce the ratio B(M1)/B(M1, o). In Ref. 49, Gaarde

et al. show that the small value of this ratio can be ex-
plained by a contribution to the y transition of the T,
component of the analog and interference between this
contribution and the T, component’s. The pj;, analog of
5c is split into several fine-structure components. It
is known that y transitions to the 3.08-MeV level of *°Sc
take place from at least three components. However,
the intensity of these transitions is not correlated with
T, for every resonance, this width being a measure of
the contribution made to the resonance by the 7, com-
ponent of the analog. This also means that in the y
transition to the 3.08-MeV level the T, component
makes the main contribution, which can interfere with
the contribution of the T, component. The estimates
made in Ref. 49 by Gaarde ef al. show that the intensity
of the transition from the T, component may be com-
parable with the intensity of the hindered transition from
the T, component. The contribution of the 7, component
to the other two transitions (to the 4. 07- and 4. 74-MeV
levels of **Sc) is smaller andthe ratio B(M1)/B(M1,0) is
near unity.

A=51. The y decay of the py, analog in °'V was ana-
lyzed in Ref. 27 by Osnes and Warke. They also calcu-
lated lg ft of the analog f transitions. The intensities
of the B and ¥ transitions can be reproduced if allowance
is made for a small admixture of p,,, and f;,, states to
the *'Ti ground state and an admixture of a collective
Gamow-Teller state to the low-lying states of 51V,

A=61. Analog $8 and y transitions were compared in
Ref. 64 by Kraft ef al., who pointed out the normal val-
ues of the ratio B(M1)/B(M1, o) despite the fact that the
probabilities of different ¥ and B transitions differ
strongly.

A=63. The ratio B(M1)/B(M1, o) for this case is the
largest in Table 6. Note that the 8 transition is strong-
ly hindered: 1g fi=6.5. In this case, one can expect a
large contribution of the [ part.. On the other hand,
since one is studying a y transition from an analog p,,,
state, it is difficult to determine the E2/M1 mixing in
this transition (the spin 1/2 of the initial state leads to
isotropy of the ¥’s). The possibility cannot be excluded
that the observed y transition is to a considerable ex-
tent an E2 transition.

4. CONFIGURATION STATES

A detailed study of the y decay of analogs in medium
and heavy nuclei entails a consideration of collective
charge-exchange degrees of freedom of the nucleus,
Charge-exchange nuclear excitations are characterized
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by isospin 7=1 and projection p,=-1, 0, +1. Excita-
tions with p,=0 correspond to excitations (with isospin
0 or 1) that do not change the isospin projection of the
nucleus, i.e., are in the nucleus whose ground state is
being considered. Excitations with L,=+1 are charge-
exchange excitations and are in the other nucleus; in
these excitations, the isospin projection of the state
changes. An analog state is an example of this excita-
tion,

It has been shown above that the v decay of analogs
can be 'rega.rded as a charge-exchange process analo-
gous, for example, to 8 decay. The experimental data
on the 1g f of Gamow-Teller 8 decay are explained by
the idea of a collective Gamow-Teller state, which is
a coherent superposition of pn excitations coupled into
angular momentum 1* (see Refs. 65 and 66). Configura-
rations of this type are also important in analysis of
the ¥ decay of analogs.

Collective charge-exchange excitations appear when
residual interactions are taken into account. Before we
turn to the study of collective states, we must construct
basis functions, i.e. eigenfunctions of the Hamiltonian
without interaction. As was noted by Vergados and
Kuo, * diagonalization of the isoscalar Hamiltonian on
an arbitrary but fairly large basis will lead to wave
functions having good isospin. However, if one chooses
a basis of functions with definite isospin, a number of
advantages result, particularly in the cases when the
isospin structure of the investigated pheﬁomenon is im-
portant. To study the y decay of analog states, it is
evidently expedient to use basis functions with definite
isospin. These functions will be constructed in the
form of a superposition of particle=hole excitations.

It is not easy to construct functions with a definite
isospin, especially when complicated configurations are
considered. In Ref. 28, Fujita and Ikeda proposed a
method that uses projection operators in order to con-
struct states with definite isospin. In Refs. 67 and 68,
states with definite isospin were constructed in order to
study the isospin structure of a giant £1 resonance. In
Ref. 69, Mekjian and MacDonald used functions with
definite isospin to construct a theory of analog reso-
nances,

Aleshin® has discussed in detail the construction of
functions with definite isospin to apply to the study of
analog decay. In the construction of states with definite
isospin one encounters an analog and an antianalog state,
configuration states, core polarization states, and spin-
flip states. In different investigations different states
have been considered, and there is no unified terminol-
ogy. Here, we shall give definitions of all these states.

In the many-particle shell model, analog, antianalog,
and configuration states are defined as follows. Sup-
pose that above a closed inert core with isospin and spin
equal to zero there is a group of nucleons (even number)
at level j, with total spin J=0 and isospin T,. Consider

“also an odd particle at level j,. Then the wave function

of the analog corresponds to coupling of the odd particle
and the core with J; and T to total angular momentum
J=j, and isospin T'=Ty+1/2:
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FIG. 7. Simple configurations for odd—odd (a) and odd (b) nu-
clei that do not have definite isospin,

i (]T)Jn, To» ]-2).!. To+1/a-

The antianalog state corresponds to the same coupling
to angular momentum J =7, but with isospin Ty—1/2:

1D g0 d2? ¢, 71720

All the other states that appear as a result of recou-
pling of the spin J, and isospin T are called configuration
states in Lane’s terminology. ™ Occasionally, the anti-
analog state is also included in the concept of configura-
tion states. In what follows, we shall apply the name
configuration states to a smaller class of states, sepa-
rating the antianalog state, core-polarization states,
and spin-flip states.

Let us consider first the ground state of an even—even
nucleus (N, Z):

[0)=|T =T, To=Ty, I=0, M=0). (30)
The analog state and the other states are found in the
nucleus (Z+1, N-1), i.e., in an odd-odd nucleus.
These states can be obtained in different ways, one of
them being by diagonalizing the operator T2 in the space
of excitations®®:

ahatnr |0y B=1,2 00, 2T, (31)
As a result, it is found that there exists only one state
belonging to isospin T'=Ty; this is called the analog
state: )

A(0)= % (2To)~"2ajpapn | 0). (32)

The remaining states, of which there are 2T;— 1, have -
isospin T=T,— 1 and wave functions

C()=3 Qhaipann |0, 1=1,2,...,2T, (33)
where the coefficients Q% satisfy the condition
%‘-oév:o, Petnia, Lol i (34)

These states were first introduced by Lane™ and are
frequently called Lane configuration states. The coef-
ficients @ can be chosen in different ways.

An analog state has a definite total angular momentum
I=0, and its wave function can be represented in the
form
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F
A0)=2) (:_;)”“(agpa,m)mw). (35)
b=1

Here, #, is the number of particles in subshell b; np is
the total number of particles in the neutron excess; and

F is the number of subshells filled by the neutron ex-
cess.

The states (33) do not have definite total angular mo-
mentum. One can show that the space (33) is equivalent
to the space of states with wave functions C (b, I=0) and
K (b, I#0):

C, I=0)= { ( N?\Tzi )Ijz (a8pabn)o+

npny 1/2 i
- ( Nb-:?\l:b ) (ﬂaopabnn)m} | 0}, (36)
bo<.b 4
where b=1,2,...,F and Ny = 3 Ny;
o=t
K (b, I 5 0) = (atpaen)rz0 | 0)- (37)

We shall say that the states (36) are configuration states
and the states (37) for I=1" are core-polarization states.

The states (36) and (37) have the definite isospin T
— 1. Other states with definite isospin are obtained as a
superposition of particle—hole (1p-1#) and (2p-2%) con-
figurations, which do not have definite isospin. The
simplest configurations are shown in Fig. 7. Examples
of states (T'= Ty~ 1) for an odd-odd nucleus in which the
contribution of the (1p—1k) components is largest are
shown in Fig. 8 (Ref. 29). Excitations of this type can
be distributed over states with isospin Ty~ 1, Ty, and
To+1. The excitations which become the most impor-
tant in the functions ¥, and ¥, are distributed over the
states with T=Ty~ 1 and T=T,. In the third case, a T,
+1 component is possible.

In the study of the y decay of analogs, the most im-
portant particle-hole configurations are those in which
the proton and the neutron hole occupy states that are
members of a spin-orbit doublet: j,=1+1/2 and j,=1
$1/2. We shall say that states with definite isospin in

i ;
2,7 * i
= \/2ht + .
L ]
o
brgbendd
V2l;(215-7)
L ] -
3
77,1 1\/25,77 "8
e g2 L REA VLA = =
- ‘/ZT,ff * e,
o]
[ ]
3 1
I VET,-IN2Ty 1)

FIG. 8. Examples of different (1,2, 3) states with definite iso-
spin for odd—odd nuclei, The wavy line denotes summation
over the excess neutrons.?
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which these configurations make the main contribution
are spin-flip states.

Let us now consider states of the nucleus (Z+1, N).
This case corresponds to the excitation of analogs in the
Py reaction on the even—even nucleus (Z, N). The main
configuration is the (Z, N+1) nucleus. The analog state
and the other states will contain a one-particle compo-
nent. In the notation of Ref. 69, the analog state can be
written in the form

N4-1

Co=(N—Z+1)"" I Wy,
a=Z+1
where Qg = alpon | O (Z, N +1)). (38)

There is a group of states ®; orthogonal to the analog
state; these are configuration states, including the anti-
analog state:

=1
(I—Z—1)dp— ¥ Dy,
O, = LT (39)

V=2 (1—2+D
LaFan & .

Making a comparison with the case of an odd—odd nu-
cleus [ the state (33)], we note that there is a new state
corresponding to I=N+1:

Dy = [(N—Z) Dyyy, ¥4

N
-3 d)up/V(N—2+1)(N—z+2). (40)

p=Z+1

This state is called the antianalog state because of its
structural similarity to the analog state.

For states that are analogous to (37) an odd neutron is
added:

K (b, I 0) = a3, (abpasn)i—o | 0. (a1)

The states (38)-(41) have definite isospin. They are
made up from configurations that do not (see Fig. Tb).
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As in the case of an odd-odd nucleus, other states with
definite isospin can be obtained from the configurations
of Fig. 7a plus an odd neutron and many-particle con-
figurations. In the study of the y decays of analogs, the
most important states are those that have a large con-
tribution of three-quasiparticle components of the type
of Fig. 7a plus a neutron. These states have isospin
Ty—1. In the majority of physical problems and, in
particular, in the study of the ¥ decay of analogs, only
the three-quasiparticle components are important. The
coefficients of these configurations® are given in Fig. 9.
Eigenstates (with definite isospin) of the Hamiltonian of
independent particles are constructed. For the nucleus
(Z+1, N) they include, besides the analog state with iso-
spin Ty+1/2, configuration states , the antianalog state,
core-polarization states, and spin-flip states with iso-
spin Tp-1/2.

Let us now consider the energy of these states (with-
out allowance for residual interactions). We shall mea-
sure the energy from the energy of the analog state (Fig.
10).

The difference between the energies of the analog and
the antianalog state is well known and is

E-—E,=— (T, +1/2) Vy/A, . (42)
where V=100 MeV. This is a symmetry energy, and
can be determined in different experiments. The con-
figuration states lie in the same energy region as the
analog state.

A core-polarization state lies higher than the antiana-
log state by an amount A equal to the pairing energy of
the neutron:

Ee—Eyem —(Ty A2 Vi7A+A, (43)
The spin-flip states lie even higher: the difference

between the energy of a spin-flip state and a core-polar-
ization state is equal to the spin-orbit splitting:

s r;,’ ——— 7=7, Gamow-Teller
J'{( ; T R giant resonance

4ls Spin-orbit splitting

JT —I—_ T=T,*! Analog

.
JJ}7 T=T, Core-polarization
JA-7 states
Neutron
pairing 4 4E,5 Symmetry energy
energy
g% 7=7, Antianalog
rrrrrrrrrrrTIrTrTITrT 5
FIG. 10. Energy relations between the analog state, the anti-

analog state, configuration states, and core-polarization
states.
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E,—Ee=Ap=e(j=1—1/2)—e(j=1+1/2), (44)

so that

Ey—Ey= — (To-+112) VA + A+ Ag. (45)

5. ANALOG-ANTIANALOG TRANSITIONS

In investigations into the y decay of analogs, much
attention has been devoted to analog-antianalog transi-
tions. From the experimental point of view, this is be-
cause in nuclei with A <40 one observes as a rule one
strong transition to the lowest-lying state with the same
spin and parity as the analog’s. Some years ago, when
data on the y decay of analogs was known only for light
nuclei, it appeared that decay by a strong M1 transition
to the antianalog was the main characteristic feature of
the ¥ decay of analogs. It was also noted that the in-
tensity of analog—antianalog transitions is fairly large:
the B(M1) values were of the order of a Weisskopf unit.
In recent years, data have become available on the de-
cay of analogs in nuclei of the f;/, shell that have re-
quired the introduction of new ideas and have shown that
in analysis of the y decay of analogs one cannot restrict
the treatment to only antianalogs. However, in this
section we shall analyze the data for only analog—anti-
analog transitions.

Let us consider the decay of analogs with a clearly
expressed one-particle nature. The parent state of such
an analog is a fairly good one-particle (one-neutron)
state and has a large spectroscopic factor in the (dp) re-
action. The analog state must also have a large spec-
troscopic factor, which can be determined by elastic
scattering of protons through the analog and from
(*He, d) proton-transfer reactions.? In this case, the
antianalog state will also have a large spectroscopic
factor in the (*He, d) reaction.

Generally, when speaking of antianalogs, one uses
ideas on the isospin splitting of one-particle states.
When a proton hits a target nucleus C, the resulting
system p+C has a wave function without definite isospin.
If the isospin of the target nucleus is T, the function of
the p + C system can be expanded with respect to states
with isospin 7T,=T,+1/2 and T, =T,~-1/2. Real nuclear
states have definite isospin. The state with isospin T
is an analog, and the state with isospin T is frequently
called the antianalog. We shall write down the wave
functions of the systems p+ C and z + C by expanding
them with respect to states with definite isospin:

| RCY=|T'oT'g; 1/'21/2}:111:11/2; To+1/2; To+1/2);

|50 = | Ty 12— 2 (2Tt 1) T2y 125 2O)

To—1/2)+ (2To)V2 | To1/2Tp— 1/2; To—1/2)]. (47)
Here, we have used the notation of Ref. 71: |7,T, ¢; t,)
and | Ty1/2T; T,) for the uncoupled and coupled func-
tions. The system |nC) has definite isospin Ty+1/2,
and the system |pC) does not have a definite isospin.

We now introduce the system |z4)= | Ty, Ty—1; 1/2 1/2},
in which |A)=1T,, Ty—1) is the analog state of the
target nucleus |C)=1T, T,). Then the T, and T, states
can be expanded with respect to uncoupled functions:
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| Td/255 To—1/2)= (@To+1)-"a (| ToTo; 1/2 —1/2)
(2T ) 2| ToTo—151/2 1/2)]
= (2T 1)~¥2 | pC) -+ (2T o) | nAY;

| Tl /2T <; To— 1/2)== (2To+1) " [(2T)"* | pC)— | nA)].

(48)
(49)

The expression (48) is the wave function of the analog,
and (49) is the antianalog’s.

In the foregoing section, the antianalog state was ob-
tained as one of the states with definite isospin for the
odd system. In terms of creation and annihilation oper-
ators, the wave function of the antianalog can be ex-
pressed in the form

v~/ Totll,,

1
To+2 ‘m 10— l/-(zz'a 1) (2T F2)

X E a;‘m (a;psains)0+]0)'

(50)

Here, T, is the isospin of the antianalog state.

Actually, the antianalog state is a one-particle proton
state with definite isospin. As can be seen from (49)
and (50), the one-particle component enters the wave
function with a large weight, and therefore the basis for
the identification of the antianalog state is a large spec-
troscopic factor in proton-transfer reactions.

The position of the antianalog state is approximately
determined by the isospin splitting:

Ba— B =2TVyA, (51)

where Ty is the isospin of the analog, V1—-' 50 MeV.

The probability of an analog—antianalog transition is
determined solely by the one-particle component of the
antianalog. One can show that if the final state contains
a three-particle component of the type aj,;(a},a;,);10), a
contribution to the M1 transition from the analog is
made only by the component with I=1",

Assuming that the state ¥*%|j ,) of the parent nucleus
is a pure one-neutron state, we obtain the following ex-
pression for the probability of an M1 analog—antianalog
transition:

3 2+-1 1 v ;
B (M) =12 grgm g g ot 101l fnad? (14 g0/ F%,

(52)
where B(M1) is expressed in units of pj; T is the iso-
spin of the antianalog; g,=1;

g {+l for transitions of the type j, —js ;
— (1+1) for transitions of the type j¢=j¢ .

For transitions of the type js=1+1/2—j,=1+1/2 the
contributions of the orbital and the spin parts are coher-
ent, whereas for transitions of the type jo=1-1/2-j.=1
—1/2 the orbital and the spin parts make contributions
of opposite signs. Therefore, j,—j, transitions will
be enhanced by an order of magnitude compared with
transitions of the type j¢—j«.

This effect was analyzed by Maripuu, " who obtained

" the following expression for the probability of the M1

analog—antianalog transition:

B(M1) == (2T, -+ 1) (T, M710| TsM)?
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TABLE 7. Values of B(M1) for analog—antianalog transi-
tions (in W. units) in accordance with the one-particle esti-
mate,

T> | T< | sz | vy | i | dsi2 | dap | frm | fspn | gee
32| 12| 1.95 | 1.59 | 0,074 | 1.85 | 0.051 | 2.24 | 0.0105] 2.75
52 | 32 | 1.40 | 1.15 | 0.052 | 1.36 | 0.037 | 1.62 | 0.0076| 1.97
72 52 | 1.07 | 0.88 |0.039 | 1.02 | 0.028 | 1.24 | 0.0058] 1.51
92| 7/2 | 0.87 | 0.71 |0.032 | 0.82 | 0.023 | 1.00 | 0.0047| 1,22
112 | 9/2 | 0.72 [ 0.59 | 0.027 | 0.69 | 0019 | 0.84 | 0.0039] 1.02
(gp—gn)? [ 88.5 |[14.5 |3.25 | 7.20 | 0.465 | 4.86 | 0.0408/ 3.74
s Y2 1 )2
Xj(j4-1 7 = —gn)%.
PG+ ){Ti T, ,0} (8p—8n) (53)

Here, T, is the isospin of the core and g, and g, are the
gyromagnetic ratios for the proton and the neutron. In
the case of transitions between j,=1+1/2 states, the or-

TABLE 8, Analog—-Antianalog transitions,

bital and the spin magnetic moments of the proton and
the spin magnetic moment of the neutron are added in
such a way that the maximal value is obtained. For
J<—j¢ transitions this quantity has minimal value,

The probabilities of one-particle M1 analog—antiana-
log transitions for different types of transitions and dif-
ferent values of the isospin of the analog are given in
Table 7. It also includes the values of (g, - g,)°. The
experimental data that were available some years ago
agreed well with the estimates of Ref. 7.

The data now available are given in Table 8 and are
illustrated in Fig. 11.

InTable 8, we have collected the experimental data on
one-particle transitions of analog-antianalog type. The
criterion for selecting analogs was a fairly large spec-
troscopic factor of the parent state. The antianalogs
were also identified by the spectroscopic factor and the

u EpA—Eax b g - Parent level: B(M1), Litera-
Nucleus (Tz) AM:V JarTa=) 3, T4 nucleus (T'z); E, MeV w2 s
I9F  (1/2) 7.54—0.19 5/2+, 3/2—5/2+, 1/2 190 (3/2); 0 0.40+0.08 [30]
2iNa (—1/2) 8.97—0.34 52+, 812 _5/2¢ A2 ::3'[(3(,'2)52 0 0.55:20.11 134
Mg (—3/2);
21Na (—1/2) 9.22—-2.41 1/2+, 3/2—172+, 172 21F (3/2); 0.28 = 0.30 [34]
23Na (1/2) 7.80—0.44 5/2+, 3/2-5/2+, /2 23Ne (3/2); 0 0,12+0.04 [42]
25A1 (—1/2) 7.90—0 512+, 31252+, 172 25Na (3/2); 0 0.1520.09 1361
2550 (—3/2); 0
27A1 (1/2) 10,50—6.48 7/2-, 3[2—Tj2~, 1/2 22Mg (3/2); 3.76 1.43 [73]
2P (—1/2) 8.37—1.96 5/2%, 3/2—5/2%, 12 ::éAl (3:;;2)2;) 00 0.16+0,08 | 36] A
3P (1/2) 7.14—0 1/2+, 3/2—1/2+, 1/2 3’Si((3,-’2); 0.75 0.30-+0.03 [39]
3P (172 9.40—4.43 712, 3/2—7/2-, 1)2 318 (3/2): 3.14 0.9 11
33C1 [—1),‘2) 5.50—0.81 1/2+, 3/2—1/2+, 12 3P (3/2); 0 0.2740.07 [46)
33Ar (—3/2); 0
35CL (1/2) 7.54—3.16 7/2-, 32—T7/2-, 1/2 355 (3/2); 1.99 4.041.0 [74]
35C1 (1/2) 7.84—4.17 3 1/ 358 (3/2); 2.35 1.70-0.30 [61]
37Cl (3/2) 10.22—3.11 : 375 (5,2); 0 1.40:£0,23 [48]
39K (1/2) 7.74—4.08 1 39Ar (3/2); 1.27 0.1540.05 [61, 75)
4K (3/2) ~9.62-2,15% HAr (5/2); 1.35 0,974=0,20 176]
438¢ (1.2) 6,14—1.18 4Ca (3/2); 2.05 0.012:60.005 | [77]
53¢ (3/2) wa.m—i.gg 45Ca (5/2); 1.43 Not:ahssrved [55]
1
478¢ (5/2) ~10.31—2.81 47Ca (7/2); 2.01 0.012 178]
2.83
9V (1/2) 4Ti (3/2); 2,54 0.017:£0.04 56]
98¢ (7 2) 0 (92) 0 0.0020--0,0006 | [49]
WY (42) TG ) 1,0 0,082 1791
Sy (5/2) 9.40—2.41 3/2-, 7/2—3/2-, 5/2 SITi(7/2); 0 0.0154-0,006 [24
sty (5/2) 11.62—3.08 5/2-, 7/2—5/2-, 5/2 BTj (7/2); 2.14 0.0052 80
HMn  (1,2) ~06.31—2.14 3/2-, 3/2—-372-, 172 $Cr (3/2); 1.90%2 0.0016 (81
5Mn  (372) 7.55732.% (1/27), 52—1/2-, 5/2 58Cr (5/2); 0.56 0.14 [82]
SMn  (3/2) ~10.0—1.g§ 3/2-, T/2—8/2-, 572 5Cr(7/2); 0 0.32 [50]
2.
0.56
3.04
BCo  (1/2) 6.92—4.18 5/2=, 3/2—5/2-, 1,2 35Fe (3/2); 2.14% 0.030--0.007 58]
57Co  (3/2) ~7.26—1.38 3/2-, 5/2—3/2-, 3/2 57Fe (5/2); 0.014%4 0.046-20,014 (83!
58Cu  (1/2) 6.90—3.04 9/2+, 3/2—0/2+, 1/2 59Ni (3/2); 3.06 1.48 [84
S1Cu  (3/2) ~6.40—0 3/2-, 52—3/2-, 3/2 81N (5/2); 0 0.24 [51
8iCu  (3/2) 6.45—0.97 5/2-, 5/2—5/2-, 3/2 8INi (5/2); 0.067 0.0047 [52
6Cu  (3/2) ~6.63—0.47 1/2-, 5/2—1/2-, 372 51!\? (5/2); 0.28 0.057 [52
8iCu  (3/2) ~8.47—2.711 9/2+, 5/2—9,2+, 3/2 5‘&!(5!2); 2.13 0.80 |84
83Cu  (5/2) 8.57—0.67 1/2-, 712—1/2-, 52 83Ni (7/2); O 0.019 [53
BCu  (5/2) ~8.64—0.96 5/2-, 7/2—5/2-, 5[2 83Ni (7/2); 0.088 0.019 [53
1.41
8Cu  (5/2) 8.74—0 3/2-, 7/2—-3/2-, 5/2 83Ni (7/2); 0.158 0.0077 [53
8Cu  (5/2) ~9.86—2,51 972+, 7/2—9/2+, b/2 83N (7/2); 1.29 0.36
65Ga  (3/2) ~6.83—2.03 9/2+, 5/2—9,2+, 3/2 €37n (5/2); 1.06 0.36 (84
8Ga  (5/2) 8.56—2.06 912+, 7/2—9/2+, 572 87Zn (7/2); 0.60 0.10 [84

*There

is spectroscopic information about the 2. 15-MeV level in the K nucleus.

*2In the parent nucleus *'Cr there are two levels that carry the main py,, strength:
0.75 and 1. 90 MeV.
*3In the parent nucleus °Fe the f;, strength is distributed over two levels: 0,93 and

2.14 MeV. :
*'In the parent nucleus *'Fe the main py,, strength is carried by two levels: 0.014
and 0. 37 MeV.
Note. The tilde in front of the energy E, indicates splitting of the analog into several
components.
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approximate correspondence of the position of the anti-
analog to Eq. (51). For comparison with the theoretical
predictions, we use the ideas of the one-particle shell
model. In Table 8, we give transitions for nuclei of the
sd and fp shells. In these nuclei, the nucleons occupy
the states dy/z, Si/ay dasey Sfrjes Paszs fsrzs Puszs Sope- In
the majority of cases, the identification of these one-
particle states does not present difficulties. A certain
indeterminacy exists for the nuclei from ?'Na to 2°P,
which are in the deformation region. These nuclei are
described either by the many-particle shell model or by
Nilsson’s model.

Analogs with spin 5/2° whose parent states have a
large spectroscopic factor in (dp) reactions are found in
1¥F, 2lNa, %A1, and 2P. We shall call them dy;, ana-
logs. The corresponding antianalogs can also be readily
identified by their large spectroscopic factor in the dr
or (*He, d) reactions. The B(M1) value of these transi-
tions is 0. 10-0.40. Estimates in accordance with Eq.
(53) give 1. 85 Weisskopf units, i.e., 3.3u? Thus, in
absolute magnitude the (d;/;,—d;/,) transitions are hin-
dered by about an order of magnitude compared with the
estimate (53). The nature of the decay of the dy/, ana-
logs in these nuclei is about the same: Low-lying states
with T=1/2 and J"=5/2" (antianalog), 3/2°, and 7/2" are
populated with comparable intensities.

There are very few data on the y decay of d;;, analogs.
The analog~antianalog ds/,~dy, (j¢=j) transition must be
about 40 times weaker than the dgjs—dss (7>—j5) transi-
tion. The dy/, analog has been identified in 31p (Ref.

54). The nature of its decay confirms the assumption
that the analog—antianalog transition is weak: The level
decays by two transitions, to the states 1/2* (18%) and
5/2* (82%). However, there is no estimate for the limit
of the B(M1) value of the y transition to the 3/2° level,
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since the radiative width of this level is unknown.

Observations were made of s, analogs in the nuclei
3Na, #Na, 2'Al, *'P, and ®Cl. Their parent states in
the corresponding nuclei have large spectroscopic fac-
tors. In the case of !Na and #*Na (Ref. 42) the nature
of the decay of the 1/2" analogs is the same: One
strong transition to a 3/2" state is observed. In neither
nucleus does one observe a transition to 1/2*, level
which could be regarded as an antianalog, For 2'Na
there exists an estimate of the upper limit for the 1/2"-
1/2' transition: B(M1)<0, 30ué. In the *’Al nucleus the
1/2" analog decays by two y transitions. The strongest
decay (70%) is to the 3/2" level; 30% of the decays areto
the antianalog level 1/2* (Ref. 54). The radiative
widths for this analog are unknown, and therefore data
on it are not included in the table. In the *'P nucleus,
84% of the decays of the 1/2" analog take place to the
antianalog level, and 16% to the 3/2" level.

The value of B(Ml) for the analog—antianalog transi-
tion in this nucleus is 0, 3uZ, In the **Cl nucleus the
1/2* analog decays principally into the antianalog state,
and for the transition to the 3/2" level only the upper
limit 12% is given. The B(M1) value of the analog—anti-
analog transition is approximately 0. 3ui. Estimates
in accordance with (53) give B(M1) =3, 9p} for the sy,
analog—antianalog transition.

The smooth manner in which the nature of the decay
of the s,/, analog changes is noteworthy: There is an in-
crease in the relative intensity of the population of the
antianalog compared with the 3/2" level with increasing
A,

Analog-antianalog transitions of type f;,5,—f;,2 are
observed in #7Al, ¥P, %Cl, *°Cl. In all the nuclei, the
analogs and antianalogs can be readily identified. In all
cases, the analogs decay in the same way: One ob-
serves one strong transition to the antianalog, and also
weaker E1 or even weaker M1 transitions to other
states. The intensity of the f;,,~f;,, analog-antianalog
transitions is large. The value B(M1)~1-2u8 agrees
well with estimates in accordance with (53); Theoreti-
cally, B(M1)=3.2 and 4. 4.2 for analogs with isospin
5/2 and 3/2, respectively.

Extensive experimental material is available for
Pg/a—Pg /2 analog—antianalog transitions. The data can
be divided into three groups: 1) for nuclei of the sd
shell up to *“Ca; 2) for nuclei in which the excess neu-
trons occupy the f;,, shell; and 3) for nuclei in which
the f;,, shell is filled and the excess neutrons fill the
DP3jes Prys, and f5,5 shells. According to estimates
made by Eq. (53), for all the regions the analog-anti-
analog transitions of pg;,~Py/, type must be strong and
have B(M1)=2p8,

In the first group—nuclei of the sd shell—these
transitions are observed in ¥*Cl, **K, and #K. The in-
tensity of the py,,—0s,, transitions in *Cl and K is
about 1p2; inthe case of ¥*K the transition is somewhat
hindered: B(M1)=0.15u2 In nuclei of the f;,, shell
there are data on py,,—p4,, analog-antianalog transi-
tigpe fox 88 dige dnibsty, Mgy and MCo., JInall
cases the transition is strongly hindered. In **Sc, the
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transition is so weak that it is not observed at all; in
other nuclei its value is between 0.0016 and 0.032y2. In
the isotope *'Co, in which the excess neutrons fill the
J772 shell, the transition intensity is somewhat higher;
0.046u5. In the third group, the situation with the py ;-
Pg/p transition is complicated. In the two nuclei in
which the excess neutrons begin to populate the py,,
shell, **Mn and ®!Cu, the intensity of the transition is
fairly high: 0.32p2 for *Mn and 0. 24p2 for ®!Cu. In
the ®*Cu nucleus, in which the neutrons have completely
filled the pg,, shell, the transition intensity is low:
0.0077u2,

There are few data on transitions of the py /,—p,,,
type. In nuclei of the f;,, shell, such a transition is
known only in **Mn. It is hindered and agrees with the
predictions of Eq. (53). The same can be said of p, ,,—
by /2 transitions in *'%Cu isotopes.

One observes f;,,~f;,, analog-antianalog transitions
in *'v, %5Co, and the isotopes 5'®3Cu. These transi-
tions are also strongly hindered compared, for example,
with the f;,,~f7,, transitions. In the copper isotopes the
transitions are weak and agree with the data of Table 7.

The gy ,:—g9 > analog—antianalog transitions are again
strong. Experimental data are available for %61:630y
and ®'%"Ga. The transition intensities are of the order
1u2, decreasing slowly with increasing A to 0.10p2 for
¥Ga. Estimates in accordance with (53) give B(M1)~1
Weisskopf unit.

Note that the general nature of the decay of py;z, Py /3,
and f5,, analogs in nuclei of the f;,, and fp shells is
quite different from the decay of analogs in the sd shell.
Whereas the analogs in the sd shell decay basically by
one strong transition to the antianalog, in the sd shell
one observes strong population of many states, in-
cluding highly excited ones. The nature of the decay of
&g/2 analogs is again simple, i.e., there is one strong
transition to the antianalog.

Thus, in the cases when the simplest theory predicts
hindrance of the analog~-antianalog transition, this does
occur. The situation is worse when the theory predicts
strong M1 transitions with strength of the order of one
Weisskopf unit. Agreement with theory is observed for
J112=f7,2 analog~antianalog transitions in nuclei with
A=27-37, to a lesser extent for s,,,~S,, transitions
in the same region, and also for some gq,5,—g4/, transi-
tions in the region A=59-67. The d5 ,~d;,, transitions
in the region A =19-31 are hindered on the average by
an order of magnitude. '

An interesting situation is observed for pg;,—pg,»
transitions. For nuclei of the f;,, shell, the pg,,—pq/
transition is observed to be strongly hindered.

In Ref. 72, theoretical estimates in accordance with
Eq. (53) were compared with experiment for f;,,=f7/2
transitions in P, %cl, ¥Cl and py,,~p4,, transitions in
%Cl1 and **Sc. The last case of very strong discrepancy
is not explained. For *Cl and 3'Cl the agreement be-
tween theory and experiment is very good. For *'P,
the experimental value of B(M1) was found to be more
than four times less than the theoretical value. An at-
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tempt was made to explain this discrepancy by the in-
fluence of a core-polarization state. The 7/2" states in
%P can have the following configurations:
[(62/2)orfas2liszases [(83/0)orFrsaliszases and
[(s3/2)10f7/2)1/21/2- Here, we have used the notation
[(sf,z),urufr”z]”, where J; and T, are the spin and iso-
spin of the pair of nucleons above the inert 2Si core;

J and T are the spin and isospin of the 7/2" state. The
first configuration corresponds to an analog state; the
second, to an antianalog; and the third, to a core-po-
larization state. Without allowance for the residual in-
teraction, the probabilities of M1 transitions from the
analog to the antianalog and to a core-polarization state
are approximately equal and amount to about 2 Weiss-
kopf units. Allowance for the residual interaction, for
which a modified surface § interaction was used,®® leads
to a mixing of the antianalog and the core-polarization
state, so that the transition to the antianalog is enhanced
to about 4 Weisskopf units, while the transition to the
core-polarization state is reduced to about 0.1 Weiss-
kopf units. The influence of the core is appreciable
since a s, ,,—5;, transition does occur that is not
hindered in accordance with (52).

In the case of **Cl and *'Cl there is in fact no influence
of the core since the possible configurations for the
7/2" states include a dy, state: [(d55);,r,fr/2)rr
Transitions of the type [d§, f]rg/2=[d51/]r.1/2 aTe fy/5~
fa2 transitions, whereas [d3, flr.g/s = [d% o flra /s
hindered d;,,~d,,, transitions. ;

Thus, in Ref. 72 Maripuu succeeded in explaining the
strong M1 transitions in **Cl1 and ®’Cl, but not the transi-
tion in *P nor the importance of the core-polarization
states. In Ref. 61, the calculations were made some-
what more precise. Analog-antianalog transitions in
353701 and **K were calculated.

The configuration space was made somewhat larger
by the inclusion of the states [(d3,5)sor, D5 /2ls7 and
[@35)2)agr frs2lsr for (J,Ty) equal to (0,1), (1,0), (1,1),
(2,1), (0,2), (3,0), (3,1). The results for **3'Cl1 were
not very different from the simpler calculations. The
calculated value for **K was an order of magnitude
greater than the experimental. Similar calculations
were made in Refs. 48 and 85.

Note that in all these cases a study was made of the
effect of distribution of the strength of the antianalog
state over several states due to the interaction of the
antianalog state with configuration states. It was this
distribution that gave the distribution of the strength of
the M1 transition from the analog since the transition is
due solely to the odd particle. Transitions between core
states do not contribute since the neutron excess oc-
cupies the dy,, shell in these nuclei. The strongest
hindrance, of the pg,, analog—antianalog transition in
%3¢, remained unexplained.

Soon after this there appeared new data® on *'v, in
which the analog—antianalog transition is also observed

"to be hindered. Apparently, the most complete explana-

tion of this fact was given by the calculations of Ikeda
in 1989 for the decay of the py;, analog in 5'V. The re-
sults of this calculation were partly used in Ref. 24.
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FIG. 12. Partial width of M1 transition to the antianalog state
as a function of A for the nuclei P, #*Se, and ®Cu (Ref. 29).
A is the distance between the antianalog state and the core-
polarization state; 1) the experimental data; 2) theoretical data
with allowance for core polarization. The two curves for *Cu
correspond to different potentials.

The calculation was made with a residual interaction of
the type Gy Z;; 7; 7;+ G, Z;; 7;7;0,0;. The configuration
space included f;,5, Ps/s, P17z, and f5,, states. Allow-
ance was made for the interaction of antianalog pg,, and
Dy /o States, core-polarization states, and spin-flip
states. The result was a strong hindrance of the ana-
log—antianalog transition. This model best reflects
the basic characteristics of the ¥ decay of analogs.

The strong hindrance of the p,,, analog—-antianalog
transition in nuclei of the f;,, shell was also studied in
Refs. 87 and 88. In Ref. 87, Maripuu considered the
mixing of the antianalog state and core-polarization
states. He showed that the amplitudes of the pure, un-
perturbed antianalog state and the amplitudes of core-
polarization states enter the wave function of the anti-
analog state with opposite sign if the mixing is due to a
short-range interaction whose strength is greater in the
triplet than in the singlet state. The hindrance is large
if the odd particle and the particle in the neutron excess
occupy j, states, and it is small if the odd particle is in
the j, state and the excess neutrons occupy the j. shell.
The first case corresponds to the decay of p3,, analogs
in nuclei of the f;,, shell; the second, to the decay of
f1/2 analogs in the upper part of the sd shell. Actual
calculations were made for the pg,, analog—antianalog
transition in *Sc. Residual interactions of two types
were used: the effective interaction of Kuo and Brown®®
and an effective surface 8 interaction.® The intensity
of the analog—antianalog transition in the first case was
found to be 10™ Weisskopf units, and in the second case
10" Weisskopf units, i.e., the result depends rather
strongly on the type of forces used.

In Ref. 88, Hirata considered p;,, analog-antianalog
transitions in *°Sc and 5'v. The basis function included
the following configurations: 1p3,,(f2,./175),; 3/2 7/2),
where J=0, 1, 2, 3, and also configurations of the type
|Pg/2(f§[2f::'12)1+; 3/2 7/2). He only considered states
with spin 3/2". He used the interaction of Kuo and
Brown.® For the transition in **Sc he obtained the re-
sult B(M1)=1.2-10" Weisskopf units. In the case of
5ly, the amplitude of the admixture of core-polarization
states was treated as a free parameter. Depending on
the parameter, one can obtain B(M1) values for the
analog-antianalog transition from 1 Weisskopf unit to
10™ Weisskopf units. The minimal value, 10™ Weiss-
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kopf units, is obtained with an amplitude of about - 0. 45.

We mention also Ref. 90, in which Maripuu studied
the g4/, analog—antianalog transition in **Cu. He showed
that in this case the transition is not hindered. It would
seem that this contradicts his rule of Ref. 87 that the
hindrance of the probability of a j=1+1/2—j=1+1/2
transition is strong if the excess neutrons occupy j =1
+1/2 states. In ®°Cu, the excess neutrons occupy the
Pgsz OTbit. We recall that the case of 3P, in which the
excess particles occupy the s,,, orbit, also remained
obscure. These problems were resolved in Ref. 29 by
Aleshin, who calculated the strength function of y transi-
tions from analogs with allowance for the Kuo—-Brown
residual interaction.?® The configuration space included
the antianalog state, core-polarization states, and spin-
flip states. Calculations were made for the nuclei
SIP (fq,rg), sTC]. (f-”z), 49SC (Ps,rz), and MCu (ng). For
the analog—antianalog transitions the calculated values
were near the experimental. i

Following Ref. 29, let us consider the reasons for the
strong hindrance of the transition in **Sc and the weak
hindrance in *'P and ®!Cu. After the inclusion of the

' residual interaction, the antianalog state and the core-

polarization state go over into ¥z and ¥, states:

¥y =ad+BK;
W= —pA -k, } (54)_
where o®+p%=1. For the amplitudes 8 and o one can
obtain the relation '

plo= [(A;X_‘QV%K)LE* AK,-T]"QVﬁf(‘ (55)

where Ayz=Ey —Ej3 is the difference between the ener-
gies of the core-polarization state and the antianalog
state:

V= (| V" | K). (56)
The probability of a transition to the ¥z state is
B(¥3)= (B + PBE)", (57)

where Bz and By are the probabilities of transitions to
the pure antianalog state and the pure core-polarization
state. The values of Vi were obtained from the Kuo—
Brown matrix elements. The signs of o and g were
opposite, this leading to a hindrance of the analog—anti-
analog transition. The amount of hindrance depends on
@ and B and the relative values of Bz and By.

The probability of a transition to the antianalog for
the nuclei *'Cu(gy;5), P (f7/5), and **Sc (p;,,) is shown
as a function of Az, in Fig. 12; Az, are approximately
the same for the three nuclei (3.5-4 MeV). However,
the nature of the dependence of B(¥3 on Ay, is different
for the cases *'P and ®'Cu, on the one hand, and **Sc on
the other. The case of *%Sc is distinguished because
Bz < By, for this nucleus, whereas Bz > B, for P and

BICu

6. CORE-POLARIZATION STATES

The imﬁortance of these states in the investigation of
the y decay of analogs was manifested particularly
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clearly when nuclei of the f;,, shell were investigated.
As can be seen from what we have said above, the
strong hindrance of the analog-antianalog transition can
be explained by the admixture of core-polarization
states to the antianalog. From the theoretical point of
view, allowance for states of this type is completely
justified since the probabilities of transitions from the
analog to the pure antianalog state and a pure core-po-
larization state are comparable. From the experimen-
tal point of view, the study of core-polarization states
is more difficult than that of analog-antianalog transi-
tions. These states lie about 1-2 MeV higher in excita-
tion energy than the antianalog. For the study of these
highly excited states one faces the problem of the gen-
eral shortage of experimental data on the energies,
quantum numbers, and state population probabilities in
different nuclear reactions. In addition, a relatively
simple nuclear excitation such as a core-polarization
state at a large height will be distributed over states
lying near one another, and a phenomenon of the
strength-function type is exhibited. Note, finally, that
the experimental difficulties are appreciably aggravated
when one investigates the y decay of analogs for highly
excited states.

Apparently, the first nucleus in which core-polariza-
tion states were discovered in the y decay of analogs
and correctly interpreted was v (Ref. 24). Subse-
quently, a careful study was made of one of the clearest
cases: the population of core-polarization states as a
result of the decay of the analog in **Sc (Ref. 49). There
are now quite a number of experimental data available.
Note that this region has attracted the attention of many
experimental groups, and data on it are accumulating
rapidly.

The wave function of a core-polarization state can be

written in the form
W= [Ins (jpin-)r] S M). (58)

We shall consider only the case when the proton particle
and the neutron hole are coupled to angular momentum
I=1" and j,=j,. This state has definite isospin T'=T,~1,
where T is the isospin of the analog. The probability
of a transition from the analog to a pure core-polariza-
tion state has the following form for the analog of the
one-particle neutron state |j,):

B(M1, A= EK)= 3 |{Un1 Uplart) ] I M |m (M) | jgmins?|
M'n
2711

3 i’ jevatfign ) B NSg.
=% M3, ono, dellollia (1'rrfl) L 1)

where
Ja=141Ys;

in=1+1y;
Ja=1l—1,.

+1 for fo=141,
k=9 =Y a=lFY,
—(+1)

jp=1—1s,

If one considers the one-neutron parent state |7,,) and
the y decay of the analog of this state, then three core-
polarization states will be populated by M1 transitions.
Their spins are J=j, +1, j, jm —1. Inthe absence of
interaction, the energies of these states are the same:
The difference between their energies and the energy of
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the antianalog state is approximately equal to the pair-
ing energy of the excess neutrons. A residual interac-
tion may strongly change this estimate. Note that a
core— core transition takes place without a change in the
the state of the odd particle.

The probability of a transition to a core-polarization
state is comparable to the probability of a transition to
the antianalog state. The total probability of decay of
the analog is distributed between the transitions to the
antianalog and the core-polarization states. In some
nuclei, for example, **'3°Cl, the transition to the anti-
analog is predominant. It is difficult to look for core-
polarization states in these nuclei. Conversely, in
nuclei of the f;,, shell, the transition to the antianalog
is hindered, and transitions to core-polarization states
must be clearly manifested. As can be seen from (59),
the transition probability does not depend on the state
occupied by the odd particle, but is determined by the
states occupied by the excess neutrons. The transitions
must be strong if the excess neutrons occupy the states
with j,=1+1/2, and weak if j,=!—1/2. Note that resid-
ual interactions strongly distort this simple picture
since there is then an admixture of the antianalog state
and a spin-flip state.

Experimental data on the population of the core-po-
larization states in the case of y decay of analogs are
collected in Table 9. The strength functions for M1
transitions from analog states are given'in Fig. 13. The
data are represented in the form of the distribution of
the probability of B(M1) transitions from the analog
to low-lying states of the nucleus as a function of the
excitation energy of these states. It can be seen that
in the majority of cases strong M1 transitions to highly
excited states are observed. These states are in-
terpreted as core-polarization states. The antianalog
state is always lower, and its identification is based on
the data for the spectroscopic factors from transfer
reactions for one particle. As a rule, the highly ex-
cited states that are strongly populated in the y decay
of analogs have a small value of the spectroscopic fac-
tor. On the other hand, as was shown above, an anti-
analog state with a large spectroscopic factor is very
strongly populated in nuclei of the f;,, shell. There-
fore, the appearance of a maximum in the strength
function of a y transition from an analog cannot be ex-
plained by fragmentation of the one-particle strength.
The natural explanation is to take into account a new
degree of freedom—core-polarization states. One can
then understand why such a maximum is not observed
in the nuclei of the upper half of the sd shell, in which
the neutron excess occupies the dy,, state. Core po-
larization states in some nuclei may lie too near the
analog, so that they are hard to observe in the y decay
of the analog.

The maximum in the strength function is expressed
difierently for different nuclei. The effect is most

_clearly observed for the decay of py,, analogs in Sc and

V isotopes. It is possible that the effects of unclosed
shells lead to a “spreading” of the strength of a core-
polarization state over many states of the nucleus. In
the strength function, one can therefore expect a more
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TABLE 9. Core-polarization (c.p.) states.

- B(MD, 1
T Level of parent Energy region of E 0 | Litera-
Natieds g%, TA Ep. MeV E*, MeV nucleus, MeV c.p. states, MoV | for c.p. states | ture
::S:;: gﬁ_‘ g,‘% :.g?fl g.lig 43Ca, 2.05 3.2—-3.9 0.17 [77]
7 b . A1
: fout 21 } 45Ca, 1.43 3,847 2.4 (55]
:_;‘5;5 g’%‘, ;:g iggg 10.310 47Ca, 2,016 5,2—17.0 ~ 0.35 191]
o : 6.685 .
| bl } o, 2.5 3.0-5.2 0.72 56]
w | won | | 0l
. . 49|
fonst | 11540 } Ca, 0 6,3-7.2 4.8 49)
a0y 32, 52 1.007 7.742 .
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sty 5721 7/2 3.508 11,615 STE 2, =
$tMn 32, 32 1.059 6.3087 bl Aol oo s
3 Ao ton 5319 } ser, 189 2.8-3.9 0.04 i81]
n % ; 75 8Cr, 0.56 2.9-3.2 0.75 82]
53Co 521 372 1,887 6.916 85Fo, 2. =
s9co oz, 1 i 6916 o, 2,144 8.7_4.7 0.23 58]
262 7.268 = = b
1262 7.268 } Fe, 0.014 3.2-3.9 0.14 83]
siCu 32, 52 1558 6.364
‘ 6.375 :
i L } ®INi, 0 2.5-3.4 1.0 (5]
oG 5/2-, 572 < 6.42
u . : 449 6N}, 0.067 2.2-3.0 a2
61Cy 1/2-, 5/2 1.856 6.624 me ’ &2 [
2 ey 157 00 } g 0.282 2.7—3,3 0.48 52)
63Cu i . 569 Ni, | 3 .28
$3Cu 512, 72 21546 8.631 5t e ; (3
i s } Ni, 0.088 2.5-3.4 0.07 53]
ecy 32-, 72 2,659 8.743 @Ni, 0.158 3.0-4.2 0.17 53]

or less clearly expressed maximum at some mean en-
ergy corresponding to the predicted position for the
core-polarization states.

The probability of an M1 transition from the analog to
these states is determined by (59). However, when
allowance is made for residual interactions there is an
appreciable admixture of the antianalog state, which
enhances the M1 transition. On the other hand, an ad-
mixture of spin-flip states leads®® to a reduction in the
transition probability. Thus, the main experimental
quantities that characterize core-polarization states
are the energy of the states and the probability of
transition to them from the analog.

The first calculations predicting the position of core-
polarization states and the probability of transition to
these states from the analog were made by Ikeda in
1969. He calculated the strength function of 4 transi-
tions from the py,, analog in *'V in connection with the
experimental results of Ref. 24. In the calculations,
he used a residual interaction in the form

Hyo =Gy g TGy ?;.' 7005, (60)

He found that, besides the lowest one-particle p,,, and
Pye states, states at a height of 4.5-5. 0 MeV with
basic configuration of the type |pg,5(f5 277751, must
also be populated. At a distance of about 2-4 MeV
above the analog state there are states having a basic
configuration of the type 195 ,5(f2,2/775).) and
167502,/ 77)1). These states form the so-called
giant Gamow—-Teller resonance.

The same model was used in Ref. 49 to calculate the
strength function of ¥ transitions from the p,;,, analog
in **Sc. The results of the calculation are shown in
Fig. 14. As in the case of °'V, the strength function
contains two maxima. The lower corresponds to core-
polarization states and is detected experimentally; the
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upper corresponds to spin-flip states. Note that the
calculated value of the sum of B(M1) to core-polariza-
tion states is about 10u2; the experimental value is
(4.8+1.5)u2 (Ref. 49).

In Ref. 29, Aleshin calculated the strength functions
of ¥ transitions from analogs in *'P (fy,,), *°Sc (ps,,),
and ®'Cu(g,,,). He used the Kuo-Brown effective in-
teraction for *P and **Sc. The configurations used in
the calculations are shown in Fig. 15. The results of
the calculations are shown in Fig. 16. It can be seen
that for all the investigated cases there is, between the
antianalog and the analog state, a group of states to
which the ¥ decay must be fairly strong. The basic
configuration of these states are core-polarization
states.

7. GAMOW—TELLER GIANT RESONANCE

Proceeding systematically with our study of the prob-
lem of the v decay of analog resonances, we find that
it is necessary to study the strength function of ¥ transi
tions associated with an analog state. In other words,
we must study the distribution over the excitation ener-
gy of the states ¥, for which the matrix element
(W;1m(M1)¥,) is nonzero. If these states are below the
analog, we must consider transitions from the analog
to these states. If they are above it, we must consider
transitions from them to the analog.

In the foregoing sections we have analyzed the impor-
tance of antianalog states and core-polarization states.
These states are always below the analogs. It only re-
mains to consider a configuration that is very important
for this problem—a spin-flip state. Unperturbed spin-
flip states have energies near the analog or even above
it. The wave function of a spin-flip state is similar to
(58) except that the j, and j,, orbits are different: j,
=l+1/2 and j,., =1 —1/2. The transition probability is

Yu. V. Naumov and O. E. Kraft 380



g0l 5c; £7=11, 557MeV; ::1::
Jﬂ;‘;/z-“ T=92 g 20
" 40} g
T L 0
=
S [ enmemey |
0 b g
JI; E*=11,557MeV ‘g 0
#__ 7 % T v t Ty

e; E*=10.37Me V5T Tgj0 r—yz‘

SN
=L
= ’

w Ll II P
J Zigink §  FEMeV

R 3/2 r5/z

Naﬂ,lf v~§,
2ozt | I e
= 1 it
\t. ,74__ e et

g *=4,717 MeV =
" hne ol o g, Wb

7 7 i J 4 £, MeV

(Yo, £, 12MeV, T/ T2

|, £7=9,788MeV; T =3/ T=7/2

|

I” ]

7

i Sy, E'—?Muev T30 =52

el

2'34

“"I gt | |

o

L £

| 4 ?V,' £

£"=6,685 Mev

1 1

7. 742 MeV

6.700MeV; T 7=3/27

I 4
s
g 2 g
= L IR
AL [ H 1 ol |x| ul 1 .
q 7 2 F 4EMev 7 2 J & SSEMeY
S, E*=8.569MeV; 7 T2 T=3 Lu; £%=8,69Mev,I =52 T=7/2
e 45
~ “r i i
¥ o ) e
= g0 ! :
ESo = ’
. 3 = »
‘ ‘ = £7=8.671 MeV
|
V4 7 z k] 4

u; £%8,743; J”—J/z vz

(J'a E=GxtIMeviT =55 ?’.‘j/?

N I "‘:?‘
-~ - "‘E"
2 ik S
: il
4 7 2 J o E,MeV 0 2 7 E,Mev
o (20 -£1) (2T —1
BOM) =W go g o Gpll o Il e (1 +£2 %) -85 s, (1)
where
Ll for jp=1l+Ya ju=Il+4"1
fi= A Jp=iFYa Ja=lt1Ys
—(UD)  Gp=l—Ys, a=1—Ys.

The extra isospin factor compared with (59) takes in-
to account the circumstance that a spin-flip configura-
tion does not have a definite isospin.

Allowance for the residual interaction means that
transitions to spin-flip states are enhanced compared

with the unperturbed value.
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FIG. 13. Core-polarization states in
different nuclei.

of the strength of the transition from the antianalog
state to a core-polarization state and from the latter to
a spin-flip state. There appears a state that is rather
strongly collectivized, and it carries the main strength
of the M1 transition from the analog.

One can arrive at the idea of the existence of a col-
lective (pn™),+ state carrying the main strength of the
M1 transitions from the analog by analyzing the simi-

larity of the operators of the Gamow—Teller 8 transi-

tion and of an M1 transition from the analog, as was
done by Gaarde ef al.* The data presented above in-
dicate that there is a certain similarity between g
transitions and M1 transitions from analogs. One could
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imagine that the strength functions for g transitions and
M1 transitions from analogs are also similar. The
problems associated with the calculation of the strength
function for B transitions were studied in detail in the
series of papers Refs. 65, 92, and 94.

It is well known that Gamow—Teller jtransitions are
hindered by one or two orders compared with the one-
particle estimate. In Ref. 92 it was shown how this
hindrance can be explained. The explanation is based
on analogy with the simpler case of Fermi j transitions.
These transitions in medium and heavy nuclei are
hindered very strongly because of the isospin selection
rule. From the point of view of the strength function of
Fermi j transitions, the hindrance is explained by the
fact that the entire strength of these g transitions is
concentrated in the region of the analog state. Transi-
tions to low-lying states are determined by the admix-
ture in them of the analog state. The isospin forbidden-
ness is very strong since the maximum is narrow and is
situated in the region of high excitations (Fig. 17).

The resonance for Fermi g8 transitions is narrow,
i.e., the analog state is narrow, because the isospin
symmetry is fairly good even for heavy nuclei.

The hindrance of the Gamow—-Teller j transitions can
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clei,?® The black triangle indicates the position of the analog.

be explained by assuming that the strength of these
transitions is concentrated in the region of the analog
resonance. Since the Gamow—Teller B transitions are
hindered less strongly than the Fermi transitions, the
Gamow~-Teller resonance must also have a greater
width than the analog state. Figure 17 shows the
strength function of the Gamow-Teller transitions. In
real nuclei, one can expect a nonuniform distribution of
the strength over the tail of the Gamow-Teller reso-
nance.

We now turn to the structure of the Gamow~-Teller
resonance. The analog state is a superposition of pro-
ton-particle—neutron-hole type states coupled into
angular momentum 0*. A Gamow-Teller resonance is
a coherent superposition of similar particle-hole states,
but coupled into angular momentum 1*. In the absence
of a residual interaction one considers this set of states:
configuration ( pn'l)ut states for the analog and states of
the type (pn™),+ for the Gamow-Teller resonance. A

Strength function
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FIG. 17. Strength function for Fermi and Gamow-Teller g
transitions.
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repulsive residual interaction results in the appearance
of one completely coherent collective state—a (pnt)
analog in the first case and a giant Gamow-Teller reso-
nance in the second. In Refs. 65 and 94, this model
was developed in more detail.

Correlations of proton-neutron-hole pairs (pn™) in
heavy nuclei were studied in Ref. 65. The normalized
wave function of the unperturbed (pn™); state for an
odd-odd nucleus (N-1, Z+1) can be written in the form

| @y (ac)) = mZ (=Y T e my | JM) agh, | o)
zzmi,v

= Ajn (ac) | ¥o), (62)
where | ¥} is the ground state of the even—even nucleus;
a, and b, are operators of creation of a proton and a
neutron hole. The Hamiltonian of the system can be
split into three parts in the form of normal products of
creation and annihilation operators:

S =U + Ho+Hr, (63)
where

U= (Yol £ ¥o) (64)
is the energy of the vacuum;

aec.:; ek a;a,:+§.s'; thyby: (65)
is the sum of the one-particle and hole energies:

Fy=5 5 (@] Vye) : cichesey (66)

afyb

is the residual interaction;
@B V0 = S @4 (1) 98 (2) Vaa®y (1) 98 (2) dy d,

are the operators ¢*=(a* or b*) and c=(a or b).

Let | ¥, be an excited state of the nucleus (N-1,
Z +1) with energy E;:

H [ WJN’) = EJ | WJ.\!)' (67)
For the amplitudes in the expansion of this function
with respect to the functions | ®;,(ac)):

(Woar | Dy (ac)) =& (ac) (68)

one can obtain the following equation of motion:

383 Sov. J. Part. Nucl., Vol. 6, No. 4

(Br—U) & (ac) = (¥iar | [, Afar (ac)]| Wo)

= (eB - e2) & (ac) - :’_b F(db, ac: 1) E; (ab) + (Yirar | Xoc| V),  (69)
where
F(ae, db:J)=D (ac,db: J)+E (ac, db: J); (70)
D j —m, iy, =,
E } B (=) (amaje—my | TM) (— )T
mmgm, My
) i ~{aB| V| by);
X Gamsjs—mo| 73] 0o (71)

and X contains only terms with the product of four op-
erators (c*c*ce). Ignoring this term, we obtain
esEr (ac) = (B 4-27) &; (ac) ; F(db, ac: J)¥, (db). (72)

From this we can obtain the energy of the states ¢} and

the amplitude £}(ac). For the state |¥%,) we can then

write
| Whar) = 2 &y (ac) | D] (ac)y = 2 £ (ac) Afar (ac) | o). (73)
The residual interaction was chosen in the form
1 1 ;
Vo= [E (Bt —vs) T3Ta -+ 5 (Ve +0s) (11"_2) (0'102)] B (rys)- (74)

It was shown that with this interaction one obtains two
collective coherent states: an analog state for (pn™)
pairs with spin 0" and a Gamow-Teller resonance for
pairs (pn™) with spin 1*. Numerical caleulations were
made for the nucleus 2®Bi (Fig. 18). The Gamow-
Teller strength is distributed mainly between the two
states. For the upper, completely coherent state the
main contribution comes from spin-flip configurations;
for the lower, from core-polarization configurations.

In Ref. 94, Fujita and Ikeda formulate a model with
pairing, including residual (pn™) interactions. They
consider two extreme cases of residual neutron—proton
interaction: short-range 6 forces and long-range forces
Ve, n=RZy; 74,7;.0:0;, where the radial dependence is
replaced by a constant. In both the first and the second
case there is a collective state which expresses the
main strength of the Gamow-Teller B transition. In
Ref. 94 they also note that the existence of a Gamow—
Teller giant resonance is intimately related to the ques-
tion of the validity of supermultiplet symmetry in
medium and heavy nuclei. It is well known that the ex-
istence of analog states indicates the possibility of using
the isospin quantum number to classify nuclear states.
This means that the isospin structure is valid even for
heavy nuclei. If a Gamow-Teller resonance is found,
this will imply the validity of supermultiplet structure.
From the point of view of the symmetry in spin and iso-
spin space, the nuclear Hamiltonian can be split into
three parts:

G = GHy+ G = SO+ GO + D, (75)

where &¥, is the charge-independent part; §£© is the
spin- or isospin-independent part; §*’ is the spin- or
isospin-dependent part; and §£? is the charge-dependent
part. This is expressed by the properties

[0, Tu]==[HD, ¥ 2] =0; (76)
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[68%, T+]=0. (77)
Therefore, if some state is an eigenfunction independent
of the spin and isospin of the part of the Hamiltonian
H# and £ |2 =EL” |n°), then the functions T,|n%
and Y,|n% are also eigenfunctions of the same Hamil-
tonian. These states exhibit degeneracy with respect to
the energy and belong to one Wigner supermultiplet.
The Coulomb interaction forms the main part of the
charge-dependent interactiond??’. Despite its strength
in heavy nuclei, the analog state is fairly narrow, and
the isospin remains a good quantum number. Appar-
ently, the main interaction breaking supermultiplet
symmetry is the spin—orbit interaction in .

A systematic study of Gamow-Teller resonance was
undertaken in Ref. 66. The methods of the theory of
finite Fermi systems were used to solve the equations
for the effective Gamow—-Teller field. These calcula-
tions were made for a large number of nuclei from "2As
to M%Pr. The position of the collective 1* state and the
matrix elements of the Gamow-Teller transition be-
tween this state and the parent state were determined.
The Gamow-Teller resonance is 3-6 MeV above the
analog state and is characterized by a strong (M2,
~(N-Z)) B transition to the parent state. The numer-
ical calculations also. revealed other collective states at
lower excitation energies and characterized by M3,=1.
The quasiclassical solution of the microscopic equations
made it possible to represent the results more lucidly.
It was found that there are three types of collective
states: w,, corresponding to a Gamow-Teller reso-
nance with main contribution from (pn™) transitions
from the lower component of the spin-orbit doublet to
the upper component; w,, with main contribution from
j=i(pn) transitions (which correspond to core-polariza-
tion states); and also w., with main contribution from
transitions from the upper component of the spin-orbit
doublet to the lower. This state appears only in nuclei
with large N-Z.

In Ref. 66, Gaponov and Lyutostanskii‘ analyzed the
question of the possible description of a Gamow-Teller
resonance from the point of view of supermultiplet sym-
metry. They showed that the parent 0*, the analog 0°,
and the Gamow-Teller 1* states belong to one Wigner
supermultiplet (P, P, P'") with quantum numbers
(Ty, 0, 0).

8. GAMMA DECAY OF FINE-STRUCTURE
COMPONENTS OF ANALOGS

The majority of analog resonances are split and
fragmented into several components, which are clearly
revealed in experiments with high resolution. These
components are called the fine-structure components of
the analog and are states of the compound nucleus
modulated by the analog configuration. The fine struc-
ture arises as a result of the mixing of the analog 7\,
state proper and the T, levels of the compound nucleus.
As a result, the wave function of each component of the
analog’s fine structure can be represented as a sum of
T, and T, components. A measure of the contribution
of the T, component is I',, which can be determined
from the elastic scattering of protons through the analog.
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More detailed information about the fine structure of
analogs can be found in Ref. 3.

Gamma transitions from the analog to low-lying states
may be due to either the T, or the T, component of the
analog. It is natural to assume first that the T, com-
ponent is a very complicated function of different con-
figurations of the type of an ordinary state of the com-
pound nucleus. The T, component is a relatively simple
configuration about whose appearance in different
nuclear processes definite predictions can be made.

The various effects discussed above refer solely to the

T, component of the analog, and the contribution of the

T, component is usually ignored. This is evidently a
satisfactory approximation in the cases when the analog
is only slightly split or when one is studying the strongest
strongest components of the fine structure, in which the
T, component makes the main contribution. But in the
cases when one observes a fairly well developed fine -
structure the contribution of the T, component is very
important. -

When analogs decay, transitions are observed to many
low-lying states. It may happen that transitions to cer-
tain states are determined by the T, component and to
others by the T, component of the analog. It is to be ex-
pected that the strongest transitions are determined by
the T, component; in the case of weak transitions the
probability of a contribution of the T, component is high,
This assumption is based on the intuitive idea that the
T, component is complicated and populates more or less
uniformly all the levels of the nucleus. The y decay
widths of such a T, component must satisfy the Porter—
Thomas distribution.

Gaarde et al. ** analyzed qualitatively the contribution
of the T, and T, components to the transitions. The py
analog in 93¢ has a developed fine structure of eight
components. The y decay spectra of the three strongest
of them were measured. The values of I, were also de-
termined. If the transition is determined by the 7,
component, the partial y widths must be proportional to
the corresponding values of I,. Transitions to core-
polarization states are determined by the T, component;
transitions to antianalog states, by the T, component.
More precisely, transitions to the antianalog are deter-
mined by a mixture of the T, and T, components, which
compensate each other.

A completely new field of investigations is opened up
if the quantitative methods of studying the effects of in-
termediate structures are applied to study of the fine
structure of analogs. Intermediate structures are a
fairly general phenomenon in nuclear physics. Searches
for different intermediate structures attract the atten-
tion of many investigators. Particularly many searches
have been made for intermediate structures m, for ex-
ample, (n, ¥) reactions with neutrons. %

The various methods for analyzing correlations de-
veloped in these investigations enable one to draw cer-
tain conclusions about the existence of intermediate
structures, doorway states, etc. Traditionally, analog
states are regarded as the clearest example of inter-
mediate structure, and, from this point of view, an
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FIG. 19. Partial widths for the fine-structure components of

the pg,, resonance in **Mn (Ref. 50),

analog state is a common doorway state for different re-
action channels. The existing experimental data in no
way contradict these assertions, though direct experi-
mental proofs are virtually nonexistent. Correlation
analysis, which is widely used to analyze reactions with
neutrons, has not been applied until recently to the anal-
ysis of data on analogs.

The first applications of correlation analysis to ana-
logs, made in Refs. 50 and 64, made it possible to ob-
tain interesting data about the structure of the T, com-
ponent of an analog. In Ref. 84, Kraft ef ¢l. measured
the ¥ spectra from three components of the p;,, analog
in ®'Cu. The I, values for these resonances are un-
known, so that one cannot make a correlation analysis
of I', and T',,. Such an analysis would enable one to de-
termine the partial v transition for which the T, com-
ponent is important. In other words, one could estab-
lish the transitions for which the T, component of the
analog is a common doorway state. However, if it is
assumed that the transition to some state is determined
by the T, component of the analog, then, comparing the
behavior of the intensities of the »’s on the transition
from resonance to resonance, one could hope to obtain
some definite results. The strongest transition in the
decay of the p;/, analog in ®'Cu is the transition to the
antianalog, which is the ground state. It is natural to
assume that it is determined by the T, compcnent of the
analog.

To determine which component of the analog deter-
mines the transitions to other states, one can compare
the intensities of v transitions for these states with the
transition to the ground state for different resonances.

Quantitatively, it is convenient to introduce a corre-
lation coefficient p; defined by

3T -T) 0}, 34
gi= : s —— 1ﬁ%v|—1—7 - (78)
l/g (F'Pi —F'l’i)z 2:' (vai‘;[‘{'i)_ fT" a ¥i _rv.i)
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Here, T} and T} are the y widths of transitions to the
ground state (T}) and to the level j (I'}); T and T are
the means over the resonances; the summation over ¢
is the summation over the resonances; e is the error in
T'). The usual form of the linear correlation coefficient
contains only the first factor. The second factor was
proposed by Lane® in order to take into account the er-
rors in the measurements of I/,

If one observes a direct proportionality between the
probability of transitions to the ground state and to level
j for all resonances, then p;=+1. If there is no corre-
lation, p;=0.

If the transition to level j is determined by the T
component, one can expect p;=1. If the transition is
determined by the T component, at the first glance it
appears that p; must be equal to zero since the T, com-
ponent contains a large collection of different configura-
tions and the final result for the transition probability
cannot be predicted. The experimental values of p; for
the correlations between transitions to the ground state
and level j were found to be negative and have values
near - 1, i.e., one observes anticorrelations between
transitions to the ground state, on the one hand, and
transitions to the p,;, and f;/, states, on the other, and
correlations between transitions to the p;, and f5,5
levels. This result can be understood as follows.
Transitions to the p,/, and f;,, states are determined by
the T component of the analog, but this component does
not have a complicated structure, so that the decay ex-
hibits as simple a configuration as the analog. In other
words, when analogs decay two doorway states are
manifested: One is the T, component of the analog and
the second is the T, component with as a simple a
structure as the analog’s.

In Ref. 50, a many-channel investigation was made of
the fine structure of the py/, analog in ®Mn. Measure-
ments were made of the elastic and inelastic scattering
of protons with a high resolution, and also of the ¥ de-
cay of eight components of the fine structure. The re-
sults are shown in Fig. 19, which represents the partial
particle and y widths for eight resonances of the fine
structure. The results of the correlation analysis are
given in Table 10.

As in the case of %!Cy, anticorrelations are observed
for transitions to excited levels with respect to transi-
tions to the ground state. For transitions to excited
states, stable correlations are noted. Peters, Bilpuch,
and Mitchell, * like Kraft et al. ,® conclude that there
is a second doorway state apart from the analog in the
fine-structure components.

TABLE 10, Results of correlation analysis.

3?;:]‘";3 PP | PPV | Py Yo | P, V1a28 | Py V2is1 | P, Vosed | Py Vaoas (B0 Veot
PP 1 0,79 0,73 |—0.37 |—0.47 | 0,02 0.18 0.26
PPt - 1 0,45 |—0.42 |—0.64 | 0,00 [ 0.25 0.16

Py Yo = i 1 0,30 0.19 | 0.57 0.67 0.81
Py YVis28 — = = 1 0.96 | 0.90 0.74 0,75
Py Yao51 o - - — ! 0.76 0.54 0.63
Py Vo564 = — — = — 1 0.93 | 0.90
P, Y3045 == — — —_ - 1 0.94
Dy Ttot = = = = == T o= 1
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In Refs. 50 and 64 no assumptions are made about the
physical nature of the second doorway state. To solve
this very interesting problem, it is evidently necessary
to bear in mind that, in the theory of analog resonances,
configurations of the type of antianalog states or con-
figuration states are regarded as one of the main
sources of mixing. It is possible that a configuration
this type, playing the role of a hallway state, is mani-
fested in the y decay of the fine-structure components.
Detailed study of this question is very interesting and
important for the study of the effects of mixing of T,
and T, states in the theory of analog resonances.

9. E1 TRANSITIONS FROM AN ANALOG AND
FIRST-FORBIDDEN § DECAY

If an M1 transition from an isobaric analog state is
analogous to a Gamow-Teller analog § transition, a
first-forbidden B decay is analogous to an E1 transition
with AT=1. However, whereas as in the first case the
B-transition probability is determined by a single ma-
trix element, six matrix elements can contribute to the
probability of a first-forbidden B transition: [;, [a,
Jir, [er, [oXr and [iB;;.

The probability of an E1 y decay is characterized by
B(E1), which is equal to

B(E1)=Z3 | (f] ot (E1)| D2, (79)
where the value of the operator o# is determined by
ofl (E1) = (ep— €n) 1YL (80)

Comparing this expression with the form of the matrix
element [ir of B decay, we can see that they are simi-
lar, so that

1 S ir ] = [2(T +1) (4r/3)] 2 | M¥sa | (81)

(if T is a good quantum number).

It is a very difficult problem to determine individual
matrix elements in a first-forbidden 8 decay. They can
be found, and then only under definite conditions, by
combining the results of measurements of f—v direc-
tional correlations, the circularly polarized f-y corre-
lation, and the profile of the B spectrum for known spins
of the nuclear levels participating in the decay.

On the basis of the similarity between the matrix ele-
ments [ir® and IM}g,|, Fujita®™ suggested that one could
obtain information about first-forbidden 8 decay by
studying E1 vy transitions from an isobaric analog state.
This information is of interest for the following reason.

Comparison of the probabilities of Gamow-Teller 8
transitions with the one-particle estimate shows that
they are hindered by one or two orders of magnitude.
This hindrance was explained in Refs. 94 and 97 by Fu-
jita and Ikeda, who introduced the concept of the
strength function for Gamow-Teller B transitions.

These transitions are analyzed by analogy with the
analysis of T-forbidden Fermi B transitions. The small
value of the matrix elements of the latter is explained
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by the existence of an analog state to which B decay is
energetically impossible. In the same way, the strength
of Gamow-Teller transitions can be concentrated in a
definite region near the analog, but not so much as for
the analog because Gamow-Teller transitions are not
forbidden so strongly as Fermi transitions.

An analog state is a collective state that is a coherent
superposition of np states with JT=0*. A Gamow-Tell-
er giant resonance corresponds to a coherent sum of ﬁp
states with J"=1%,

In Ref. 98, a study was made of the possible hin~
drance of first-forbidden B transitions by the existence
of an E1 giant resonance—a coherent sum of (#n) and
(pp) excitations with J"=1",

In the region of light nuclei, M1 transitions are the
principal decay mode of analogs. The E1 decay of ana-
logs begins to predominate for AZ 90. The objects in-
vestigated are usually nuclei with nucleon numbers near
N=50, 82, 126 and Z =82, whose states can be de-
scribed as one-particle or one-hole to a good approxi-
mation.

For the excitation of analog resonances one uses py,
yp, and ee'p reactions, from the analysis of which one
can obtain information about the strengths of the E1
transitions from the analog. For the radiative capture
of a proton into an analog level the v width is deter-
mined from o(py), the reaction cross section. In the
case of the yp process, the photoabsorption cross sec-
tion is almost equal to olyp) since neutron emission
from the isobaric analog state is forbidden by isospin.
The ee’p reaction under definite conditions, namely,
when the momentum transfer is equal to the momentum
in the photoreaction, is analogous to the photoreaction.
Thus, the radiative width of the isobaric analog state
can be determined in the ee’p process in the same way
as in the yp process. Recently, the ee’p reaction has
been used to study analog states since it is more con-
venient from the point of view of control, determination
of the dose of the incident beam, etc., than the yp re-
action. The position of isobaric analog states is de-
termined from the excitation function of the correspond-
ing reaction; a criterion of correct identification is
provided by the energy position and the resonance na-
ture.

In the considered region of nuclei, it is very difficult
to determine widths of y transitions from analog levels
by analyzing reaction cross sections, This is because
the analog levels are in an energy region near a giant
dipole resonance, To obtain the correct strength of E1
transitions from an analog, it is necessary to take into
account the interference effects between the isobaric
analog state and the giant dipole resonance.

When E1 transitions from an isobaric analog state are
studied, one compares the experimental v widths of
these transitions with the predictions made in different
models and with the corresponding quantities obtained
for the first-forbidden analog j transitions.

Let us consider the nuclei near 2®®Pb, The 2%®Pb nu-
cleus is unique in being the only heavy nucleus in which
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both the proton and the neutron shell are closed. The
large energy gap between the last filled shell and the
next shell (3—4 MeV) leads to the assumption of a closed
shell configuration for the ground state of 2%Pb and
simple particle-hole configurations for some of the low-
lying states. It has been shown that the ground and low-
lying states in 2®*Pb are comparatively pure one-neutron
states. Hence, their analogs in 2Bi must be strongly
manifested in the excitation function in the py reaction,
and the strengths of the transitions from these states

to the one-proton final states of 2°Bi can be readily cal-
culated from a simple one-particle shell model.

One can also point out a further feature of the isobaric
analog states in the region of Pb. In this region, all the
low-lying isobaric analog states lie appreciably higher
(in excitation energy) than the principal part of the giant
dipole resonance, in contrast to the region of small A.

A study was made of E1 transitions from the isobaric
analog states in *Bi in Refs, 99 and 100, In the for-
mer, the isobaric analog states in 2°’Bi were obtained in
the reaction 2®Pb(py) with E,=8.8-18.0 MeV. The
profile of the observed isobaric analog states was asym-
metric because of interference with the giant dipole res-
onance. To obtain the cross section due to the isobaric
analog states, the interference was analyzed in the
framework of S-matrix theory with allowance for the
amplitudes in the entrance and exit channels for the iso-
baric analog states and the giant dipole resonance. The
result of this analysis is ambiguous, and depends on the
choice of the phase difference A¢ (~0 or ~90°) between
the isobaric analog states and the giant dipole reso-
nance. For A¢~0, the radiative widths I, are signifi-
cantly hindered compared with the one-particle widths;
for Ap =90°, they are enhanced. One can choose be-
tween these two possible values for Ag by taking into
account: 1) the scheme of the py reactions in the region
of medium A, where the isobaric analog states are
found near or below the giant dipole resonance. Mea-
surements in this region indicate that Ag =0°; 2) the
theoretical calculations made by Ejiri'® for E1 transi-
tions from isobaric analog states for A=140, which in-
dicate a hindrance of the transition strength due to col-
lective effects; 3) comparison of the measured E1 am-
plitude with the experimental estimates of the intensi-
ties of analog 2 decays in the region of Pb (Ref. 102).
These factors force one to take 4@ =0°.

In Ref. 100, Shoda et al. investigated E1 transitions
from isobaric analog states in the nuclei 2"Pb and *°Bi
using the ee'p reaction. In 2%°Bj, they studied E1 tran-
sitions from the analogs to the ground and excited states
of 2%Pb and the ground state of 2®Bi. In two cases out
of three hindrance of the E1 transition was observed and
the results were similar to those of Ref. 99. In some
investigations, nuclei near the shell N=50 have been in-
vestigated.

In Ref, 103, Hasinoff et al. studied the y decay of
analog states in %Sr. Calculations were made in Refs.
68 and 104, allowance being made for not only 1p-1#
configurations but also 2p—2h excitations. Alongside
the ordinary giant dipole resonance, a concentration of
the electric dipole strength with T, was noted in the re-
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gion of higher excitation energies. An E1 decay from
several analog resonances was observed in the reaction
®sr(py) ®%Y in Refs. 105-107. The transitions from the
analogs were appreciably weaker than the one-particle
transitions (by ~10-22 times), The resonances lie low-
er than the giant dipole resonance and are not part of
the coherent strength of the T, states.

In Ref. 103, E1 transitions from resonances were
studied for the nucleus *Zr, Calculations were made
in Ref. 104 with shell wave functions and a realistic
two-body interaction.

The third region of nuclei to which much attention is
devoted in the study of E1 transitions from analogs is
the region A~ 140, The E1 strength in 2Nd was in-
vestigated in Ref. 108. An appreciable part of the E1
strength is in the highest T level of 1**Nd, In Ref. 109,
experimental data on the E1 radiative widths of isobaric
analog states in the nuclei **Ba, #!Ce, “8Pm, and also
20T:20%ph were considered from the point of view of dif-
ferent models. Fujita, Hirata, and Shoda!®® succeeded
in explaining the experimental fact that {ir) is approxi-
mately independent of the type of transition, i.e., it is
approximately the same for transitions with and without
spin flip. The energies and the radiative widths for an
1" isobaric analog state were found in Ref. 110 in the
ee’p reaction in the nuclei **Ba, *°Ce, 2Nd, and 4*Sm.

The matrix elements of the 8 decay of '**Ba, !Ce,
and **Pm were studied by means of the ee’p reaction by
Shoda et al. ' The experimental data were compared
with a theory based on the shell model with jj coupling.
Good agreement between the experiment and the theory
was obtained for “'Ce, The E1 transition from the ana-
log and the first-forbidden 8 transition of *'Ce were
compared in Ref, 112, The strength of the E1 transi-
tion from the f,,, analog to the ground state of 141Pr was
measured in the reaction “°Ce(py) *'Pr.

It was found that the transition is hindered relative to
the one-particle estimate by about five times. Such
hindrance was also found for medium nuclei, 19113 gnd
it can be explained by the existence of a collective state.

10. SOME QUESTIONS OF EXPERIMENTAL
TECHNIQUE

We have seen that in investigation of the y decay of
analog resonances a number of problems arise that re-
quire knowledge of the reduced probabilities of transi-
tions from the analog to the levels of the investigated
nucleus. To obtain these values, it is necessary to
identify the analog, study its decay scheme, determine
the absolute widths of the transitions, and establish
their multipolarities.

The analog resonance can be identified in a py reac-
tion as follows. Its approximate position is determined
by the energy scheme of the reaction shown in Fig. 20.
This shows the ground states of three nuclei: The first
two are the target nucleus ,A,(T,, T,), and the com-
pound nucleus ,,(A+1)y, in which the isospin and the
projection of the ground state have the quantum numbers
(To=1/2, T,-1/2). Inthe same nucleus there are ana-
log resonances with quantum numbers (T°+ 1/2, T,
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FIG. 20. Energy scheme of analog resonances in the py re-
action,

- 1/2); these are analogs of low-lying states of the nu-
cleus z(A+1)y,,(To+1/2, To+1/2).

By definition, the analog states have the same nuclear
interaction energy and differ by the Coulomb energy AE,
and the mass difference of the neutron and the hydrogen
atom, so that

zei(A+ DN —2(A + 1) w4+ = AE. — 6.

It can be seen from Fig. 20 that the excitation energy
of the analog resonance in the compound nucleus is E*
=E;"+S,, where E;™ is the energy of the protons in
the center of mass system in which the analog is ob-
served; S, is the binding energy of the proton in the
compound nucleus. Since the indeterminacy of AE, is
40-50 keV, and sometimes 100 keV, the position of the
analog in the investigated nucleus is predicted with the
same degree of uncertainty. If the analog has not been
noted in any other reactions in this nucleus, it is diffi-
cult to find it in a range of about 100 keV in the py reac-
tion, since other nonanalog resonances can be excited
with comparable intensity in this reaction. As a rule,
however, the position of the analog in the nuclei in which
it is studied in the py reaction can be established from
the excitation function in the elastic scattering of pro-
tons, which is often measured at the same time as the
excitation function of the py reaction. The elastic scat-
tering of protons is selective for analog resonances, and
in this reaction they are excited with much greater
probability than other resonances of the compound nu-
cleus. Thus, the pp reaction enables one to establish
the energy position of the analog to within 2-3 keV, and
sometimes better,

It must however be pointed out that the analogs ob-
tained in a given nucleus by the capture of a proton with
large angular momentum 7, need not be observed in the
pp reaction because of the large centrifugal barrier,
especially if the energy of the protons corresponding to
the analog is low.

Other reactions in which analogs can be reliably iden-
tified are the (*He, d) or (d, #) proton transfer reactions,
whose cross sections for analogs are usually much
larger than for neighboring nonanalog levels. In these
reactions, the position of the analogs can be established
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to within 7-15 keV.

The excitation function in the py reaction can be mea-
sured by means of an NaI(Tl) crystal. The discrimina-
tion threshold is set in such a way as to lower the back-
ground without loss of essential information about the
decay of the analog. As a rule, the threshold is chosen
in such a way that the energy of the y’s observed by the
detector is approximately equal to half the analog ener-
gy: E*/2. The decay scheme of the analog is not known
in advance. Usually, there are transitions to the lower
levels of the nucleus and transitions to highly excited
states. The energy of the y’s corresponding to direct
transitions from the analog to the lower levels is great-
er than E*/2. Thus, these y’s are observed by the de-
tector, whereas the y’s of the background are cut off.
Direct transitions to the high levels of the nucleus may
also be cut off (if E, < E*/2), but one will then detect y’s
resulting from transmons from these high levels down-
ward.

To investigate the decay of analogs in the py reaction,
it is necessary to choose the target thickness appropri-
ately. The choice of the thickness is governed by the
distance between the levels of the nucleus in the inves-
tigated excitation region. The thickness of the target
must be such that the energy loss of protons of the given
energy in it is appreciably less than the distance be-
tween neighboring levels. On the other hand, there is a
lower limit for the target thickness. It is determined
by the resolution of the system which accelerates the
protons. If the resolution is AE keV, the target thick-
ness must naturally be of the same order. For nuclei
with A~60 and E,~1.5-2.5 MeV, and in the region of
excitation energies of 6-7 MeV, it is convenient to use
a target about 10-20 pg/cm? thick when the proton beam
has a resolution of 1-2 keV.

The excitation function measured in the reaction
8Ni(py) ' Cuwitha target 10 ug/cm?thick is shown in Fig.
21 (Ref. 51). The peaks in Fig. 21 correspond to the
split py/, analog in *’Cu. The numbers next to the peaks
are the proton energies corresponding to the fine-struc-
ture components of the analog. The background visible

E=1588keV
1605 keV
120 ke

4000 -
1588keV

2000

V] i
10200 10300 f, kHz

FIG. 21. Excitation function in the reaction *Ni(py)®Cu (Ref.
51). E, is the proton energy corresponding to the fine-struc—
ture components of the analog.
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in Fig. 21 is mainly due to y’s produced in reactions of
the protons with impurities of light elements contained
in the target or the Faraday cup. The most character-
istic line, which is almost always present in the y spec-
tra, is the 0 line with energy 6129 keV obtained from
the reaction *F(p, a)1%0.

After the excitation function has been measured and
the analog identified, one turns to the construction of its
decay scheme. The y spectra are measured by means
of large Ge(Li) detectors. The energy calibration in the
region up to 3 MeV does not present difficulties. At
higher energies, a convenient reference is the impurity
line at 6129 keV mentioned above. The most energetic
line in the investigated spectrum is due to the y transi-
tion from the analog to the ground state of the nuecleus.
Usually, this transition is rather pronounced. Since the
energy of the protons corresponding to excitation of the
analog is known, so is the energy of this v transition.
Using the energies of the photopeak and of the single and
double escape peaks for each known transition, one can
construct a calibrated curve in the whole energy range.

When y spectra are identified, one must separate out
the direct y transitions from the analog from other y
transitions. The direct transitions from the analog can
be readily distinguished from the other y’s which are
due to decay of levels if the analog resonance has a
number of fine-structure components. An example of
such a resonance is shown in Fig. 21. In this case, the
direct y transitions for the different components of the
analog are shifted in energy by amounts AE correspond-
ing to the energy distances between the components,
whereas the decay y’s are unchanged in all the spectra.
The lines observed in the spectrum are arranged in the
decay scheme of the analog in the usual manner with al-
lowance for the energy balance and the balance of the
intensities.

The absolute values of the radiative widths T, are
usually determined by the “thick-target” method. In
this method, one measures the yield of ¥’s at the reso-
nance energy, and this in the case of a thick target cor-
responds to a step in the excitation function of the py
reaction. The target thickness is such that the energy
loss of the protons in the target at the given E, appre-
ciably exceeds the width of the resonance. The use of
thin targets to measure the absolute widths is assumed
to be a less reliable method, since these targets under-
go significant changes during proton bombardment. 114

For a thick target, the observed yield of ¥’s is re-
lated to the integrated reaction cross section by

g o dE = ASYON, (82)

where A is the mass number of the target; S is the stop-
ping power of the material of the target measured in eV
per g/em? @ is the number of protons incident on the
target; N is Avogadro’s number; Y is the yield of y’s of
given energy; and ¢ is the cross section determined by
the Breit—-Wigner dispersion formula for the py reac-
tion:

0 = gnk®T, T/ [(E — Eg)* -+ Y4 (Tp + Ty)?). “waiBB)
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Here, g=(27;+1)/[(2j +1) (27, +1)] (J, is the spin of the
resonance; j is the spin of the incident particle; J u is
the spin of the target nucleus); A is the wavelength of
incident proton; Ej is the proton energy at resonance;
T, and T, are the proton and the y width, respectively.

Integrating the cross section over the energy, we ob-
tain
5 0 dE = 2gn®2T, /(T + T). (84)
I T,>T,, then

5 6 dE = 2gn*x°l,,. (85)

Using this equation, we can determine the absolute y
width from the experimental value of [odE for the given
resonance,

The determination of [0dE requires knowledge of the
isotopic composition of the target, the stopping power
of the material of the target, the proton charge incident
on the target, and the efficiency of the y detector.

As we have already mentioned, the excitation func-

tions are measured with NaI(T1) scintillation detectors,

whose absolute efficiencies can be assumed known.- To
determine the partial y widths it is necessary to use v
spectra measured by Ge(Li) detectors with known rela-
tive efficiency. One first calibrates the Ge(Li) detector
absolutely for a given energy of the y’s. °

The determination of the B(M(E), ) values requires
data on the multipolarities of the y transitions. These
data can be obtained from measurements of the angular
distribution of the y’s relative to the direction of the in-
cident protons. The correlation function W(8) is a se-
ries in Legendre polynomials whose coefficients are ob-
tained by analyzing the measured angular distribution by
the method of least squares:

W (8) = §kj a, Py, (cos 8). (86)
If the reaction proceeds through an isolated resonance
level, the parity of the radiation is strictly determined.
Therefore, % is even and in the angular distribution
there is symmetry of the backward and forward direc-
tions, i.e., the angular distribution curve is symmetric
about 6=90°.

Because multipoles of order higher than L =2 seldom
arise, the series (86) seldom contains values greater
than k=4, Most often, one encounters an M1+ E2 mix-
ture of multipoles. In this case,

W (0) = a, -+ a; Py (cos B) + a, Py (cos 6).

‘The coefficients a;, a,, and a, are functions of the
spins of the target nucleus, of the resonance level of the
compound nucleus, and of the final state; functions of
the orbital angular momenta of the incident proton and

_the emitted ; and, finally, functions of the mixing pa-

rameters § and §;. The former, 6§, is the amplitude of
the ratio of the mixing of the multipoles of the emitted
gammas: 6=(L+1)/(L). The latter, &,, is the ampli-
tude of the ratio of the mixture of the orbital angular
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FIG. 22, Excitation function in the pp reaction for different
d, 1,, and scattering angles.'!®

momenta of the incident protons: &,=¢Z;+2)/(l;). The
spin of the target nucleus is usually known. If the spin
of the resonance or the final state is not determined, a
measurement of the angular distribution can be used to
determine it. For this, one must find the best possible
sets of the parameters a,/a, and a,/a, for each allowed
value of the spin and the values of the mixing parame-
ters 6 and 6,, Then, if these sets for all values of the
spin except one lie outside the allowed region of the
measured values of the parameters, that spin is estab-
lished. However, cases that can be distinguished as
readily as this in such a procedure are not encountered
all that often. Usually, there are a fair number of ar-
bitrary parameters that enable one to satisfy several
possible values of the spin.

As a rule, in study of the ¥ decay of analogs in the
py reaction the spin of the resonance is known from
proton elastic scattering. The form of the pp scattering
cross section depends strongly on the transferred angu-
lar momentum 7, and for one and the same value of this
guantity the profile is different for different scattering
angles. Studying the excitation function of the pp reac-
tion at different angles, one can determine [, uniquely.
This is illustrated in Fig. 22 (Ref. 115). It can be seen
that there is a possibility of determining not only I, but
also the spin J " of the resonance. The profile of the
reaction cross sections does not depend so strongly on
the spin as on I,. Therefore, in the most difficult cases
polarization measurements are required for a unique
determination of J7.

In the cases when the spin of the resonance and the
spin of the final state to which the y decay takes place
are known, § can be readily determined from the angu-
lar distribution of the y’s. For J,,=3/2 one can fre-
quently restrict oneself to measuring the spectra at two
angles: 0 and 90°. Knowing &, one can determine the
partial probabilities for each multipolarity.

An exception occurs in the cases when the spin of the
resonance is 0 or 1/2, and in these cases the y’s from
transitions from the resonance to any levels of the nu-
cleus are isotropic,

Note also that for 6 one always obtains two values,
from which one must be chosen. For the choice, one
invokes theoretical estimates of the probabilities of the
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corresponding transitions or a comparison with the
probabilities of pure transitions of the given multipolar-
ity in the investigated region.

We have shown above how interesting is the informa-
tion obtained from the y decay of the fine-structure
components of analog resonances. To obtain this infor-
mation one requires a high resolution to measure the
energy of the protons in the pp and py reactions. The
first experiments with very high resolution (about 250
eV) were described in Refs. 116 and 117, although the
existence of fine structure had been noted earlier.!® In
Refs. 116 and 117, high resolution was achieved by
stabilization of the proton beam. The scheme for sta-
bilizing the Van de Graaff proton beam—it was used in
both investigations—is shown in Fig., 23 (Ref. 119).

The proton beam, after passing through the analyzing
magnet, was split into two parts. The main part was
focused onto the target, while the lesser part was de-
flected and directed through a system of slits into
another, correcting magnet. The distance to this mag-
net was chosen to be fairly long so that the measure-
ment of the position of the beam associated with the
change in the energy of the protons significantly influ-
enced the path of the particles in the magnet. After
they had left the magnet, the protons were directed onto
a wedge-shaped foil. At the energy chosen for the pro-
tons, the beam struck the middle of the wedge. If the
proton energy was increased, the beam passed nearer
the edge of the wedge; if it was decreased, nearer to
the base of the wedge. Thus, the effect of the wedge
was that even a slight change of the proton energy be-
fore the wedge resulted in a large change after it (a
change in the energy in the beam by 100 eV led to a
change by 50 keV after passage through the wedge). The
protons were then observed by a detector, from which
a pulse was transmitted to a system that developed a
feedback signal. When the proton energy deviated from
the chosen value, a voltage proportional to the deviation
appeared at the output of this system. Simultaneously,
a signal was sent to the target, creating around it a de-
celerating or accelerating field depending on whether
the proton energy had increased or decreased. With the
use of this system, the energy spread in the proton
beam was 200-300 eV.

FIG. 23, Proton beam stabilization scheme. 1) Deflecting
magnet; 2) slits; 3) deflecting plates; 4) correcting magnet;

5) quadrupole lenses; 6) proton detectors; 7) target; 8) wedge;
9) scattering foil; 10) “equalizer”; 11) gate circuit; 12) multi-
channel analyzer (Ref. 119).
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FIG. 24. Excitation function in the reaction ‘°Ar(pp): o/oy

is the ratio of the measured cross section to the Rutherford
Cross sﬁzctiol:l."G

Figure 24 shows the excitation functions of the
Ar(pp) °Ar reaction measured with ordinary resolution
(upper curve) and with resolution 250 eV. Below, a
section of the spectrum of width of about 60 keV is
shown in the neighborhood of the analog resonance. In
the upper curve one can see two anomalies in the yield
of protons at energies E,=1. 87 and 2.45 MeV. These
anomalies correspond to the excitation of resonances in
#1K¥ which are analogs of the two excited states of *!Ar.
In the lower curves one can see that each analog reso-
nance consists of many narrow resonances, which have
been called the fine structure, &7

Simultaneous investigation of the pp and py reactions
for a split analog enables one to draw conclusions about
the relative contributions of the 7, and T, components
to the analog resonance. Therefore, experiments with
high resolution are very promising.
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