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A theory of collective isobaric 1+ states of spherical nuclei is constructed on the basis of the theory of finite
Fermi systems. Particular attention is devoted to the description of a new type of giant isobaric resonance.
This is the Gamow-Teller resonance, whose existence has recently been confirmed in charge-exchange

reactions in experiments made at the Universities of Michigan and Indiana. The possibility of describing the
Gamow-Teller resonance and the ground states of nuclei in a Wigner symmetry scheme based on the group
SU(4) is analyzed. It is shown that such a description improves with increasing N-Z in the region of heavy
nuclei. The experimental investigations on the Gamow-Teller resonance and collective isobaric 1* states are
reviewed. A method for calculating the properties of nuclei far from the S-stability line is developed on the
basis of a theory of isobaric states, the use of which is illustrated by a number of examples.

PACS numbers: 21.60.Ev, 24.30.Cz, 21.60.Fw

INTRODUCTION

The problem of discovering new nuclear resonances
in complicated nuclei is currently attracting much at-
tention. Besides the well-known E1 resonance, mag-
netic dipole, electric monopole, quadrupole, and a
number of other resonances corresponding to different
modes of collective excitation of the nucleus have been
discovered and actively studied.! In a microscopic ap-
proach, all these resonances correspond, on the basis
of the charge of particle-hole pairs, to the neutral (AQ
=0) excitation branch of the core, the ground state of
an even-—even nucleus A(N, Z). Inthe charged excitation
branches, in which the charge of the particle-hole
pairs above the core is nonzero (AQ=+1), only one type
of collective state has so far been studied in detail; this
is the isobar analog resonance. It is a special example
of isobaric collective states of the proton—neutron-hole
type (pn type). Whereas the neutral branch of the par-
ticle-hole excitations of the nucleus A(N, Z) corre-
sponds to states of the same nucleus and is manifested,
for example, in ¥ transitions and electron or nucleon
scattering reactions, the excitation branches with
charges AQ=x1 of the particle~hole pair correspond to
excitations of the neighboring isobars A(N-AQ, Z+AQ
and are manifested in the corresponding charge-ex-
change reactions, for example, (p,n), (v,,e"), (n,p),
(v,,€"), or in B transitions.

The states characteristic of the charged excitation
branches are usually called isobaric states.

Not only analog resonances but also other collective
isobaric states have been observed in charge-exchange
reactions. In the first place, there are the analogs of
the giant dipole 1° resonance (for example, of nE type?)
and various collective isobaric 1* states, The basic
possibility of the existence of collective isobaric 1*
states with nearly the same structure as analog states
was first noted by Ikeda, Fujii, and Fujita.® They
pointed out the importance of these states for under-
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standing the reasons for the suppression of allowed 8
transitions in nuclei with N>Z. In the early studies,S
it was assumed that the region in which the collective
isobaric 1* states are concentrated lies below the ana-
log resonance on the energy scale. Isobaric 1* states
were in fact found in this energy region, but their de-
gree of collectivization was comparatively small. At
the beginning of the seventies, the present authors’
showed on the basis of the theory of finite Fermi sys-
tems that for spherical nuclei the most strongly col-
lectivized 1* resonance, the Gamow-Teller resonance
must lie above the analog resonance, these states ap-
proaching each other with increasing A and N - Z,%°
In deformed nuclei, the physics of the Gamow -Teller
resonance was investigated theoretically in Refs. 10
and 11. In this case, the picture is complicated by the
splitting of the Gamow-Teller resonance with respect
to the projection of the total angular momentum onto
the symmetry axis of the nucleus.

For a long time, the experimental situation with re-
gard to the collective isobaric 1* states, and above all
the Gamow -Teller resonance, remained unresolved.

In 1975, Galonsky’s group began intensive searches for
the Gamow~Teller resonance above the analog reso-
nance using the direct (p, n) reaction.’*'* At the pres-
ent time, these studies are being continued in the
United States with the cyclotron of the University of In-
diana using protons of energy 50-200 MeV, a new mag-
netic-deflection technique, and the time-of-flight meth-
od of neutron detection. In a large cycle of experimen-
tal studies'®**® during 1979-1980, the existence of the
Gamow-Teller resonance in the region above the analog
resonance was finally proved for spherical nuclei from
light to heavy nuclei (**Pb), the decreasing distance
between these states with increasing N —Z in the Zr
isotopes was confirmed, and it was shown that in 2°*Pb
the analog resonance and the Gamow-Teller resonance
are practically degenerate. The investigations simul-
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taneously confirmed the existence of a less collective
1* state below the analog resonance and discovered a
spin-dipole giant resonance of pn type and, apparently,
an analog of the magnetic dipole resonance of the neu-
tral excitation branch.

This strong progress in the experimental results is
again attracting interest to the problem of collective
isobaric 1* states. The present review is devoted to a
detailed analysis of the modern theoretical and experi-
mental investigations in the region of spherical nuclei.
On the basis of the theory of finite Fermi systems,*
we analyze the origin of the various types of collective
isobaric 1* states of spherical nuclei.

In Sec. 1, the equations of finite Fermi systems are
solved numerically for specific spherical nuclei in a
wide range of A values, namely, from As to La. In
Sec. 2, we describe an approximate method of solving
the equations which makes it possible to understand the
nature of the different collective isobaric 1* states and
to formulate a number of qualitative conclusions. In
Sec. 3, we consider the important question of the phe-
nomenological description of the Gamow-Teller reso-
nance and the ground states of nuclei in the Wigner
supermultiplet scheme. In Sec. 4, we discuss the ex-
perimental investigation of the Gamow-Teller reso-
nance and other collective isobaric states. Finally, in
Sec. 5 we apply the theory of isobaric 1* states to the
prediction of the properties of nuclei far from the sta-
bility line. The review summarizes a series of papers
by the authors on this subject.

The isobaric 1" states considered in the present re-
view belong to the spin-isospin excitation branch. In
recent years, A. B. Migdal and his collaborators have
shown that the behavior of this branch at momentum
transfers ¢~ m,c is essentially related to the soft pionic
excitation mode of nuclear matter.?® In this connec-
tion, the theory of finite Fermi systems was reformu-
lated with allowance for this mode.?® However, in the
present paper we consider the region of spin—isospin
phenomena in which the influence of the mode is weak.
This is the region of collective isobaric states corre-
sponding to small momentum transfer: =0 (small
changes An in the principal quantum number). At the
present stage of the investigations of the spin-isospin
excitation branch, it appears natural to consider the
phenomena of particle-~hole and pionic type separately
and to compare the properties of the former with other
types of collective isobaric states.

1. ISOBARIC 1* STATES OF SPHERICAL NUCLEI

In the theory of finite Fermi systems, the parameters
of isobaric 1* states are found by solving the equation
for the effective field of Gamow~Teller type:

0] 1 \ () 1 g 1] 7 -
Vare =V + 2 T, A Vs, + \,_ L R B AT |
A

ahg Vv

- 3]
I’\'\": E I\i?v’i.i.Ahl,Vl,?\-.T i r‘\"’\"\'1\‘,4‘1\',\'."\',“;

3, ¥ivy (1)
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e e

® 7 (pn)
V' =eoxt; A = e = = 2
ef —el. o ef —el,—0

Here, the matrix elements of the effective field V(r, w)
and the bare field V“(r) are taken between the single-
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particle functions of the quasiparticles in the neutron
(n) and proton (p) potential of the nucleus A(N, Z); n,
and €, are the population numbers and energies of the
states A in these potentials. The indices v distinguish
the matrix elements of the I[-forbidden part of the ef-
fective field with the selection rules A]=2 (not allowed).
The expression for I'” contains not only the angular
parts and radial integrals but also the coupling constant
g¢, of the effective spin—isospin interaction. The effec-
tive charge of the Gamow-Teller field is ¢,=0.9.

Equations (1) do not contain terms associated with al-
lowance for the soft pionic mode. Analysis shows that
allowance for pions leads, first, to an effective renor-
malization of the phenomenological constant gg,

e T ey | (@
where g=7An/m R [the constant %= 0.5 takes into ac-
count the influence of the A(1236) isobar, An is the
change in the principal quantum number in the B transi-
tion, f, is the coupling constant of the 7N interaction,
and m, is the effective pion mass with allowance for the
A isobar], and, second, to a modification of the I-for-
bidden terms as a result of the tensor nature of the
interaction. For transitions with An=0 and TAn <m R,
the effective constant differs little from gj. The pions
can have an important influence in the calculations of
I-forbidden and single-particle B transitions due to the
influence of reflected waves, but for collective isobaric
states this factor is comparable with the errors of the
theory. Thus, Egs. (1) are valid for calculations of
collective isobaric states [log(ff) < 5] and must be mod-
ified with allowance for pions for I-forbidden and sin-
gle-particle states.

The position of the isobaric 1* states relative to the
ground state of the even—even nucleus A(N, Z) is deter-
mined by the poles of the system of equations (1). The
system gives frequency solutions of two signs. Solu-
tions with frequency

o>M((N—1,Z+1)—M ¥, 2 (3)

[# is the mass of the nucleus A(N, 2)] are interpreted
as isobaric pn states of charge AQ =+1 and are asso-
ciated with the levels of the nucleus A(N -1,Z+1). So-
lutions with frequency

o<<M(N,Z)— M (N+1,Z—-1)

are interpreted as isobaric np states of charge AQ=-1
and are associated with levels of the nucleus A(N+1,

Z —1). The important parameter of the problem is the
mean relative displacement of the neutron and proton
potentials. It was found earlier in a calculation of iso-
baric 0" states® and depends on the coupling constant
[ of the effective isospin interaction of the quasiparti-
cles. In Ref. 24, the relative displacement of the sin-
gle-particle potentials and the constant /) were chosen
in a mutually consistent manner to make the position of
the analog 0" states exactly equal to the difference be-
tween the Coulomb energies of the corresponding nu-
clei. This procedure gave f{=1.35. A recent indepen-
dent verification based on the energy splitting of the
analog and antianalog states confirms this value. It
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should be noted that although this self-consistency
scheme is simple and convenient for application in
many nuclei, it is approximate. In the meanwhile,
more rigorous self-consistency schemes have been de-
veloped (see, for example, Refs. 25-27). The results
of calculations of individual nuclei in accordance with
a complete scheme for a number of collective 1* states
and the comparison with the present calculation are
discussed in Sec. 4.

Equations (1) also make it possible to determine the
matrix elements of the Gamow-Teller B transitions be-
tween the isobaric 1* states and the 0* ground state of
the even—even nucleus A(N, Z) in terms of the residues
XM A (w) of the field VA2 (w) at the pole w= w, corre-
sponding to this isobaric state:

Mir= 3 a0, 40aViop, (4)
ol

The residues are normalized by

[Z Anar Arn Vi, -+ ) xv,v,Av,v,V?.v.]

hahs vive PRk

d

Ay, ddy,y
St Z‘, Xvavy =t Ay

ViV,

e [IE‘XL,A. Jm=mk_ (5)

and determine the contribution of the particle—hole
configurations A, A,(y,v,) to the isobaric state w, and
thus the degree of its collectivization.

This method of calculations for a large group of
spherical nuclei from "?As to '*°Pr was used in a nu-
merical computer calculation to find the positions of
the isobaric p7 1* states and the matrix elements of £
decay of these states to the 0* ground state of the
neighboring even-even nucleus A(N, Z), which serves
as the unexcited core for the formation of these states.
In the scheme, the energies of the single-particle lev-
els of the potentials of the nucleus A(N, Z) were calcu-
lated by approximating the single-particle Woods-Saxon
potentials of the nearest magic nuclei, and the oscil-
lator approximation was used for the wave functions. In
the system of equations (1), the summation was over a
large basis of single-particle states from two shells
(plus—minus one shell from the edge), i.e., allowance
was made for transitions with Az =0 and partly with An
=x1. More distant single-particle transitions were
taken into account by a renormalization of the constant
f4, as described in Ref. 24, For nonmagic nuclei,
pairing was also taken into account by means of the us-
ual substitution €, ~ E, =V&l+Al The energy a, was
calculated in accordance with the theory of finite Fermi
systems. The effective coupling constant of the spin-
isospin interaction was varied in the range g/ =1.0—-
1.3:%

The numerical calculations reveal the following fea-
tures of the structure of the isobaric pn 1* states.
Among the collective states, one is clearly distin-
guished with matrix element M*~ N — Z and separated
in energy from the remainder. The main contribution

) The given value of g{ has a normalization different from the
constant in Refs. 26 and 27. They are related as follows:
&7 (Refs. 26 and 27) = g/4 /7.
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to the structure of the wave function of this state is
made by the configurations j,=1 -4 and j;=(+1, which
correspond to transition of a neutron into a proton with
spin flip. Lower in energy, there is a group of collec-
tive isobaric pn states that are less collectivized. The
matrix elements of the 8 decay of these states is M3
=0.1-1.0, whereas the matrix elements of the 8 decay
of the single-particle states correspond to M3, =102~
10", The main contribution to the structure of the wave
functions for them are made by the configurations Jo
=1+ =jz, corresponding to transitions of a neutron. into
a proton with reversal of the total angular momentum.
In addition, configurations with spin flip (j,=1-3%, j:
=1+3) may play a part. Finally, in the cases when this
is permitted by the selection rules, the low-lying pn
states may include collective 1* states corresponding to
transitions of a neutron into a proton with the opposite
spin flip: j,=l+3,jz=1-%. All these features are
clearly revealed in the quasiclassical model of isobaric
states.

The results of the numerical calculations are pre-
sented in Tables I-III. Tables I, IIa, and IIb contain
the main characteristics and structure of the most
strongly collectivized of the investigated isobaric
states, i.e., the Gamow-Teller resonance; Table III
gives the characteristics of the other collective iso-
baric 1" states. In Table I, we give the calculated posi-
tion of E, the energy of the Gamow-Teller resonance
formed on the basis of the even-even nucleus A(N, Z),
relative to the ground state of the odd—odd nucleus
A(N -1,Z+1), in which it is actually situated, and the
square of the matrix element M3, of the B decay of
this state to the 0" ground state of the nucleus A(N, Z).
The calculations were made for the two values g/=1.0
and 1.3 of the effective coupling constant of the spin—
isospin interaction. The values of the frequencies for
constants that are slightly different can be obtained by
linear interpolation. The assumed error in the calcu-
lations of the energy of the resonance is 1.0-2.0 MeV,
which is less than the assumed width of the Gamow -
Teller resonance.

The structure of the wave function of the Gamow —Tel -
ler resonance is illustrated in Tables Ila and IIb. In
them, we give the results of calculation of the contri-
butions of the individual configurations A, to the
structure of the Gamow -Teller resonance. As can be
seen from Table II, the Gamow-Teller resonance is
basically formed through transitions of spin—orbit type
(1421 ~3) with spin flip and partly by j—j transitions.
For experimental investigations of isobaric 1* states,
the parameters of the other collective states in the par-
ticular nuclei are also important. The results of nu-
merical calculations for the most strongly collectivized
of them in each of the investigated nuclei are given in
Table III. The energies E of the isobaric states are
given relative to the ground states of the A(N -1,Z +1)
nuclei. For each state, we also give the values of
log(f#) of the B* decay to the ground state of the nucleus
A(N, Z), determined from the calculated values of MZ,.
The frequencies and matrix elements were found with
allowance for the quasiclassical corrections for An>0
transitions (An is the change of the principal quantum
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TABLE 1. Positions and matrix elements of 1¥— 0* B decays
of Gamow-Teller resonances.

2= 10 tem 433

Nucleus £ 59

A (N=1, Z+1) .

E, MeV MGrR E, MeV MR
As 8.93 5.14 10.23 5.42
A 11.11 6.59 12.65 6.70
%As 12.17 7.89 13.98 8,35
BAs 13.97 9.23 16.06 9.86
74Br 6.0 3.18 7.76 3.43
6By 9.16 4,52 10.17 4.92
SBr 10,07 6.22 11.41 6.66
80By 10.78 7.66 13.42 8.25
82pp 12,11 8.57 14.11 9.95
80Rb 9.86 4.34 10.84 4.84
82Rb 10,82 5.67 11,97 6.23
84Rh 11.97 7.39 13.46 7.97
86R b 13,54 9.33 15.37 9,66
887k 14.38 10.57 16.04 11,15
a6y 10,42 6.09 11.60 6,59
83y 11.49 7.7% 12.98 8.21
ooy 13.62 8.61 14.35 9.19
a2y 15,04 10,50 15.93 1.7
8sNb 8.66 4.98 9.62 5.22
9Nb 9.03 6,50 10,29 6.80
92Nb 13.65 7.35 15.02 7.79
91Xb 14.12 8.50 15,63 9.19
96N b 14.29 0.03 15.99 10,65
e 9.23 6.29 10,40 6,61
847¢ 12.76 7.6G0 14.13 8.00
T 12.70 8.66 15.21 9,33
88T¢ 13.7¢ 10,21 15.49 11,00
1007 14.90 10,44 16.70 11,36
lo2Te 15.16 12.38 17.20 13.32
"SRh 12,97 8.63 14,42 9.32
1001 b 12.88 9.89 14.49 10,76
lozRy|y 13.54 10,87 15.28 11.83
104R K 14.04 11.66 15.92 12.68
100R ]y 14,08 12.85 16.14 13,88
1020 12.72 9.27 14.23 1n.39
104\ 12.08 10,00 14.50 11,15
106 Ay 13.60 16,71 15.39 .77
10870 13.35 11.65 15.15 12.68
oAy 12,77 12.49 14.68 13.58
u2\g 13.91 12.79 15.86 13.96
1061 10.97 9.36 12.43 10.44
108]p 12.11 9.98 13.86 11.09
110 12.20 10.79 12.82 11.79
12]p 12.90 11.19 14.57 12.27
L4 13.18 11.45 14.9 12.83
éIn 13.47 13.62 15.44 14.78
H3[p 14.58 14.94 16.72 16.14
43h 9.71 9.15 11.08 10,08
egh 10.43 10.17 12.60 11.28
1Lsgh 11.02 12.19 12.73 13.32
1203}, 11.79 13.59 13.68 14.69
i225h 12.47 15.47 14.60 16.48
1215} 13.26 17.u7 15.59 18.04
120] 10.27 10.94 11.77 12.13
122] 11.02 12.31 12.69 13 39
12i] 11.54 13.34 13.58 14.67
28] 12.62 15,54 14.69 16.52
128] 13.68 16.08 15.82 17.45
130] 14.39 17.85 16.76 19,05
Va2 15,23 19.38 17.30 20.50
12003 10.99 12,11 12.58 13.20
125Cs 11.61 13.21 13.33 14.37
30Cs 12.68 14.56 14.57 15.95
13209 13.72 16,27 15.82 17.51
L4Cs 14.02 17.99 16.23 19.11
Li6Cg 15.00 19.77 17.53 20.78
13019 10.48 12,00 12,01 13.16
1328 11.80 12.17 13.36 13.65
134T 12.54 14.28 14.33 15.52
L6 12,18 16.59 15.25 17.73
188, 14.13 18.31 16,44 19.35
18Py 12.64 14.75 14.41 15.89
110py 13.39 16.40 15.39 17.47

number in the configuration A,A,); these will be de-
scribed below.

Analysis of the numerical results and comparison of
them with the parameters of the analog states of the
corresponding nuclei make it possible to draw a number
of qualitative conclusions about the properties of the
Gamow -Teller resonance and the collective isobaric
states.

1. Among the isobaric 1* states of even—even nuclei,
there always exists a high-lying pn state with maximal
degree of collectivization; this is the Gamow-Teller
isobaric 1* resonance. In the central group of spherical
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TABLE IIa, Contribution of single-particle pn transitions, %,

to the structure of the Gamow-Teller resonance (f—g shell),

Nucleus 5 o 2,

AN-1, 24y | VEemYspe | 2pagn-2pyga | 189s0-18772 | 2d50-2ds2 | o5
T2Ag an 6 1] - 4
PiAs 61 5 27 = 6
CAs 50 5 36 — 8
BAs 33 5 500 - 10
™Br 92 6 0 - 2
Br ] 5 36 - 4
8Pr 44 5 44 — 6
B0 27 4 60 - 8
52Br 25 4 60 — 11
SO0Rb 17 5 T4 - 4
a2Rh 10 4 80 — 6
84Rb 9 4 78 - 8
S8R b 8 4 76 — 11
88Rh 1 5 82 2 10
86y 3 4 87 0 6
88y 2 4 85 0 9
0y 0 4 82 3 14
a2y Q 4 70 10 15
88Nb 0 (4] 95 0 5
90Nb 0 [ 92 0 8

92Nb 1] Q 89 2 9
94Nb 0 [1] 83 6 i1
%Nb 0 1} 76 10 14

nuclei (As-La), the Gamow-Teller resonance is situ-
ated 3—-6 MeV above the analog resonance.

2. There is a general tendency for the Gamow-Tel-

ler resonance and the analog resonance to get closer
together when the mass number A and the difference
N - Z increase.

TABLE IIb. Contribution of single-particle px transitions, %,

to the structure of the Gamow-Teller resonance (g—k shell).

Nucleus
A(N-1, Z+1)

w2
MTe
bGTc
98T
100T¢
102Te

132]

126(Cs
l'}.ncs
130Cs
REET
1330
138Cs
130Lq
I.T!‘.!Lﬂ
h\iLa
1367 5
138Lqa
l:laPr
140py

189/9-127/2 | 2dssa—2dgsa | 1hyga—thora| j—j |i—1/2 1+ 172
0 1] ]
2 1 8
[ 2 8

10 2 1

7 5 13
11 6 16

T 2 7
10 3 7
11 5 11
1 7 12
41 8 16

9 11 7
11 7 8
11 8 9
12 9 12
12 11 14
14 8 16
11 8 Li]
12 9 9
13 10 11
13 12 12
14 a9 15
14 12 19
12 16 20
15 5 10
14 10 13
16 13 18
15 17 18
15 20 19
14 23 19
16 15 15
15 17 16
13 27 13
14 25 19
12 37 17
10 39 18
10 41 19
16 23 17
12 3u 17
11 4 17
1 43 18
10 44 19
9 45 20
15 30 16
10 50 14
9 57 1
in 49 17
10 49 18
10 o4 15
9 56 16

OO BN BN DD L S CTE S i S I G U T I B U D e S O s 00 40 13 10 s U1 1 01 U1 00 15 =1 S0 U1 1 19 7 G0 [0 == = i
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TABLE III. Positions and log(f#) of the 1*—0* B* decays of
isobaric configuration 1* states,

Al v | o | Ee | g oy | o | B | gow
A8 — — 3.20| 3.6 |0.87( 4.5 - —
A 7.4 46 |458| 3.6 [38| 53 |1.81| 4.5
TAg 7.24 | 4.9 |500| 36 |58| 54 |1,53( 4.6
8As 9.87| 53 |7.62| 39 (671 46 |58 3.8
MBr 2.78| 3.5 |205| 51 [0148]| 4.5 — -
6By 6.54| 5.0 |3.9| 3.5 |2.67| 5.0 |41.45| 4.8
78Br 6,28 56 390 35 |29| 49 |[1.62] 4.6
80Py 6.48 44 444 3.5 [3.98| 4.6 |[4,50] 4.7
82Br 5.84| 43 [4.19| 36 |[366| 43 |o0.87| 43
L 6.24 3.9 (483 3.8 (223 4.0 [1.21] 4.4
82Rb 5.44) 36 |3.80| 3.8 [2148| 3.9 |o0.28] 5.0
B4R b 552 | 3.6 |4.44| 4.0 |29 40 [0.76] 4.9
B5Rb 6.43 | 3.6 |5.65| 4.3 |417]| 3.9 |1.86| 4.8
83Rb 7.76 | 3.6 |7.49| 4.6 |6.27| 4.0 |4.29| 4.1
ey 4.41| 4.0 |3.70( 3.8 |2.92| 3.9 |1.31| 44
88y 499 44 [4.46| 40 [3.8| 3.9 [1.98] 4.0
wy 8.4 | 3.6 [7.02] 4.0 |[4.97| 4.0 —

By 8.8 | 3.7 |741| 40 |598| 46 |48 40
88Nb 4.08| 6.3 [1.50| 3.5 [1.42] 5.8 - =
0Nb 1.69 | 3.5 |0.47| 6.0 - - ~ —
92Nb f97) 3.7 [505]| 3.9 |3.37]| 53 |[3.5] 5.1
%4Nb 8.04 35 |6.24| 441 [537| 3,7 [3.64] 5.8
#%Nb 9.04| 3.6 |744| 4.4 (596 3.7 |4.65( 4.6
92T¢ 3.48) 53 [4.51] 3.9 |[o0.87| 3.7 - —
YTe 6.32| 3.7 |520| 52 (47| 40 |428] 3.9
90T 87| 3.6 |6.66| 4.6 |561| 3.8 |3.87( 4.3
98T 11.51 | 4.8 |8.54| 36 |6.81| 4.4 |549]| 3.7
100T ¢, 1240 [ 4.6 |7.74| 3.3 |[6.55| 4.4 |5.94] 4.5
2T 4.9 | 45 |9.39| 3.6 |7.02( 4.2 |6.3| 38
98Rh 11,37 50 |6.72( 3,7 |6.21| 46 |502| 3.6
M9Rh M0.91 | 4.7 [7.84) 3.6 [6.00| 4.5 |[4.75| 3.7
Bh 4.4 | 4.5 [860] 3.6 |[6.89] 4.3 |[5.58| 38
1MRh  M4.25 | 4.4 [869| 3.6 [7.07] 42 |s572]| 38
J%Rh 1075 | 4.3 [8.42| 3.6 |7.55| 4.4 |5.78] 38
2Ag  M0.64| 4.2 [7.86| 36 |577| 47 |45 38
ldag H095( 4.4 |84 3.6 |6.49| 45 |4.88| 3.8
06\g  M4,23| 43 [8.69)| 3.6 [6.89| 4.4 |5.64] 3.8
8dg  M0.49( 43 8238 38 |[7.47| 43 |547| 30
oA g 9.56 | 44 |7.53| 36 |[6.59| 43 |a75| 4.0
Mg 1098 | 4.3 [8.88| 3.6 (849 4.6 |6.10| 4.0
1061y 9,44 4.3 |6.33| 3.6 [4.40| 4.6 [1.26]| 44
108 10.47 | 4.2 |7.59| 3,6 |572| 4.4 |4.56| 3.0
1101 8.67| 42 |657| 3.8 (520 42 |3.73| 3.9
112]p 10491 4.4 |9.42| 3.6 |742| 4.3 |5.3%] %0
14 10.66 | 44 [8.55| 3.6 |7.75| 44 |[5.81] 40
6]y 10.08 | 4,0 [8.56| 3.7 |7.78( 4.5 |4.63| 4.4
1181y 10,46 | 3.7 |9.40| 3,8 [(4.99| 45 |4.10] 4.7
1u4gh 8.31 SC4TNIE Tl 3.8 Wilis e 1A 2.90| 3.9
1165h 9.00 41 |578| 3.6 |[5.00| 4.4 |410] %o
1133}, 843| 3.9 |6.140| 3.8 [5.88| 43 |2.79| 44
1205h 842 3.7 1690| 44 [6.16]| 43 |1.08| 45
1228}, 8.04| 36 |6.98| 46 |6.56| 4.6 |2.8| 4.5
124g}, 840| 38 |6.49| 46 |[5.37| 4.3 |3.00| 45
1207 7.64 | 39 |7.07| 3.7 |597F 41 |[248| 43
1z2] 7.64| 38 |6.59| 38 |561| 43 [z205]| 45
124] 7211 3.7 |6.00] 38 |5a2| a3 Moiasl 4%
126] 793 3.6 |6.48| 4.4 |3.42| 46 |o00s| 43
128] 8.56 ( 3.4 |7.24]| 47 [6.91]| 45 |[340| 44
130] 845 3.4 |7.67| 47 |3.27]| 45 |1.8]| 45
1az] 845 3.4 |7.37| 50 [3.0| 468 |1.62] 45
1200 AT 8.7 68| 44 |bimz| 42 oeg| 43
128Cg 7.54| 3.6 |6.84| 39 |58 47 |[o0.97| 43
1300g 7.94 8.4 6.87 4.2 .| 6.19 4.5 .| 3.07| 4.2
1820 8.37 3.4 7.35 4.5 6.81 4.6 2.00 | 4.4
13405 7.96| 3.4 [6.54] 4.7 [3.19| 46 |1.77| 4.3
1360 8.35 3.4 |7.34| 47 |369| 45 |2.09| 4.3
180 5 6.86 3.6 |[6.40| 4.6 |535| 42 |2.52| 42
182] .87 & |67 39 |58 43 [2.96] 4.8
135 7.65( 3.4 [6.98| 4.3 |6.46| 4.3 |1.79| 4.2
136] 5 .64 3.4 (7.00]| 4.7 |6.39| 45 |4.71| 4.2
13875 7.98( 3.4 (6.73| 4.6 |3.49| 4.6 |2.06]| 4.2
138Py .63 3.4 [7.04] 4.2 |6.46| 43 [1.97] 40
40py 7.7 | 3.4 |7.26| 45 |6.44| 44 |249]| 4o

3. The square of the matrix element of the 8* decay
of the Gamow -Teller resonance to the ground state of
the nucleus A(N, Z) is near N - Z.

4. The structure of the Gamow-Teller resonance is
basically determined by transitions of neutrons to pro-
ton states with spin flip.

5. As a rule, the group of collective isobaric 1*
states is situated below the analog state and includes
three or four states with log( f¢)~3.5-4.5.

2. QUASICLASSICAL DESCRIPTION OF COLLECTIVE
ISOBARIC 1* STATES (BETA MODEL)

To investigate the physical picture of the formation of
collective isobaric states and elucidate the principal
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quantitative results obtained in the numerical solution
of the equations of the theory, we construct an approx-
imate analytic method for solving Egs. (1) (the so-
called beta model). We developed it earlier® for iso-
baric 0" states. Application of the model to 1* states
required a modification associated with the average
spin properties of the system. Since a quasiclassical
averaging of the single-particle characteristics is used
in the method, it can be called a quasiclassical method.

In Egs. (1), we ignore the I-forbidden terms (as a
rule, the error resulting from this approximation is of
the order of a few percent) and go over to the » repre-
sentation:

V() =V"(r) ‘5‘?‘%‘:‘/7” U RL (1) Ra, () Bra, A Vo (7). (6)
At

Here, R,(») are the radial parts of the single-particle
wave functions g,(7); ,Bmz are the coefficients asso-
ciated with the angular parts:

Brune ji=1—1/2 fo=1 12
2j;+1 2j,+1 (2 1 )

3 (1 3 z+iuz ) 3 NERTH
1

fa=l+ 2}'31—11 (2+z+{112) zf’:ji (“"z+1f2)'

: 1
13=l—§

We introduce average energy parameters of the nu-
cleus A(N, Z): E,, is the average energy of the spin-
orbit splitting, AE is the energy width of the layer of
excess neutrons, and W, is the chemical potential de-
termined by the mass differences of the nuclei A(N, Z)
and A(N+1,Z+1). We have

1y

Ey= }; na, (1—m) aiﬁ;.,/% m, (1—m,); } 1)
AE=(4/3) ex (N —Z)/A (e = 40 MeV).

We split the sum in Eq. (6) into three parts in accord-
ance with the three types of particle—hole configura-
tions pn (or np) coupled by the selection rules in ac-
cordance with the angular momenta j, and - (j, and
Jjg). Inthe first group, we put the pi transitions with
Aj=j, =iz =0, If the principal quantum number does not
change in the transition (An=0), this group corresponds
to transitions of the N - Z excess neutrons with rever-
sal of the total angular momentum. In the second
group, we put the p7 transitions with j; —j,=1, corre-
sponding to transitions of neutrons into protons with
spin flip, and in the third group we put the »p transi-
tions with j, —j5 = -1 or the reverse p# transitions j-
—Jj,=~1withopposite spin flip, whicharise at large N-Z
(AE>E,,). Note that in the last group different signs of
the frequency correspond to the pn and np transitions
in our equation.

We express A\ ), in terms of the average energy
parameters and expand the effective field V(#) in the
eigenfunctions of the integral equation that are asso-
ciated with the different types of radial symmetry of
the effective field. Then for the symmetry of each type
we obtain a secular equation to determine the eigenfre-
quencies corresponding to this symmetry. Thus, for
the fields V(#)=const the secular equation has the form
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1 _ AE AE+Ejs AE—Es
[l = i 5
Q=0—pu; a= ‘\Rj RE(r) Basbitss (8)

b= 2 Ba (1) R, () Bhmdu, (1 — 2= = 1).

In the approximation of completeness of the system of
functions R,, which corresponds to constancy of the
density of the excess neutrons and is approximately
satisfied for sufficiently heavy nuclei (A2 120) and
large N - Z= 20,

@ = 103 ba ~ (13) 1 F (24)721; b = by + b~ 2/3. (9)

The solutions of Eq. (8) describe the frequencies of
three nominal collective 1* states of isobaric type. The
frequency w, corresponds to the Gamow-Teller reso-
nance (state of spin-flip type); the frequency w,, to a
collective state of j —j type (state of core-polarization
type) formed mainly by quasiparticle pn transitions with
Aj=0; and the frequency w., to a collective state asso-
ciated with j; — j,= -1 transitions (of p7 type, a state of
reverse spin-flip type) or, alternatively, jz —j,=-1
(np type, states of spin-flip type with reversed sign of
the charge). Analytic expressions for the solutions can
be conveniently represented relative to the analog reso-
nance:

@, —WAP _ b (14 bgg) &AL /E)s (10)
Ejs 7 (at0) (€gAETE ;)2 [1-F2 (a1 b) gol /34
(for AE> Ei,, g8,=1,);
@, —oap 3 1+bgg Eis 5 11
e "'b_“"_(a-i-b)g.; +p (for AE>2E.); (11)
M =h—rag = ¥ (for £=10); Lo
@g—w. _ 1+bgh (13)

(%L +ag;) ( for AE> Ery).

Es T atbhg

In Fig. 1, in the relative units AE/E,;, we show the
solution of Eq. (8), and also the most collective con-
figuration state w{’ |see the relation (17)] for f}=g}
=1.35. For AE=0(N=Z), the Gamow-Teller reso-
nance goes over into the pn state symmetric with re-
spect to the np state w_ and forms with it an isotriplet
(the Coulomb shift is included in 4,). In the limit AE
-0, the collective j —j state w, tends to zero together
with the analog resonance. With increasing AE (v
—Z)/A increases], the Gamow-Teller resonance ap-
proaches the analog resonance asymptotically, which
is illustrated in Fig. 2 (the analytic solutions are given
for f4=1.35,g,=1.3). As can be seen from the figure,
the quasiclassical method satisfactorily describes the

s e e Y

FIG. 1. Energies of the most collective isobaric 1* states as
functions of the dimensionless quantity AE/E;; ~ (N = 2)/A
[solutions of Eq. (8)].
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FIG. 2. Quasiclassical (curves) and numerical (points) values
of the energies of the Gamow-Teller resonance and the most
intense isobaric configuration 1% state relative to the energy
of the analog resonance. The broken curve is the approxima-
tion (10).

exact solutions of the equations of the theory of finite
Fermi systems. In the same figure, we show the solu-
tion for one of the most intense collective isobaric con-
figuration states near the analog resonance for nuclei
with E, = AE,

The quasiclassical approximation can also be used to
calculate the matrix elements of the # decay of isobaric
states in accordance with Eqs. (4) and (5). For the
Gamow-Teller resonance when AE>E,,

2aE3,
S~ rE T aE °

M p=e(N —Z) (1—0), (14)
where 0 characterizes the admixture of transitions of
other types to the j;-j,=1 transitions, which basically
form the Gamow-Teller resonance as a collective
state. The purity of the Gamow-Teller resonance as a
state of spin-flip type increases with increasing N-Z
(see Fig. 3). The parameter 6 is evidently associated
with the width of the Gamow-Teller resonance.

The numerical calculations show that besides the col-
lective isobaric states with the radial symmetry of the
effective field V(»)=const one can have other less col-
lective isobaric states with a different (higher in An)
radial symmetry of the effective field: V(r)= a+pBr?,
V(r)= a+Br*+yr*, etc. The appearance of such isobar-
ic states (we call them collective isobaric configuration
states) depends on the particular population of the
shells and need not occur in the general case. In the
quasiclassical approximation, one can obtain the secu-

AEE

FIG. 3. Dependence of the mixing parameter 0 for the Gamow-
Teller resonance on the dimensionless quantity AE/E;s ~ (N

— Z)/A. The open eireles are numerical solutions, and the
curve is hased on Eq. (14).
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lar equations corresponding to them and investigate the
position of these states. Since they play a certain part
in the qualitative picture of the collective iscbaric

states, we shall make some remarks about these states.

The secular equations for the frequencies of these
states arise for V(7)# const fields and are character-
ized by a radial symmetry of the effective field which
can be specified by the principal quantum number

n—n, KNy + ny,

where #n, and n, are the principal quantum numbers for
the particles and holes which participate in the transi-
tions. The secular equations for AN +0 have the form

gaz[(uum A5—En),, | (AEtEntEu
Q—Enp Q4+ F, Q—Ep—E;,

AE—Ew-+Es (m) AE+Epm— E,
e e e ) + ("sz_-|-'am_“_-+‘z,:

AE—Em"'EIs (m) 15
= =5 o Lo s)

where E,, is the mean distance between the shells with
An=k. The quantities a,, and b,, can be described ap-
proximately by constants:

(16)

O & @GP} VI 22 bePms b = bPmi Pm =~ (@m + 1)L

Analysis shows that among the solutions of these -
equations the most collective states are /), for which
one can obtain approximate analytic expressions (here

k=N):

QW = oy XD, gnan (14 brgn) AE (17)

X (ax+ bi) gn (AEIE 1) — (1 -+ bugn) '

2X P = (2, + by) GaAEIEy, & [(ay + by)* gk (AE/EL)
+ 4 (’1 + bugi) V2,

where g, are the renormalized values of the constant of
the effective interaction:

\ ) ; & (18)
&n =g (1 + ange)™; an = 2pabr (1 + 2g,05)7% Pa ="2:"Pm-

As for the main isobaric branch with 2=0, the quasi-
classical formulas satisfactorily describe the numerical
solutions of Eq. (1). In Fig. 2 we compare the exact and
quasiclassical values for the frequencies of the state
28, The solutions for the states {* and ©!* have the

form

P — argrAE | o o _ xWg,. (19)

T oner ’

Thus, we see that the quasiclassical approximation
makes it possible to understand qualitatively and repro-
duce quantitatively in an approximation the main prop-
erties of the collective isobaric 1* states. The follow-
ing features are established.

1. The Gamow-Teller resonance corresponds mainly
to pi transitions with spin flip and the radial symmetry
of the effective field V(7)=const. The position of the
resonance is well described by the quasiclassical ap-
proximation, which shows that it must tend asymptot-
ically from above to the analog resonance with increas-
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ing value of the parameter AE/E,,, The matrix element
of the B* decay of the Gamow-~Teller resonance is close
to the value e YN -Z=0.9VN_-Z,

2. Besides the Gamow-Teller resonance, there are
two collective isobaric 1* states with the same radial
symmetry:

a) A collective j —j state (of core polarization type).
It corresponds to p7 transitions with reversal of the
total angular momentum (Aj=0), is situated below the
Gamow-Teller resonance, and has M%< 1. For it, the
approximate rule (E,p=E,_ )/ AE= const must hold.

b) A collective state corresponding to reverse spin
flip. In nuclei with N=Z, it forms an isotriplet with the
Gamow-Teller resonance and describes np transitions
in the isobaric branch AQ = -1, With increasing N -2
(or rather, AE/E,)) it sinks to the ground state of the
nucleus A(N+1,Z —1), and then for AEZ E,, is trans-
formed into a p7 state of the branch AQ =+1. Since it
is characterized by a change in the sign of the charge
with increasing N —Z, it can also be called a charge-
variable state.

3. Collective isobaric configuration states corre-
sponding to a higher radial symmetry of the effective
field can exist. The most collective among them are
the spin-flip states w’. For light and medium nuclei
(AE= E|,), they may lie near the analog state and even
above it.

3. PHENOMENOLOGICAL DESCRIPTION OF THE
GROUND STATES AND THE MOST COLLECTIVE
ISOBARIC STATES OF NUCLEI IN THE WIGNER
SCHEME BASED ON SU(4) SYMMETRY

In modern nuclear theory, one uses not only micro-
scopic theories but also a phenomenological description
of states of a general nature in the framework of ap-
proximate symmetry schemes. The discovery of isobar
analog states of medium and heavy nuclei made it possi-
ble to describe phenomenologically the ground states
and a number of low-lying states in terms of the iso-
topic spin. The investigation of the Gamow ~Teller res-
onance and the collective isobaric 1* states raises the
question of an extension of the phenomenological de-
scription. It is possible to extend isotopic symmetry
in such a way that the multiplets of the extended sym-
metry group contain not only the analog states but also
the Gamow -Teller resonance.

The basis of such a generalization is, on the one
hand, the similarity between the structure of the analog
resonance and the Gamow-Teller resonance observed
in the microscopic model and, on the other, the simi-
larity known in the framework of the phenomenological
Wigner spin-isospin symmetry,* which was first
pointed out by Ikeda and Fujita.? In Ref. 8, we ana-
lyzed this possibility on the basis of the asymptotic de-
generacy of these states in the limit AE/E,;>1; in
particular, we brought forward arguments indicating
that the 0* analog resonance and the 1* Gamow-Teller
resonance may occur in a single Wigner (T, 0,0) mul-
tiplet, where T,=(N —Z)/2. We briefly describe these
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and a number of new facts which support the reality of
the Wigner multiplets.

Since the phenomenological scheme is essentially an
approximate scheme, one can obtain the phenomeno-
logical characteristics by comparing microscopic re-
sults with the parameters of the phenomenological mod-
el. Let us consider the question of the isospin of the
Gamow -Teller resonance. We use the fact that the ma-
trix element of the B* transition from the Gamow-Tel-
ler resonance to the 0* ground state of the even-even
nucleus A(N, Z) is near N -Z. We compare it with the
matrix element of the isovector ¥,=2;, ™7/

M=|(Ty, T,=Tp | Y | T, I:=To—D [;
(2T —1)/(2T+1) for T'=T,—1;
= LA for T'=T,; (20)

¥
20270+ 1) (2T5+3) for T'="T,+1.
The comparison shows that T'gpp=T'=T7;,~1. The

additions of the states with 7'=T,+1 are small, ~T2,
which corresponds to the microscopic estimates (14).

In the isoinvariant scheme, the 0 ground state of the
even—even nucleus A(N, Z) and its analog resonance 0*
in the nucleus A(N -1, Z +1) belong to a single isomul-
tiplet (T,S") =(T,, 0), together with all the 0" states
(there are 2T,+1 of them) in the isobars with T,
=(N-Z2)/22 -T,. Taking the isospin of the Gamow -
Teller resonance to be T, -1, we can assert that it be-
longs to the (T, -1, 1*) isomultiplet, which includes the
1* states (27, -1 in number) of the same isobars with

T A N o 22 = Ty b

Using the asymptotic degeneracy of the Gamow-Tel-
ler resonance and the analog resonance and the nearly
equal radial symmetry of their effective field [V('r)
=const], we can suppose that the two isomultiplets be-
long to a single Wigner supermultiplet (P, P’, P")
=(T,,0,0). To this supermultiplet there must belong
the following states: in the nucleus A(N, Z), one 0*
state (degenerate); in the nucleus A(N -2, Z + 2), two 0%,
one 1*, and one 2* states (degenerate), ete. The first
of them is the ground state of the nucleus A(N, Z), and
the second and the third are the analog resonance and
the Gamow-Teller resonance in the nucleus A(N -1,

Z +1). From our assumption there follows the possible
existence of four (of which one is a 2*!) doubly analog
resonances in the nucleus at the height of two Coulomb
energies [if we measure from the nucleus A(N, Z)].

This hypothesis of a single supermultiplet (T, 0, 0)
based on the 0" ground state of the even—even nucleus
A(N, Z) is in fact just one special case of Wigner’s gen-
eral hypothesis concerning the structure of the ground
states of nuclei in the scheme of spin-isospin sym-
metry based on SU(4) (formulated by Wigner® in 1937).
According to this hypothesis, the ground states of the
nuclei are the highest weights of the following super-
multiplets specified by the triplet of quantum numbers
(P, P ,P"):

(T, 0, 0) for even-even nuclei,
(P, P', P")= { (To, 1, 0) for odd-odd nuclei,
(T4, 1/2, 4+ 1/2) for A-odd nuclei,
where P is the largest value of the component T', of the
isotopic spin in the supermultiplet; P’ is the largest
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value of the spin component S; in the state in which T,
=P (or, conversely, S;=P and T,=P'); and the number

r
P" denotes the largest value of the sum iZES;‘ %t for
the states with T,=P and S;=P’ (or S;=P and T,=P’).

Although Wigner’s hypothesis in its original form
aimed only at a description of the ground states of nu-
clei, we have seen in the example of the (T, 0, 0) mul-
tiplet that it must actually also contain information
about a series of many-particle isobaric states (the
analog resonance and Gamow-Teller resonance states
with @ =+1) of p7 type, double analog and Gamow-Tel-
ler states with @ =+2 of ppwn type, ete. In accordance
with the Wigner symmetry, all these states occur in a
single supermultiplet and are degenerate in the case of
exact symmetry. The Coulomb and other interactions
which break the symmetry lift the degeneracy. Con-
versely, the experimental discovery of many-particle
states of such supermultiplets would indicate approxi-
mate realization of Wigner symmetry, and the detec-
tion of approximate degeneracy of @ =+1 and @ =+2
states of similar structure would be even stronger evi-
dence for the existence of symmetry. We note that an
interesting example of reactions for studying double
analog states is, for example, the (7*,7") reaction.

In Ref. 28, Wigner obtained a mass formula for nuclei
with given number of nucleons A on the basis of spin—
isospin symmetry:

M(A) = a(d) + b(A) (1/2) (P -~ 4P + P2+ 2P + P™),  (21)

As a test of the realization of Wigner symmetry,
Franzini and Radicatti®® proposed to test whether the
ratio

M4, T)—M(4, Te—2)
A= _um,rco—n—-,um.'},,-—z} (22)

is independent of a(A) and b(A).

Their analysis of the masses of nuclei with A= 130
showed that the ground states of the nuclei satisfy the
propositions of Wigner symmetry, the agreement im-
proving with increasing A and N - Z.

Since the Franzini—-Radicatti test is an independent
test of the supermultiplet structure of the Gamow-Tel-
ler resonance, we made a similar test for all known
nuclei (A <300), making it more precise in one respect.
In Wigner’s mass formula, we introduced phenomeno-
logically the usual pairing correction:

0 for A-odd nuclei,

A for even-even nuclei,
AW =
—A for odd-odd nuclei,

where A=12/VA MeV, and we took into account the
Coulomb energy Eg_,,~0.584Z2M/2,

Figure 4 shows the data of such an evaluation in
groups of nuclei; for nuclei with the same T, the mean
experimental value of the parameter R is obtained with
a mean relative error of 2%. The curves show the
theoretical, Wigner values of R. We evaluated sepa-
rately the nuclear masses corresponding to the even—
even, odd-odd, and odd-A groups, these masses cor-
responding to T,. As can be seen from the data, in no
case does the Franzini-Radicatti test contradict the
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FIG. 4. Dependence of the mass ratio (22) on the isospin for
nuclei with different A. The curves are based on the SU(4)
theory, and the points are the experimental data.

experiments, and the agreement improves with in-
creasing T, or N-Z. The most important thing is the
good agreement between the theoretical and experimen-
tal values for the odd—odd nuclei. At the least, the re-
sults confirm the assumption that the nuclear ground
states occur in Wigner supermultiplets: (T, 0, 0) for
even-even nuclei, (T, 1, 0) for odd-odd nuclei, and
(T,, 3, +3) for odd-A nuclei.

A natural question arises: What are the reasons for
the restoration of Wigner symmetry in the charged ex-
citation branch in the heavy nuclei and in what con-
nection do they stand with the well-known fact of a
large spin-orbit energy of nucleons in nuclei, which
leads to j —j coupling? For the example of the even—
even nuclei A(N, Z), we construct a qualitative model
of this phenomenon, combining the main hypotheses
introduced on the basis of the theoretical and experi-
mental analysis, namely, the description of the nu-
clear ground states by Wigner multiplets, the asymp-
totic degeneracy of the analog resonance and the
Gamow-Teller resonance in the limit of large N - Z,
and the restoration of the symmetry with increasing 4
and N - Z for real nuclei.®

As we have shown, the Wigner multiplet (7, 0, 0) con-
tains the ground state of the nucleus A(N, Z), the analog
resonance and the Gamow~Teller resonance in the nu-
cleus A(N-1,Z +1), ete. In the case of exact Wigner
symmetry, these states are degenerate, the degene-
racy being lifted when allowance is made for the broken
symmetry. The breaking is associated with four fac-
tors: the spin—orbit energy of the nucleons, the dif-
ference between the constants f and g/ of the residual
interaction of the quasiparticles, the Coulomb energy,
and pairing. The Coulomb energy determines the rel-
ative splitting of the components of the multiplet in
neighboring nuclei and, as was shown by Lane,*? hardly
breaks the isotopic, and with it the Wigner symmetry.
With allowance for the residual average spin-orbit
interaction, the distance between the Gamow ~Teller
resonance and the analog resonance is

r 3 ¥)
SEm (6 —~f) AE+5 AEEOE T ooy B pop (23)

In the theory of finite Fermi systems, one does in-
deed observe proximity of £ and g (see Table IV).

The contribution of pairing in nuclei with A>100 is less
than 1 MeV. The ground state of the nucleus A(N -1,
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TABLE IV, Comparison of parameters of the Gamow-Teller
resonances obtained experimentally and caleulated in accord-
ance with the theory of finite Fermi systems in different me-
thods.

Oscillator Quasiclassical | Self-cc
£ with respect to Experiment
. basis beta model the m;;‘:emg Vi Pe
MEI + + + i
nucleus i > s o z Literature
Fle | S 5| S| 2] | 25| teferences in
WR | ¥ | |5 % | &5 | v | «|F| square brackets)
9ONb 9.4 6.6/0.815(10.3] 7.0/0.926] 8.2| 7.6/0.938| 8.7/8.3 [12, 42, 44]
2Nb 14.1| 7.5/0.815/13.5( 8.2/0.926 - - | — [12.4] — [44]
$4Nb 14.6| 8.8|0.815(13.4| 9.5(0.926) — | — | — 12.3 — 144]
1i2gh — | — 10.4] 8.310.926/10.1| 7.9/0.938/10.0] — [64]
1205h 12.4]14.0]0. 8'15 11.9114.310,926/12.1/12.6/0.938/12.3 — [12—15]
124gh 14.0117.4{0.815/13. 7|17, 210.926/14, 3/14,9/0.938[13. 1| — [64]
203ph — | — | — [|15.7|33 |0.926/15.3/28 |0.938|15.6| — [19]

Z +1) belongs to a different multiplet, (7 -1,1,0),
though its nature may be different from that of the (T,
0,0) states. It appears natural to define the distance
between these multiplets as the distance between states
of nearly the same nature. Among the (7 -1,1,0)
states, such as, for example, the antianalog 0+ state,
which in a.ccorda.nce with the microscopic approach is
constructed from the same particle-hole configura-
tions as the analog resonance, differing from it in the
value of the isospin and the radial symmetry of the ef-
fective field.* The mean distance between the analog
resonance and the antianalog is

ABsy b (A) Tz (1 4y 1““ S_F'AE, ey m 419, (24)

Feufy

The condition of restoration of Wigner symmetry is
that the splitting of the individual components of the
(T,0,0) and (T -1, 1, 0) multiplets must be small com-
pared with the distance between them: AEg;>6E.
Bearing in mind that on the stability line E, =304/3
MeV, T,,=3 X102A%/3 andb(A)= 100 A™! MeV, we obtain.
anestimate for the boundary in A of restoration of Wigner
symmetry: A>120.*" At such values of 4, one can at
least assert that the mean distance between the multi-
plets is greater than the splitting of the levels of one
multiplet due to the influence of the spin—orbit forces
and pairing, so that the Wigner symmetry must be re-
stored in this region of nuclei. Overall, it can be seen
that the experimental data on the nuclear masses indi-
cate a restoration of the Wigner symmetry in heavy
nuclei and the possibility of describing the ground
states and their analog resonance and Gamow-Teller
resonance in the framework of single Wigner multi-
plets.

4. EXPERIMENTAL INVESTIGATION OF ISOBARIC
1* STATES

The above analysis of the nature of the various types
of collective isobaric 1* states of spherical nuclei
makes it possible to examine critically the experimental
data relating to these states. While the analog states
and the associated isobaric configuration 0* states have
been studied for a comparatively long time and the basic
structure of this, the simplest of the isobaric branches
is now essentially understood, the study of the isobaric
1* states is only beginning. Until recently, the main
difficulty of the experimental investigation of these
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states was the complexity of the separation from the
background of the other nuclear states. According to
the theory, the main feature of the collective 1* states
is the large value of the matrix elements of their 8 de-
cay to the ground state of the nucleus A(N, Z), so that
a direct method of separation from the background
would involve excitation of these states inthe inverseg -
decay reaction in neutrino beams. However, this meth-
od is as yet very problematic. Now, after the discov-
ery of the Gamow -Teller resonance in the (p,#) reac-
tion, it has become clear that an alternative is to ex-
cite the collective 1* states in charge-exchange reac-
tions of the type (p,n), (*He, T), and (°Li, °He) at angles
near 0° in the energy range 100-300 MeV. Under such
conditions, the excitation channel of the 0* states is
suppressed compared with that of the 1* states. Such a
method makes it possible to begin the systematic study
of all types of collective 1* states, whose spectrum is
much richer than the 0* spectrum.

As we have shown, the collective isobaric 1* states
can be divided into four classes: the Gamow-Teller
resonance, as the state with maximal degree of collec-
tivization; the j —j state; the charge-variable state as-
sociated with reverse spin flip (of np type in proton-
rich nuclei and of p7 type in neutron-rich nuclei), and
the class of isobaric configuration states. The collec-
tive states of the different classes are manifested in
different phenomena: in charge-exchange reactions, in
the B decay of proton- and neutron-rich nuclei, and in
the systematics of B transitions. The features of the 1*
spectrum lead to new phenomena that have no analogs
in the case of 0* states. We present successively the
experimental facts associated with these groups of iso-
baric states, emphasizing the specific features of each
group.

The Gamow-=Teller vesonance. As we have already
mentioned, the question of the existence of the Gamow -
Teller resonance remained open for a long time. Up to
1975, it had been observed directly only in the B* decay
of 3Ar into ¥*CL3® The **Ar nucleus is the extreme
right-hand member of a T =3/2 multiplet and has Z>N
and T,=-3/2, so that there remained the question of
whether the Gamow-Teller resonance exists in multi-
plets with larger T in medium and heavy nuclei. The
attempts to discover it in the ¥ decay of the analog res-
onance made in Refs. 34 and 35 did not lead to success,
though a group of collective 1" states of j —j type was
discovered. Since 1975, Galonsky’s group has made
systematic investigations of the (p,#n) reaction at pro-
ton energies 25, 35, and 45 MeV using the cyclotron of
the University of Michigan. In the series of investiga-
tions of Refs. 12-14, they studied in detail the reso-
nances in the neutron spectrum in the nuclei *°Ca, *°Zr,
1209 and **Pb in a wide range of angles (0-160%) with
an energy resolution of about 1.5 MeV and background
conditions of the reaction.!* The preliminary conclu-
sion of the authors was that they had observed the Gam-
ow-Teller resonance in °Zr and **Sn, but for ***Pb
an individual peak separate from the analog resonance
was not observed. A detailed analysis of the results
was not made. At the same time, attempts to investigate
the (°Li, ®°He) reaction by a method developed earlier
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were begun®® As a rule, light nuclei from °Li to **Ca
were investigated,***® since the background conditions
for Ep,; =30 MeV did not permit study of states above
the analog resonance in heavier nuclei.

A summary of this period was provided by the results
of Sterrenburg et al.,'® presented at the conference at
Dresden in 1980. They reported observation of a broad
(3-5 MeV) peak in the (p,n) reaction at E,=45 MeV in
11? nuclei, 90,91,92,94,9621.’93Nb’ 94,96,97, BB""OOMO,
112,116,120,122,124gy 208P|y  near and somewhat above (by
0.3-3.9 MeV) the analog resonance. The observations
were made at the angle 7.5°. Simultaneously, a 17 giant
spin—dipole resonance was discovered even higher (9-
15 MeV).

In 1979, a facility for magnetic beam deflection was
put into operation at the cyclotron of the University of
Indiana; with a base of length 60-70 m, this made it
possible to achieve a resolution in the neutron spectrum
of 200-300 keV at proton energy E,=50-200 MeV. The
facility was used for a large number of searches for the
Gamow -Teller resonance in different nuclei, and these
were crowned with success'® (see also Refs. 17 and 18).
The following experiments were made.

1. The reaction "Li(p,n)"Be at E,=80 MeV (Ref. 39)
and the reaction **C(p,n)**N at E, =80, 120, 160 MeV
(Ref. 40) were investigated. Low-lying resonances
corresponding to charge exchange of a neutron with
spin flip, which are equivalent to the Gamow -Teller
resonance in light nuclei, were found.

2. The (p,n) reaction on ¥Al, *°Ca, and **Ca was in-
vestigated at E,=160 MeV and small angles.* The
study of the reaction **Ca(p, n)**Sc revealed a broad
group corresponding to a split Gamow-Teller reso-
nance, and a narrow peak, which is interpreted as the
analog state of the M1 resonance in **Ca.

3. The reaction *Zr(p,n)*°Nb was investigated at E,
=45, 120, and 160 MeV and angles 0-10°. A spectrum
of 1* resonances was observed, among them the Gam-
ow-Teller resonance and the analog of the M1 reso-
nance of *°Zr. Tt was shown that with increasing proton
energy and decreasing emission angle of the neutrons
the Gamow -Teller resonance begins to play the domi-
nant role in the resonance spectrum.*?

4. The connection between the cross section of the
(p,n) reaction at 0° and the matrix elements of the 8
decay of the 1" states to the ground state of the target
nucleus was investigated. For some nuclei from "Li to
%0Zr, the effective values of M%, were estimated from
the known cross sections of the reaction at 0° (Ref. 43),
and it was shown (see also Refs. 39, 64, and 65) that
with increasing E, the ratio of the contribution or to the
7 component of the cross section increases.

5. Inthe nuclei **°**Zr, the behavior of the
Gamow -Teller resonance with varying N - Z was inves-
tigated at E,=120 MeV. It was shown that with increas-
ing N — Z the Gamow —Teller resonance is shifted to-
ward the analog resonance.**

6. The reaction ***Pb(p, n)***Bi was investigated at
E,=120 MeV and angle 0°. The Gamow-Teller reso-
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nance and a number of collective 1* resonances were
found. It was shown that the Gamow—-Teller resonance
and the analog resonance are practically degenerate
with respect to the energy.'®

7. There have been reports of experiments at E,
=200 MeV on ***Tm (Ref. 45), **°ph (Ref. 46), and
Y (Ref. 20). For the last, a qualitative conclusion is
formulated: the experiments on many nuclei from Li
to Pb reveal the presence of two 1* resonances: one
below the analog resonance and the other above it; in
light nuclei the former plays the dominant role; in
medium and heavy nuclei, the latter.

Thus, when taken together the new experimental data
lead to the following conclusions.

1. Ina large class of nuclei there is a giant isobaric
1* resonance; it is manifested in the charge-exchange
reaction (p,n) and in the *°Zr—2*Pp region lies 4-0.5
MeV above the analog resonance. The resonance has
a width of the order of several mega-electron-volts
and is excited predominantly at proton energies E,>40
MeV at an angle near 0°. It is interpreted as a 1* state
associated with spin flip of a nucleon.

2. The differential cross section of the reaction at
the angle 0° shows that the effective matrix element of
the B decay of this state is large (MZ;2 N -~ Z), and
this confirms the interpretation. The theoretical es-
timates show" that the differential cross section must
increase to E,= 200-400 MeV, and the square of the
matrix element, M%,, must reach a maximal value of
about 3(N - Z).

3. Investigations on isotopes of a given element show
that this resonance approaches the analog resonance
with increasing N - Z (Refs. 44 and 49) and (N - 2)/A
for a large class of nuclei.®® In the nuclei 2°®2%Pp and
%Tm the resonance is virtually degenerate in energy
with the analog resonance. This confirms the most
important qualitative property of the Gamow -Teller
resonance, which leads to realization of the hypothesis
of restoration of the Wigner symmetry in heavy nuclei.

4. Besides this resonance, a further 1* resonance is
observed at an energy lower than the analog resonance.
In light nuclei, its excitation predominates over the
other resonance, but in medium and heavy nuclei the
cross section for its excitation decreases. Comparing
the qualitative results with the theoretical conclusions
of Sec. 1, we arrive at the unambiguous conclusion that
the newly discovered giant resonance must be identified
with the Gamow -Teller resonance. It is interesting to
compare the experimental results on the position of
this resonance with the theoretical results obtained in
Secs. 1 and 2 on the basis of numerical and quasiclassi-
cal calculations. The free parameter of the models is
the coupling constant g; of the spin-isospin interaction,
which is chosen to give the best match of the theoretical
and experimental values (Table IV). In Table IV we
also give preliminary data obtained on the basis of new
calculations with more rigorous allowance for the con-
ditions of self-consistency of the two-particle isovector
interaction of the quasiparticles and the single-particle
potentials. The calculations were made in collaboration
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with V. G. Aleksankin using the method of Ref. 26 with
an additional control based on the analog-antianalog
splitting. As can be seen from the table, the theory
satisfactorily describes the experimental data, the
model with oscillator wave funetions used in Sec. 1 giv-
ing somewhat overestimated (by 1-2 MeV) values,
whereas the more rigorous model with self-consistency
puts the position of the Gamow-Teller resonance too
low at the same ratio g/}, The ratio of the constants
is g¢/f4= 0.9, which also indicates proximity of the cal-
culated model to the Wigner symmetry scheme, in
which the rigorous equality g;=/{=g, holds (g, is the
coupling constant of the spin-spin interaction of the
quasiparticles).

There is one further possible independent experimen-
tal verification of the existence of the Gamow-Teller
resonance, namely, its excitation in other charge-ex-
change reactions, for example, (*He,T) and (°Li, ®He).
First data on the (*He, T) reaction in the nuclei *°Zr
(Ref. 47) and *°Ca (Ref. 48) have already appeared and
confirm the existence of the resonance.

Experiments on the reaction (°Li, °He) at energy E,,
=90 MeV have been made for the **Zr nucleus at the
L V. Kurchatov Institute of Atomic Energy®® by a meth-
od developed and tested earlier.®*®* The Gamow-Tel-
ler resonance is clearly observed on the background of
the other states. An important feature of the (°Li, °He)
reaction is that the background of analog states present
in the (p,n) and (*He, T) reactions is absent because of
the specific selection rules (AJ=1,AT=1).

The j—j state. Collective isobaric 1* states forming
a narrow group below the analog resonance were dis-
covered for the first time for some nuclei in the region
of “®Ca (*'V,*°Ca) in experiments on the ¥ decay of the
analog resonance.®* % These states are clearly distin-
guished by the large matrix elements of the M1 transi-
tions and are situated 4-5 MeV below the analog reso-
nance. Initially, attempts were made to associate them
with the Gamow -Teller resonance, but it is now clear
that they must be associated with a split j —j state,
which according to the quasiclassical estimate lies in
this energy region. They were found in the first exper-
ments on the (°Li, °He) reaction on **Ca.?® It follows
from the new data on the (p,n) reaction that the j —j
state must be associated with the 1* resonance that lies
below the analog resonance and is observed together
with the Gamow —~Teller resonance in light and medium
nuclei. According to the calculations in Sec. 1, the
collective 1* states with such excitation energy have
Mgz =1, while the Gamow-Teller resonance has M3,
=N -Z, so that naturally these states can compete with
the Gamow -Teller resonance as regards the excitation
cross section only in the region of light nuclei. The
tendency in the behavior of the experimentally observed
resonance agrees with that expected for the j - j state;
in particular, an experiment* with *»°*%%Zr nuclei re-
veals an increase in the distance of the resonance from
the analog resonance with increasing N — Z, in agree-
ment with the quasiclassical conclusions of Sec. 2.

Isobaric np states. The group of V. A. Karnaukhov
investigated the strength functions of the B8* transitions
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of proton-rich nuclei of medium A (*120) produced by
the proton decay of proton-rich nuclides.***** For the
nuclei '*Te, **Xe, and *""Xe at E<E, , a broad peak
of the B*-decay strength function is observed, which
corresponds to np configurations with spin flip. The
value of log(f#) for these B8* transitions is of order 4.5.
With increasing N - Z, the energy of the states de-
creases relative to the ground state of the nucleus,
These facts show that in these experiments a collective
isobaric np state with spin flip is observed. A rigorous
calculation with allowance for the deformation of the
nuclei'! confirms this conclusion.

Low-lying isobaric 1" states. Data on the systemat-
ics of allowed Gamow ~Teller transitions of nuclei with
N>Z indicate that these B transitions are suppressed
by a strong factor compared with the single-particle
estimates. A measure of the suppression is F=M? i
M:p Figure 5 shows the values of log F for the known
B transitions of Gamow-Teller type. The suppression
is clearly visible, and it increases with increasing N
il

A qualitative explanation of this picture in the
scheme of collective isobaric states was proposed by
Ikeda and Fujita.® The sharp decrease in the matrix
elements of the B decay of the ground states of nuclei
with N> Z is due to the fact that the collective isobaric
1* states through which the B transitions pass virtually
are situated in the region of high excitation energies.
The energy of these excitations increases with in-
creasing N-Z. There is also an increase in the total
number of collective configuration states corresponding
to An>0. By virtue of the existence of the approximate
sum rules, the part corresponding to B transitions from
the low-lying states decreases, and F™ increases.
This conclusion can be confirmed qualitatively by plot-
ting in Fig. 5 the quasiclassical value of the parameter

lgFy=lg[1—

N

> MEWN—2), (25)
i=An=0
where N is the number of collective w'? states, includ-
ing the Gamow —Teller resonance. This expression
gives an upper bound for the values of the suppression
factor as a function of N - Z.

Exact calculations confirm this picture well. Figure

FIG. 5. Suppression factor for Gamow-Teller p transitions.
The curves are the estimates (25) with allowance for the high-
lying collective isobaric states; the open circles are experi-
mental values.
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FIG, 6. Calculated strength functions for allowed B transitions
of nuclei near the stability line. The vertical line with cross
piece indicates the experimental values.

6 shows the strength functions calculated on the basis
of numerical solutions of the equations of the theory of
finite Fermi systems (see Sec. 1), where the matrix
elements of the B decay of the low-lying 1* states have
been measured. The graphs clearly show the Gamow -
Teller resonance, the analog resonance, the collective
j—j states and the configuration states, and the region
of the low-lying B transitions, to which the usually
measured B transition, indicated by the vertical line
with cross piece, belongs. The numerical value of
log( ft) is well explained in all cases.

Thus, the general picture of the collective isobaric 1*
states at present agrees well with the theory.

Interesting indirect arguments in favor of the exist-
ence of the Gamow-Teller resonance were recently ob-
tained from astrophysical investigations into the ques-
tion of the formation of the group of the so-called by-
passed nuclides with 80 <A < 140. Domogatsky and
Nadyozhin®*** investigated the mechanism of formation
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of these nuclides in the neutrino fluxes which arise
when neutron stars are formed. Using ideas about the
analog resonance and Gamow-Teller resonance origi-
nally proposed in Ref. 7, and choosing for the Gamow —
Teller resonance a position in accordance with the the-
ory of finite Fermi systems, they showed that the
abundance of these nuclides can be well explained in the
framework of modern ideas about the formation of
neutron stars. The idea of the Gamow-Teller reso-
nance played an important part in the estimates of the
abundance.

5. INVESTIGATION OF THE PROPERTIES OF NUCLEI
FAR FROM THE §-STABILITY LINE

- The general picture of the isobaric 1* states of
spherical nuclei developed above and the method of
their calculation, augmented by information on the val-
ue of the coupling constant g} of the spin-isospin inter-
action obtained from experiments on the Gamow-Teller
resonance and j - j states, permit the following step
and the application of the theory developed in Secs. 1
and 2 to calculations of the B-decay characteristics of
nuclei far from the B-stability line. Predictions of
such a kind are very interesting for neutron-rich nuclei
produced, for example, in fission processes or # proc-
esses of neutron capture, as well as for nuclei in the
neutron-deficient region produced in reactions with
heavy ions. The theoretical predictions are particu-
larly important for nuclei with short lifetimes, whose
experimental investigation is still very difficult and
sometimes simply impossible by the existing methods.
The total number of such nuclei can be estimated from
the boundaries of nucleon stability, which are deter-
mined by comparing the lifetimes of nuclei until 8 decay
and until the emission of a nucleon, a nucleon pair, or
an a particle. These times are comparable for nuclei
with B-decay half-life T',,,=1072~10"* sec, when the
widths of the corresponding quasistationary single-par-
ticle states with energies 0.5-1.5 MeV have the order
of magnitude 10™2 gV,

In Ref. 55, in collaboration with Aleksankin and
Kolobashkin we estimated the boundaries of nucleon
stability of nuclei in the region 70 <A < 170 using the
self-consistent Woods —Saxon potential and with allow-
ance for the effects of the pairing correlation on the
basis of the theory of finite Fermi systems. Figure 7
shows the results of this estimate in a comparison with
the results of estimates based on Hartree—Fock the-
ory®® and the known experimental boundaries of the in-
vestigated nuclei. It can be seen from Fig. 7 that the
number of uninvestigated nuclei is very large. Thus,
in the region 70 <A <170 the number of neutron-rich
nuclei with unknown decay schemes reaches 940, of
which about 520 must be emitters of delayed neutrons.
The number of unknown neutron-deficient nuclei is
about 530. In processes in which such nuclei partici-
pate, an important part is played by the B-decay chains
of these nuclei to the ground and excited states of the
neighboring nuclei, these chains including delayed
emission of neutrons (for neutron-rich nuclei) or pro-
tons and « particles (for neutron-deficient nuclei).
These estimates emphasize the exceptional importance
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FIG. 7. Chart of the nuclei, The continuous line shows the
boundaries of the experimentally studied nuclei (nuclei with
known p-decay schemes). The boundaries of nucleon stability
are calculated using the self-consistent Woods-Saxon poten-
tial with allowance for pairing in accordance with the theory
of finite Fermi systems (Ref. 55; points) and in accordance
with Hartree- Fock theory (Ref. 56; broken line).

of creating methods for predicting the B-decay charac-
teristics of nuclei far from the B-stability line.

The method of calculating isobaric 1* states of spher-
ical nuclei presented in the present paper and aug-
mented by the analogous method for calculating the iso-
baric 0* states (see Ref. 24) provides a basis for such
prediction which is mueh more accurate than the pre-
dictions based on gross theory,”**® phenomenological
theory,**® or non-self-consistent microscopic calcu-
lations (see, for example, Ref. 61). The main differ-
ence between our method and the others is in the cor-
rect allowance for all types of collective isobaric
states, in particular of j - j type and collective states
with reverse spin flip, and also in the method of making
the coupling constant f{ of the isospin interaction self-
consistent with the difference between the proton and
neutron potentials (see Sec. 1). We present the general
scheme of the calculation and its basic features for
neutron-rich and neutron-deficient even—even spherical
nuclei.

For a given difference between the ground-state en-
ergies of the even—even nucleus A(N, Z) and the neigh-
boring odd-odd nucleus A(N -1, Z +1) (determined from
independent mass relations®? and the difference be-
tween the Coulomb energies of these nuclei (which is
needed for the self-consistency scheme), one calculates
the spectrum of the isobaric 0* and 1* states of p7 type
based on the 0* ground state of the nucleus A(N, Z). The
spectrum is bounded below by the condition (3). In
turn, the energies of the p7 states and the matrix ele-
ments M*? of their 8 decay make it possible to find the
main characteristics of the § processes: the values of
log(t), the intensities I;" of the B transitions to indi-
vidual levels, the strength function Si(£), and the half-
life of the nucleus A(N, Z). Naturally, they depend
strongly on the extent to which the states in the B-decay
“window” are collective.

For neutron-rich nuclei, the lower part of the spec-
trum of pn type, which is situated below the ground
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state of the nucleus A(N, Z), characterizes the B-decay
spectrum of a short-lived nucleus A(N,Z). The major
part of the spectrum is determined by the allowed B
transitions (B transitions of the forbidden type can be
calculated by the same method, but their contribution
is slight); in the B"-decay window there are usually col-
lective configuration 1* states and several single-parti-
cle states with small M3~1072-10"*. With increasing
excess N — Z, the j —j state is shifted upward into the
B"-decay window, and at large N —Z the charge-vari-
able state with reverse spin flip appears from below.
Since the half-life is proportional to E7°, the appear-
ance of the latter greatly decreases the lifetime of the
neutron-rich nuclei with larger N —Z. With further
increase inthe neutron excess, T',,, decreases smoothly
in accordance with the increase in the symmetry ener-
gy. For neutron-rich nuclei, the neutron separation
energy S, above which delayed neutrons are emitted
after B~ decay from states of the quasicontinuous spec-
trum is of great importance. Naturally, the spectrum
of the delayed neutrons carries information about the
degree of collectivization of the isobaric states with
energy higher than the separation energy. One must
expect the manifestation in this spectrum of the most
collective states, and at large N — Z the collective j - ¥
state.

For neutron-deficient nuclei with N= Z, the B*-decay
spectrum is determined by the np branch with states
lying between the ground state of the nucleus A(N, Z)
and the ground state of the daughter nucleus A(N+1, 2
-1). Among the B transitions of this type, the principal
part is played by the np transitions of the charge-vari-
able state w., whose degree of collectivization in-
creases with decreasing N—Z. On the transition
through the line N=Z, we enter an essentially new re-
gion, in which the np states are analogous to the pn
branch of nuclei with N>Z. For the nuclei in this re-
gion, entirely new decay channels are opened, namely,
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daughter nucleus.

decay to the analog resonance and the j-j state and
even to the Gamow -Teller resonance (at large Z). This
must lead to a sharp decrease in the lifetime T, ,, of nu-
clei with Z>N and to the appearance of new lines in the
spectra of delayed protons and a particles. For the
neutron-deficient nuclei, the proton separation energy
S, plays the same part as for the neutron-rich nuclei,
though for protons and a particles there is the addi-
tional Coulomb barrier, which hinders the emission of
delayed particles after B* decay.

The results of the calculation of the characteristics
of the B transitions in accordance with this method are
shown in Fig. 8. First, to verify the parameters and
estimate the accuracy of the calculations, the known 8-
decay schemes of several nuclei, including °28r and
1325 were calculated (Fig. 8). It follows from com-
parison of the theoretical and experimental decay
schemes that the error in the calculation of the energy
E, of low-lying states in the self-consistent scheme is
0.3-0.5 MeV, and the error in the calculation of log( %)
is of order 10%, which gives a total error of order 10%
in the determination of the mean energy of the B transi-
tions. The half-lives are calculated with a larger er-
ror, about 50%; however, the accuracy of the calcu-
lation exceeds the accuracy of the other predictions by
several times. The accuracy could be increased by
using more rigorous self-consistency schemes.
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FIG. 10. Calculated B*-decay strength functions of even—even
neutron-deficient nuclei with A= 100 far from the B -stability
line.
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FIG. 11. Half-lives as functions of the mass difference Qp of
the nuelei for even—even nuclei with A= 100. The open circles
are the experimental data, the black circles are the results of
calculation in accordance with the theory of finite Fermi 8ys-
tems, the crosses are the results of calculation in accordance
with gross theory, % and the continuous line is the result of the
phenomenological approach of Ref, 59.

As an example of the prediction of the properties of
nuclei far from the B-stability line, we give calcula-
tions for neutron-rich (Fig. 9) and neutron-deficient
(Fig. 10) nuclei with mass number A=100. In the
schemes, we show the B-decay strength functions ob-
tained by averaging the calculated values with a 0.5-
MeV step, the B-decay windows, the neutron separation
energies S,, and also the principal collective states:
the analog resonance, the Gamow-Teller resonance,
wy, and w.. In Figs. 11 and 12, we compare the ex-
perimental data and the predictions of the various mod-
elsforthe values T',,, for the nuclei of the isobar A =100
and the rubidium isotopes.®® It can be seen from these
data that the model gives satisfactory agreement with
experiment in all the known cases and that its predic-
tions often differ appreciably from the predictions of
other models. At the present time, the method of cal-
culating the properties of nuclei far from the B-stabil-
ity line is being used to predict the properties of a
large number of nuclei and is being developed with a
view to achieving a more accurate description of nu-
clear excitations with energy exceeding the nucleon
separation energy.

In conclusion, we list the advantages of the method:

1) it enables one to predict the 8-decay schemes, the
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FIG. 12. Half-lives of the rubidium isotopes with odd A. The
open circles are the experimental data, the black circles are
the results of calculations in accordance with the theory of
finite Fermi systems, the vertical crosses are the results of
calculations in accordance with gross theory, 5 and the oblique
crosses are the results of Ref. 61.
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B spectra, and the neutrino spectra of nuclei far from
the B-stability line for both neutron-rich, N>Z, and
neutron-deficient, Z=> N, nuclei;

2) it enables one to calculate the y spectra accom-
panying B~ decays of nuclei and the probability of emis-
sion of delayed nucleons®;

3) it enables one to determine the boundaries of nu-
cleon stability with respect to neutron and proton decays
and to investigate the structure and decays of nuclei
near these boundaries.

CONCLUSIONS

The above theory of collective isobaric 1* states has
a number of new consequences compared with the well-
known theory of collective isobaric 0 states of the
analog-resonance type. Besides the existence of the
principal resonance, the Gamow-Teller resonance, it
predicts additional collective states of pn and 7p types.

The investigation of isobaric 1* states is at the pres-
ent time interesting from the following points of view.

First, for spectroscopic investigations. The experi-
mental study of the 1" states of odd—odd nuclei and their
characteristics-positions and matrix elements of 8 de-
cay-and, in particular, the investigation of the high-
lying states and the Gamow-Teller resonance can help
to elucidate the main features of these states and, in
particular, make more precise the theoretical founda-
tions of the theory of finite Fermi systems. It is par-
ticularly important to determine more accurately the
constant of the local effective spin-isospin interaction
in the nucleus, which plays an important part in the
analysis of phase transitions in nuclear matter.

Second, for elucidating the part played by Wigner
symmetry in nuclear physics. This problem can be
studied experimentally by investigating the Gamow -
Teller resonance, its width, and behavior with increas-
ing N - Z. Theoretically, this problem is related to the
study of the part played by the spin—orbit coupling,
which breaks the Wigner symmetry in the same way
that the Coulomb interaction breaks the isotopic sym-
metry. We here come up against the question of the
width of the Gamow-Teller resonance, which as yet
has been little studied.

Third, for predicting the B-decay properties of nuclei
far from the B-stability line. Such predictions have
great importance in the analysis of 8 spectra, neutrino
spectra, and the spectra of delayed neutrons from fis-
sion products, in the investigation of reactions with
heavy ions, in problems concerning the origin of the
elements in stars, and in the investigation of » proc-
esses; the number of problems of this kind is in fact
steadily increasing. The above theory of isobaric
states can be assumed to give the most accurate pre-
dictions, since, on the basis of the formalism of the
modern theory of finite Fermi systems, it enables one
to take into account details of the structure and de-
scribe the excitation of the most collective of these
states.

It is also interesting to follow the connection between
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the theory of isobaric states and the theory of charge-
exchange reactions of the type (p,n), (*He, T), or (°Li

SHe). First results in this direction have already been
published (see, for example, Ref. 43).

Finally, it is tempting to use the data on the collec-
tive isobaric 1* states in the planning of neutrino ex-
periments. These processes must be preferentially
excited in inverse B-decay processes in neutrino
beams, the neutrinos exciting the charge +1 branch, the
antineutrinos the charge -1 branch. It should also be
emphasized once more that the discovery of the Gam-
ow-Teller resonance for heavy nuclei would create
good neutrino detectors with gain of about 3(N —Z)= 150.
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