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Resonance phenomena due to an oscillating magnetic field arising in the cascade emission of two y quanta:
by radioactive nuclei in a weak or strong static magnetic field are considered. An expression for the cor-
relation attenuation factor is obtained for the case of a weak magnetic field. It is shown that the angular
correlation changes abruptly as the magnetic resonance frequency is approached. ¢‘Allowed’’ and ‘‘for -
bidden’’ electronic paramagnetic resonance transitions leading to a resonance in the angular correlation
are considered separately for the case of a strong field. These phenomena may be used for an exact de-
termination of the g factor of excited nuclear states and also as a sensitive means of detecting the elec-
tron paramagnetic resonance in small concentrations of radioactive atoms.

1. INTRODUCTION

ABRAGAM and Pound™ have proposed to detect the
nuclear magnetic resonance through the change of the
vy angular correlation under the influence of a strong
oscillating magnetic field. This idea is based on the
fact that in the double y decay of radioactive nuclei,

the first radiation leads to a non-uniform population of
the magnetic sublevels while the oscillating field with
the resonance frequency tries to make the population
the same in all sublevels. The experimental realiza-
tion of this proposal would allow one to measure very
accurately the magnetic moments of excited nuclear
states. However, the correlation of emitted y rays is
destroyed in those cases where the lifetime of the inter-
mediate state of the nucleus 7, is comparable to or
larger than the time necessary for a change of direc-
tion of the spin of the nucleus under the influence of the
external field. Usually 7, is small, so that this type of
experiment cannot be carried out. The same authors
have pointed out that this difficulty can be avoided by
inducing resonance transitions between hyperfine sub-
levels without a static magnetic field in atoms with non-
vanishing electronic moment.

On the basis of the ideas of ') we propose in the
present paper a theory of resonance effects in the dou-
ble y decay of nuclei in atoms with an unfilled electron
shell. The problem is solved in two limiting cases:
for a weak and for a strong magnetic field. The condi-
tion of a weak field has the form gfH < A, where g is
the g factor of the electron shell of the paramagnetic
atom containing the radioactive nucleus, g is the Bohr
magneton, H is the constant magnetic field, and A is
the constant of the hyperfine interaction. In this case
the total atomic spin is F =1 + J, where I and J are
the nuclear and electron spins, respectively. Since the
coupling of the atomic spin F to the radiofrequency
field is a thousand times stronger than that of the nu-
clear spin, the decay probability during the time 7 in-
creases by a factor ~ 10°. In the case of a strong field,
we consider separately the ‘‘allowed’’ electronic para-
magnetic resonance transitions which affect the angu-
lar correlation through the change in the population of

the electronic sublevels, and the ‘“forbidden’’ transi-
tions which are accompanied by a reorientation of the
electronic and nuclear spins. These cases are of par-
ticular interest, since they can be used for an exact
determination of the g factor of excited levels with
small 7. Besides the usual resonance effects there is
a modulation of the angular correlation with respect to
frequency, analogous to the light beats.?’*’

The problem is solved by taking exact account of the
influence of the oscillating field with frequency w by
going over to a rotating coordinate system. This meth-
od is often used in the theory of the electronic para-
magnetic resonance and the radiooptical resonance.’
We use the known formulas of the theory of angular
correlations:t®: 8!
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gular correlation attenuation factor taking account of the
effect of the external fields:
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where (:::) is the 3j symbol of Wigner; |my) is the
wave'function of the nucleus in the intermediate state
with Iy = myp; L(t) is the evolution operator which sat-
isfies the Schrodinger equation.

Up to this time, the calculations of W(k,, k,, t) and

klgz(t) in the presence of a time dependent perturba-
152

tion have made use of approximate methods in which
the interference terms entering in (1) and (2) were ne-
glected. The advantage of the method proposed by us
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lies primarily in the fact that it allows one to take the
effect of these terms into account.

2. WEAK FIELD

Let us assume that the coupled system electronic
shell + nucleus is in a crystal with a symmetry axis z
along which a constant magnetic field H is directed and
perpendicular to which a variable magnetic field with
amplitude H, is applied. The Hamiltonian for the closed
system has the form

W= Hot (1) = ALIL + B(I -+ I.1,) 3)
- olfy + s (Fremiot + F-eior).

Here w, = gpfAH, w, = gpBH,, where gp is the atomic
g factor and F. = 2V/2(Fy + iFy).

To determine (2), we must calculate the matrix ele-
ments of the evolution operator, which satisfies the
Schrodinger equation

a i
WL(t)z—g.%L(t). (4)
Since the operator Fy = Iz + Jz commutes with the time
independent part of the Hamiltonian #,, it is convenient
to go over to a coordinate system which rotates about

the z axis with an angular velocity w for which the in-
teraction Hamiltonian becomes independent of the time:

Hy (1) = exp[— (i h) F.0t] 5, (t) exp [(i/ B) Fr0t] = 0iFs.  (5)

Solving (4) in the rotating coordinate system and then
returning to the original system, we find

(i) (%o + 2 — oF,)t).  (6)

The calculation of the matrix elements in (2) is per-
formed in three steps First we find the matrix ele-
ments (mFlL(t)lmF) in the coordinate system whose z’
axis coincides with the direction of the effective field

Hgff:

L(t) = exp[—(i/ h) F:0t] exp[—

Hejy = [(00— 0)2 + 02/gxp. (1)
We then go over to the old coordinate system, taking

into account that the state vectors in the old and new
systems are related by a linear transformation:

[mey = Dt ped Cur]me) = D D(0, @, 0) mu|mp),
w ®

(8)
where D(0, a, O)m“ is Wigner’s rotation matrix and
a = arctan (wl/Hgff ). Finally, using
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we go over to the original matrix elements. In this way
we find
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Here 2 A= (u— u’)gFBHgff, and I'=fi/7,. In de-
riving (10) we have neglected the spin-spin interactions,
since the concentrations of radioactive atoms are usu-
ally very small. We have also assumed that the spin-
lattice relaxation time T, > 7. In some cases this
condition is only fulfilled at helium temperatures.
Formula (10) takes the simplest form for vanishing
magnetic field in the case of an isotropic hyperfine in-
teraction. These conditions can be satisfied in gases,
stabilized atoms,"? or in crystals with a cubic lattice.
In this case we have for the integral correlation atten-

uation factor GEE (t):
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Here {:::} is a Racah coefficient.

It follows from (10) and (11) that the dependence of
the correlation attenuation coefficient on the magnetic
field has resonance character. According to (7), the
resonance occurs for wy = w. It is seen from (11) that
the observation of this resonance requires
(Au— )\“')Tn/h ~ 1. For the isotope Gd'!with 7,

= 8.5 x 107® sec this requirement can be fulfilled with
no particular difficulty. It also follows from (10) and

(11) that GNlNz(t) is modulated with the frequencies

1
“beats” in the intensity in the double radio optical
resonance. !

— mp)w]. This corresponds to the

3. STRONG FIELD

Let us assume that g8H > A. We first consider the
effect of an isotropic hyperfine interaction in the ab-
sence of the variable field. In the theory of angular cor-
relations one usually restricts oneself to the approxi-
mation in which the wave functions of the nucleus and of
the electron are independent and the total wave function
can be written in the form |M) [m). In the first approx-
imation in the hyperfine interaction'®! we have

[M,md> = go] M |m> + gu| M &= D|m F 1>, (12)
where

AM|I M £ D <mF 1|lz|m)
2gpH

g+ g+ gt = - (13)

q+ =

The energy levels of the intermediate state of the nu-
cleus E,, are equal to

(14)

2
Ey, — AmM — g,pymH — 2:11 {(mM — m[1(] 4 1)— M2]}.

Taking account of the populations of the electronic Zee-
man sublevels pyq, we obtain, using (12) and (14),
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If the magnetic field is directed along the direction of
propagatlon of one of the quanta, for example, k,, then
=0in (1) and YN (61, o) =[(2k, + 1)/41r]1/26N0 For

L AM — g H — I (J+1)— MZ])Nt}
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[ 2gBH

N = 0, formula (15) leads to the following criterion for
a full restoration of the angular correlation up to its
unperturbed value:

AZ
2gBH

For the isotope Gd"™® formula (16) yields H = 2000 Oe.
Experimentally,m a full restoration of the angular cor-
relation was observed for H = 3300 Oe. We see that the
criterion (16) gives good qualitative agreement with ex-
periment, whereas theory up to now'®! yielded the result
that full restoration of the angular correlation must oc-
cur for H ~ 100 Oe, and dubious assumptions had to be
made to explain the experiments.

Let us now consider the effect of a radio-frequency
field. An ‘‘allowed’’ electronic paramagnetic resonance
transition does not affect the projections of the nuclear
magnetic moment, but changes the population of the
electronic Zeeman sublevels pyp in (15), which leads to
a change of the correlation attenuation factor. Thus
there is a possibility to detect, by a change in the angu-
lar correlation, an electronic paramagnetic resonance
in a small number of atoms whose nuclei are in an ex-
cited state.

The ‘‘forbidden’’ transitions (AM = +£1;, Am = ¥1) af-
fect the angular correlations directly. It follows from
(14) that these transitions can be used for an exact de-
termination of the g factors of excited nuclei. By cal-
culations analogous to the ones leading to (10) and (11)

(m2 — m2) Mz /B << 1. (16)

we find for the correlation attenuation factor G (t) in
the presence of ‘“forbidden’’ transitions:
" o=6n" o ar+ 023 |2
R (17)
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It should be noted that the nuclei in the ;ntermediate
state have a rather large spin so that q: may attain
~0.1. The rotation matrices in (17) have a resonance
character of the same type as in the case of a weak
field.

In contrast to the isotropic case considered by us,
additional resonance peaks appear in crystals in which
the hyperfine interaction has axial symmetry; the posi-
tion of these peaks is determined by

(b — W) gBHess — (m —m')o = 0, (18)

where
Heps = [(0 — 00)? + 042] "2/ gB.

As an example we point out that in the isotopes
Sm'?, Gd!**, Gd'%¢, Dy'%°, and Er!¢® for which I = 2, the
strongest resonance peaks for small values of w, cor-
respond to the frequencies w = wy/2 and w = 3w,y/2.
Additional peaks approach as w, is increased. When
w, = wy/2, these coalesce with the main peak at the
frequency w,.
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