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Resonance scattering of y-radiation by nuclei in a magnetic field is considered. Expressions for the
scattering amplitudes and cross sections of a mixed multiplicity nuclear transition are derived for
the case when the line width of the incident y-radiation is smaller than the Zeeman splitting of the
nuclear levels. The scattering cross section is expressed in terms of resonance absorption cross
sections in the Zeeman transitions. Consequences of violation of P- and T-parity in resonance
scattering of y-quanta are analyzed. Scattering in nuclear transitions which are a mixture of dipole

and quadrupole multipoles is considered in detail.

1. INTRODUCTION

AT present, T-invariance in various interactions is
being intensively investigated.! In particular, T-
invariance of nuclear and electromagnetic interactions
is being investigated in nuclear y-ray transitions (cf.,
e.g.,[%). In relation to the demonstrated non-conser-
vation of P-parity for nuclear states[”, there has ap-
peared, over a period of time, a series of experimental
studies of P-noninvariant effects,!®™®!

Experimental investigations, looking for evidence of
violations of P- and T-parity in electromagnetic transi-
tions in nuclei,'®*") have demonstrated the relevance
of using the Mdssbauer effect in such studies. In the
works noted above, the method used was that of reso-
nance absorption of y-radiation. It is of interest to
study the possibility of using MOssbauer scattering,
with the same goal, which might prove to be a more ef-
fective method of looking for violations of P- and T-
parity (cf., e.g.,'°1). In this article, we analyze the
consequences of violation of P- and T-parity for the
case of resonance scattering of 4 quanta following a
nuclear y transition of mixed multipolarity. We ex-
amine the possibilities of establishing violations of P-
and T-parity via use of resonance scattering.

The violation of P-parity for nuclear states permits
the existence of y transitions in which a contrary multi-
parity forbidden by parity is admixed to a parity-
allowed multipolarity. As is well-known,!'*} for radi-
ative transitions of mixed multipolarity the condition
of T-invariance leads to the value 0 or 7 for the rela-
tive phase 7 of the matrix elements of mixed multi-
polarities. In this fashion, the confirmation of the oc-
currence of transitions with an admixture forbidden by
parity would serve as evidence of violation of P-parity,
and the presence of transitions with n# 0 or n# 7
would confirm violation of T-invariance. The analysis
of effects due to interference between mixed multi-
polarities in resonance emission, absorption, or scat-
tering of ¢ radiation permits a decision as to the
character of the mixture and relative phase n and,
thereby, also the investigation of P- and T-parity vio-
lation. We present below an analysis of P- and T-
nonparity effects for resonance scattering.

2. THE AMPLITUDE OF RESONANCE SCATTERING

We shall study resonance scattering of y radiation
by a nucleus in a magnetic field that induces Zeeman
splitting of the nuclear levels, We assume that the
scattering proceeds via a nuclear electromagnetic
transition of mixed multipolarity and that the y-radia-
tion line width is less than the Zeeman splitting of the
nuclear levels. The process of resonance scattering
may be divided into two stages: 1) resonance absorp-
tion of the emitted y quantum, during which the nu-
cleus is changed from the initial state i to the inter-
mediate state v; 2) emission by the excited nucleus of
a secondary y quantum, during which the nucleus is
changed to the final state f. The assumed small line-
width of the emitted radiation means that, for a fixed
energy of the initial y quantum, the scattering proceeds
via well-defined Zeeman levels of the initial and inter-
mediate states of the nucleus.

Under the given assumptions, the expression for the
scattering amplitude has the form

fri(k, n, K, n') = cH (k, n) Hy; (k’, n). (1)

Here k and k' are the wave vectors of the initial and
scattered y quantum, respectively, n and n’ the cor-
responding polarization vectors (the latter being the
one of particular interest to us), and Hjy(k, n) and
Hyf(k', n’) the matrix elements of the nuclear-electro-
magnetic interaction Hamiltonian; the multiplier c,
whose specific form!'"»*?! ig irrelevant for our purposes,
will be omitted in the following. The absorption matrix
element Hjy, in Eq. (1) can be expressed in terms of
nyi, the polarization vector, and I,j, the intensity of
the radiation emitted in the direction k during the
Zeeman transition, i — v, in the form:M*%!

Hiy(k,n) = (n"nv;) V1yi (k). 2)
The matrix element for the emitted y-quantum with
wave-vector k' and polarization n’ in the transition
v — f takes the form
Hy (K, 0') = (0'ny) VI (K). (3)

Here, the quantities nys and I, (k') refer to the transi-
tion v — f, with the meaning given above. Substituting
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Eq. (2) and Eq. (3) into Eq. (1), we obtain the scattering
amplitude

fir(k,n, K, n’) = (n'ny;) (0'n ;) Vini (k) Iy (K) - (4)

For a transition in which there is a mixing of multi-
polarities L, and L, nyj and Iyj(k) can be expressed
as:

{k{hk]] {kh]
vi = (|E1|2 + | E2|2)~" —E;+i——E (5
=B 1860 (B 30 )
L (k) = |E1|2+ | E2 |3, (6)
Eq = Eq(L1) +Eq(Ly)e™, gq¢=1,2; (7)
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In Eqs. (5-9) h is a unit vector in the magnetic field
direction; 6 is the angle between h and k =k/| k |;
the spherical harmonics in Eq. (9) are functions of
only the one angle 6 because they are expressed in a
coordinate system in which the polar axis coincides
with h and the azimuthal angle for k is zero; j,, ii,
my, and mj are the nuclear spins and projections in
the magnetic-field direction for the states v and i;

M =my - mj; X(L) is the reduced nuclear matrix
element. The expressions for n{,f(k') are given by
Egs. (5-9) with replacement of i by f and 6 by 6'.
The scattering amplitude for a nuclear transition cor-
responding to the case of ‘‘pure’’ multipolarity can be
obtained from Eqs. (5-9) by setting Eq( L;) =0 in
these relations. For dipole- and quadrupole transitions
the eq(L, M) are tabulated in!**].

3. RESONANCE-SCATTERING CROSS SECTION

With the use of Eq. (4) for the scattering amplitude,
the differential cross section for scattering of
quanta in the direction k’ with polarization vector n’
takes the form

E??i.= Z |fif(kq n,k’,n") |z= 2 ng(k,n)zﬁ(k',n'),

ke 1 1

where Z.q4(k, n) is the absorption cross-section for
v quanta with wave-vector k and polarization n in the
transition ¢ — d (this quantity coincides with the
emission cross section with the same k and n in the
transition d — c¢). For the case of unpolarized or
partially-polarized incident radiation, the cross section
formula (10) takes the form

d —_—
2 = 3 Tk n)Za(K,0),
f

(10)

dQx, (11)
where the bar over Zjy(k, n) indicates averaging over
the initial polarization. Since under our assumed con-
ditions the radiation is absorbed during a definite
Zeeman transition, the polarization of the scattered

*(hk] =h X k
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radiation is independent of the polarization of the
emitted radiation. In the case of a single final state £
the scattered radiation is completely polarized; its
polarization coincides with the polarization of the radi-
ation emitted in the transition v — f in the direction
k', and is described by the vector ny¢. In the case of
several final states f, the scattered radiation is par-
tially polarized. The corresponding polarized density
matrix is given by the expression

o) = ( 3 o) Zn(K,0) )| SEpK\n),
b4 b4

where p(n}s) is the polarized density matrix for y
quanta with polarization vector nyg**), If the polariza-
tion of the scattered radiation is not measured, ex-
pression (10) for the cross section simplifies to:
d‘g’ = 3 S0k 0)Zp (K, n) = 3} Zio(k, n) Ioy (K').
K 1 1

In this way, the scattering cross section can be ex-
pressed as the product of the absorption cross section
for the transition i — v by a certain sum of absorption
and emission cross-sections for transitions v —f. We
shall therefore introduce below expressions for the
cross section of resonance absorption of y quanta,
from which the resonance scattering cross section can
be obtained simply by multiplying and summing the ap-
propriate quantities. We note that in expression (10)
for the scattering cross section, the sum over f de-
generates into one term either if the selection rules
for radiation via the intermediate state allow only one
final state of the nucleus or if the detection of the
scattered radiation is realized by a resonance detector
set for the energy of the precisely defined transition
v—f.

(12)

13)

4. THE RESONANCE ABSORPTION CROSS SECTION

The nuclear resonance absorption cross section for
a polarized y quantum in the transition i — v can,
with the help of Eq. (2), be written as:

(14)

The polarization vector of the absorbed quantum can
be expressed in the form:

Eiv(kvn) = l (nnvi.) |21vi(k)'

(15)

where x; and X» are unit vectors, mutually orthogonal
and also orthogonal to k, and a and B are real
parameters. The ratio of the axes of the corresponding
polarization ellipse equals tan a, x; and x. specify
their orientation, and exp (iB), is a phase-factor multi-
plier which is inessential here.

The value of the parameter a =+7/4 in Eq. (15)
corresponds to circular polarization, just as a =0 or
/2 corresponds to linear polarization. Using the ex-
pressions for I,ij(k), nyi, and n (Egs. (5, 6, 7, 15)),
we obtain the absorption cross section of polarized y
radiation in a y transition of mixed multiplicity:

n = (y2 cos a + iy sin a) e,

1
Zw(k,n)= > SVE2(Lp)[1 — (— 1) 7 cos 2a cos 2]

».q

+sin2a 3} Ey(Lp) Es(Lp) + cosn {2 E,(L)E, (L)1
p q
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— (— 1)%cos 2a cos 2¢] + sin 2a[E; (L1) E; (Ly) + E» (Ly) E; (Lz)]}
+ sin1 cos 2a sin 2@ [Ey (L1) Ex (Ly) — Eo (Ly) E (L) ],

where p,q =1, 2; ¢ is the azimuthal angle of h rela-
tive to the axis ﬁ, measured from the direction of the
vector y, (cf. Fig. 1).

If the absorbed y radiation is unpolarized, the ab-
sorption cross section has the form:

1
Ziw(k)=— SE2(Lp)+cosn D Eq(Ly)Eq(Ls) = %Iw(k). (17)
»q q
If the radiation is partially polarized and the degree of
its polarization is P!*) the absorption cross section
is equal to

Bk n) = 5 (1 = P) L () + P2l m), (18)
where n is the vector describing the polarization
partially represented in the absorbed radiation.

5. SCATTERING IN y TRANSITION WITH ADMIXTURE
OF PARITY-FORBIDDEN MULTIPLICITY

We shall examine the manifestations of P-parity
violation in resonance scattering. In this case, the
scattering cross section is given by the formulas of
the preceding sections, in which the resonance y
transition contains an admixture of multipolarity for-
bidden by parity. As is evident from Eq. (13), the con-
sequences of violation of P-parity in scattering can be
found from the related effects in the absorption cross
section. In the following, for definiteness, we shall
assume that in the formulas of Sec. 3 there is only a
single final state f.

To find evidence for violation of P-parity we can use
the fact that in Egs. (10), (11), (13), and (16) only the
interference terms change sign (under certain trans-
formation of the arguments (6, ¢)); these terms are
non-zero only because of admixtures forbidden by
parity, and are proportional to the admixture parame-
ter 6.

For example, for linearly-polarized initial radiation,
such transformations are: 1) the reversal of direction
of the magnetic field (h — -h,ie., 6 — 7 -6,

@ — T + @), 2) the subsequent change of direction of the
magnetic field: § — 7 - 0, ¢ — 7 — ¢ (cf. Fig. 2).

The latter transformation changes the scattering
cross section if there is violation of P-parity and has
no effect if there is conservation only in the case that
the wave vector k' of the scattered radiation is ortho-
gonal to the plane of polarization of the incident radia-
tion. We can see this from Eqgs. (10) and (16) if we set
a =0, 1/2 (linear polarization) in Eq. (16), and carry
through the resulting transformation. These same
transformations result in a change of cross section
upon P-parity violation only when the incident radiation
is completely unpolarized. If the initial radiation is
polarized, but not linearly, (a = 0, 7/2), then a change
of the magnetic-field direction results in a change of
the scattering cross section even in the absence of
parity-forbidden admixtures. (In the expressions given
above, the relative cross section change is propor-
tional to sin 2a). Therefore, a transformation that
changes the scattering cross section only upon viola-
tion of P-parity must, in this case, include not only a
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FIG. 1. Definition of the angles 6 and .

X

FIG. 2. Transformation of the
magnetic-field direction from h to
fi', correspondingto § > 7 - 0, p—>
- .

change of the magnetic field but also a change of the
polarization of the initial radiation!**! (e.g., simultane-
ous reversal of magnetic-field direction and change of
the polarization vector of the incident radiation to the
complex-conjugate).

In resonance scattering, the same nuclei usually
serve as both source and scatterer and, therefore,
there is simultaneous presence of parity-forbidden
admixture in both radiative and scattering transitions.
Hence, radiation from unpolarized nuclei appears to be
circularly-polarized with degree of polarization
P~ 6 (cf. e.g.,!*), i.e., polarization is an inescapable
consequence of P-parity violation. In this event, in the
absence of line splitting of the source, the change in
cross section under the transformations examined
above appears entirely as a consequence of P-parity
violation, and the relative difference between the scat-
tering cross sections, under reversal of magnetic-
field direction, in the approximation linear in the ad-
mixture parameter, is given by the expression

<dc(h) __do(—h) >/< do (h) da(—h))

dQy dQy. dQy dQy

_ I(kh)I(K,h)—I(k,—h)I(K,—h) . E\E, (19)
~ I(k,h)I(K,h)+I(k,—h)I(k’,—h) EZ+Ez2’

where 7 takes on the value 1 or -1 for right- or left-
circular polarization, respectively.

The case of the mixtures E(1) - E(2) and E(2)
- M(2) was examined in!*®}, We give the absorption
cross section for the mixture E(1) - M(1):

@+ a—0b
+

Z‘.(k,n) M=0 — sin? 0 [ 5 5

cos 2a cos 2¢

— ab cos n sin 2a — ab sin 1 cos 2a sin(p] s
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3 (k,n) pr—sq = (* + b2) (1 4 cos? ) — (a® — b) cos 2a cos 2¢ sin2 O

— ab sinm cos 2a sin 2¢ sin? 6,

where the quantities a and b are defined by the rela-

tions:
S TETE
Gar=n = 2 \m; 0

o ) lxl,
_ VBt
- 7( m; 1 ) IX[

The symbol b, analogon to a, is similarly defined
for the admixed multipolarity. The quantities y in Eq.
(20) differ from the previously introduced matrix ele-
ments (cf. Eq. (8)) by numerical factors and are con-
nected with the total intensity of radiation from a
polarized nucleus by the relationship:

v

, (20)
v

— My

Arp==+1

1
Fragy = 5=l P+ ) 15 To= S 1u(h).

iv

6. RESONANCE SCATTERING AND VIOLATION OF
T-INVARIANCE

We shall examine y-ray scattering for a nuclear y
transition which is a mixture of two parity-allowed
multipolarities, but with either n #0 or n # 7. As in
the preceding section, we limit ourselves to the case
of a single final state f. To determine that n differs
from 0 or m, we can use the fact that in Egs. (10), (11),
(12), and (16), only the term proportional to sinn is
changed by certain transformations of their arguments.
For arbitrary initial polarization, these are such
transformations that change the sign of sin 2¢ (i.e.,
¢ — —¢@ or ¢ — T — ¢). These transformations can be
realized by rotation of the plane of polarization for
linear polarization or, in the general case, by rotation
of the axes of the polarization-ellipse of the incident
radiation or rotation of the magnetic field with respect
to the direction k. In the case of linear polarization of
the initial radiation, only the sign of the term contain-
ing sin n changes, just as with reversal of the magnetic-
field direction. Let us recall that the replacement
h — -h changes the scattering cross section in the
presence of parity-forbidden mixed multipolarities in
a vy transition. Therefore, with this transformation,
the effects of P-parity violation, if we do not specially
take them into account, may imitate violation of T-
invariance (for details, cf.!*"}),

We write down the expression for the relative change
of the scattering cross section for polarized radiation
occurring when we substitute ¢ — - ¢:

do() _do(—q) \ I/ do(g) , dol—g)\ | (nm)|2—](ng'n)]|
i
21)

([Qk' ko: [le: + ko, )ﬁ

We write down in explicit form the absorption cross
section of polarized y radiation in the mixed-multi-
polarity transition E(2) — M(1):

3 (k, n) p=0 = sin2 0] !/>(a? cos? 6 + b2 sin2 0)
+ t/2(a? cos 8 — b2 sin? B) cos 2a cos 2¢
+ ab cos 1 sin 2a cos 6 + ab sin 1 cos 2a sin 2¢ c0s 0],
X (k, n) m=x1 = a2(cos220 + cos? 0) + b2(1 + cos20)
— (a?sin2 0 — b2cos?0) cos 2a cos 2¢

| (ng"nvi) |2 4| (n-p"nvy) |2 '
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F (a?cos 20 + b2) sin 20 cos 6 — ab cos N[cos 20 + cos? O
— ¢0s 2a ¢os 2¢ sin? § F 2 sin 2a cos® 0] F ab sin 1 cos 2a sin 2¢ sin 20 sin 6,
2 (k, n) ar—s2 = a2 sin? B[1 + Y2 cos 20 (1 + cos 2a cos 2¢) F sin 2a cos 0],

where, for the multipolarity E(2),

—15 Jji 2 J:
am= 2 (L2 2
Vi 2
auzii—T(mi 1 _mv) [x]s 02)
505 2 j
a«M=ﬂ;2=V_2(i:L_ 5 __:nv) [xl,

and b (the multipolarity M(1)) is defined by Eq. (20).
From the expression for the resonance absorption
cross section for a y transition of the type E(2)

— M(1) it follows that the T-noninvariant term has its
greatest value in the linearly polarized case, i.e.,
a=0,7n/2, for 6 #55° and ¢ = +7/4.

We note that the difference of n from 0 to 7 can
arise not only from violation of T-invariance but also
from influences of the atomic electronic shells on the
radiative transition!’®), In the last-mentioned work,
consideration is also given to the possibility of sepa-
rating out purely T-noninvariant effects, and calcula-
tions are made for Mdssbauer transitions of mixed
multipolarity (E(2) - M(1)) in Ru and Ir.

7. CONCLUSIONS

Before we pass on to consideration of the results,
we remark on one of the reasons, already noted in the
Introduction, for the relevance of using the Mdssbauer
effect (both in absorption and in scattering) in investi-
gations of violations of P- and T-parity.

Such investigations may be based on the analysis of
the polarization of the radiation (cf. e.g.,'**?). In
searches for violations of T-invariance, such an ap-
proach is the only one possible, inasmuch as the dif-
ference of n from 0 or 7 introduces into the various
Zeeman components effects that are linear with respect
to this property but introduces only quadratic effects in
the angular distribution of the radiation.

With the help of the Mossbauer effect it is relatively
easy to obtain the needed information as to polarization
by studying the absorption (scattering) of radiation in
v transitions between different Zeeman levels of the
nucleus. To obtain the same information, for example
with the help of angular correlations, requires the use
of coincidence techniques together with direct measure-
ments of polarization.

In Sec. 2 we introduced an expression for the reso-
nance scattering amplitude which, for arbitrary initial
and final polarizations, permits both a compact repre-
sentation of it and is especially convenient for analysis
of interference effects. In the case of standard polari-
zations (linear and circular) of the emitted and scat-
tered radiation, the corresponding scattering amplitude
has been investigated in a number of works (cf.,

e.g., '),

The expressions (16), (17), and (18) for the absorp-
tion cross section, can be used not only for obtaining
the resonance scattering cross section but also for de-
scribing resonance absorption of polarized and un-
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polarized y radiation in mixed-multipolarity transi-
tions.

From a comparison of Egs. (19) and (21) it follows
that the use of scattering may turn out to be especially
effective in investigations of P-parity violations, be-
cause it increases the observable effect (cf. Eq. (19))
in comparison to the effect for absorption. In investi-
gations of violations of T-invariance, to obtain an ana-
logous increase of the observable effect in comparison
to the effect for absorption, it is necessary to detect
the polarization of the scattered radiation.

The possibility of establishing violation of T-invari-
ance, with the help of resonance scattering was dis-
cussed by Burgov and Lobov!®! who actually considered
scattering by polarized nuclei for the case of large
width of the emitted radiation line or unresolved Zee-
man splitting in the scatterer. In the case examined by
us, with resolved Zeeman-splitting, the scattering goes

via a single initial state m; and intermediate state my.

Hence, in effect, the scattering is produced also by
polarized nuclei; however, the selection of orientations
of the scattering nuclei can be realized from a system
of unoriented nuclei with the help of energy separation
of a definite transition mj — my. This last-mentioned
circumstance makes it essential, in this case, that low
temperatures be used to obtain polarization of the
nuclei and to eliminate disturbances of the angular
correlations by the magnetic field.

The authors thank A, L. Barshal for helpful discus-
sions.
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