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Results obtained previously! are extended to K and L capture of any order of forbiddenness,
taking parity nonconservation into account. It is shown that observation of the correlation of
the polarization of x-rays emitted after K or L capture with nuclear spin directions or with
the polarization of subsequent gamma rays may provide important information conceraning J
interactions. The angular distribution of x-rays is anisotropic when capture occurs from the

L subshell.

Formulas are presented which permit determination of the spins and parities of nuclear
levels from the observation of x-ray polarization following conversion transitions.

1. POLARIZATION AND ANGULAR DISTRIBUTION
OF X-RAYS EMITTED FOLLOWING ELECTRON
CAPTURE

IN an earlier paper! the author proposed observa-
tion of the correlation between the angular polari-
zation of x-rays emitted in the filling of atomic

shell vacancies following allowed K capture and
the orientation of nuclear spins or the polarization
of subsequent gamma radiation. It was shown that
information might thus be obtained regarding the
relative signs of the scalar and tensor pB -interac-
tion constants. A number of recent experiments?
have confirmed Lee and Yang’s® hypothesis of par-
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ity nonconservation in B decay. We have extended
the results of Ref. 1 to take the nonconservation of
parity into account.

Allowed K and L captures are of greatest in-
terest in connection with the unambiguous interpre-
tation of experimental results. Correlation calcu-
lations for these allowed transitions as well as for
forbidden transitions are given in Appendix I. At
this point we shll present and discuss the final for-
mulas.

We shall first consider the case in which a nu-
cleus before an allowed K capture is located in
an external field and we do not study the direction
and polarization of the gamma ray which may be
emitted after K capture. When an x-ray is emit-
ted in an electronic transition to a vacated K level
from a level with a momentum I=7% (suchas Lyj)
the correlation between the circular polarization of
this x-ray and the nuclear spin orientation is given
by

Wix (0) = a+b+oxp {*/2 [io (o+1)

— j1 1+ 1) +2]o4%V fo (o - 1)}cosb; 1)

a=(les[ 1) | Ksf + ey [P+ ey

)T

, ok *
— csey) KKy

— 2Re (csc;,
b= (le; P+ e PY KP4 ([eal” + 64 ) | K,

— 2Re (c,¢5 — c;0) KK (2)

» = 2Re [(csc; + ¢se7) KgK5 — (cycr — cye7) Ky K
— (653 — €sc) KK + (eyey + ciey) K Ko )s

p = 2@ (o) / Jo (o + 1) 6
Po

0 denotes the angle between the direction of the
x-ray and the principal nuclear spin orientation;
jo is the nuclear spin in the initial state, p, is its
projection on the z axis, and w(py) is the prob-
ability of a given value of pg; p gives the degree
of polarization of the nuclear spins; ox =1 or -1,
respectively, for right or left circular polarization
of the x-rays; cg, cy, cT and cp are the scalar,
vector, tensor’and axial-vector (pseudovector) fB-
interaction constants; cg, ¢y, ¢ and ck are
analogous constants in terms which are allowed
only when parity is not conserved (containing in
addition vys5 = vyYyysys, Where yq= —p; v, ys and
B are Dirac matrices).

In calculating (1) we have used the general form
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of the B interaction which was proposed by Lee
and Yang.? Kg and K7 are nuclear matrix ele-
ments for the scalar and tensor B interactions,
with Ky and Kp for the vector and pseudovector
B interactions. In the nonrelativistic approxima-
tion for nucleons Kg= -Ky and K= -Kpa. The
expression for the correlation does not depend on
the magnitudes of Kg and Kg but only on their
ratio Kg/Krp:

Ks = {4, 8%, 91,
CltKr = (— DM 4 pomtpndrs ()

Yjoue and ¥ju, are the nuclear wave functions be-
fore and after electron capture; oy =o0,, 044 =
;tw/%(ax + io-y); Ox; Oy, Oz are Pauli matrices;

Joko
ClAjiNl
K4 are the nuclear spin and its projection after K
capture. The matrix elements Kg and Kp are
independent of the magnetic quantum numbers p,,
My and A.

If a gamma ray is emitted after K capture,
for the determination of a, b and k it is possi-
ble to study the correlation between the circular
polarizations of the x-ray and gamma ray. It is
then not necessary to use oriented nuclei. If the
x-ray is emitted in an electronic transition to the
K shell from a level of mechanical moment I1=1Y,
and the gamma ray is of multipole order 2L the
correlation is given by

is a Clebsch-Gordan coefficient; j; and

Wex(®) =a+b—oxo [ji (i1 +1)—jalia+ 1)+ L (L +1)]
X i+ DLL+ DI+ 1) —jeGo+ 1)+ 216
+ 2x Y i1 (i + 1)} cosf. (5)

Here 6 is the angle between the directions of the
x-ray and gamma ray, and oy=1or -1 for right
or left circular polarization of the gamma ray.

For mixed 2L magnetic and 2L+ electric
multipole transitions [jj(jy+ 1) —ja(ja+ 1) +
L(L + 1)] must be replaced by

(uGh D) —je (e + 1)+ L(L +1)
+ Q2L +3)" " LIjy (jy -+ D—je (o + 1)
+ (L + 1) (L +2)]
—2fL (L4 2)[L (o + jy + L + 2) (jo + j1 — L)
X (js— o + L + 1)

X (ja—jr + L+ 1)/ 2L + DI @L + 3)™);
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f2 is the ratio of the electric and magnetic radia-
tion intensities, with f=x|f|.

If the emission of the observed gamma ray does
not directly follow K capture, but is separated
from the latter by cascade emission of one or more
photons which are not observed the curly bracket
in (5) must be preceded by the factort

‘”ﬁ‘{fk<fh+1>+fh+1(fk+l+1)—Lh<Lh+1>} (6)
renl 2 Unt Y dhe Gt I ’

where Ly is the multipole order of the intermedi-
ate photons:

jo (K) j1 (Ll) jz (Lz) jsroenn fN (L) jN+1,

while L is the multipole order of the observed
photon. If one of the intermediate gamma transi-
tions is mixed, the expressions for magnetic and
electric transitions must be added with weights
proportional to their intensities. Interference
terms drop out upon integration over the angles
of gamma emission.

When an electron fills a vacancy in a K shell
by a transition from a level with 1= 9%, (such as
Limx), thenin (1) and (5) ox must be preceded
by the factor - 1/2. Since the transition probability
from an I1=7%, level is almost twice as large as
from I=1Y, the total correlation is very small.
It is therefore necessary to determine the polari-
zation of x-rays coming from I1=% and 1=1,
separating them according to their energies. It
is most convenient to study the Kq, and Ka,
lines. It must be kept in mind that an external
magnetic field can change the separations and
order of atomic levels. The character of this
change for different specific cases is easily es-
tabilished either experimentally or theoretically.

We note that for atoms where the P34 shell
has not been completely built up the polarization
of photons coming from the P1/2 level is not en-
tirely compensated by the opposite polarization
of photons coming from the P3; level, and it is
not necessary to distinguish them energetically.
In this case it is best to use the lightest nuclei,
where the L shell is not filled. Light nuclei in
which K capture occurs possess short lifetimes
as a rule and are not easily used in experiments
requiring the orientation of nuclear spins. It is
then easier to investigate the polarization corre-

lation of x-rays and gamma rays.

For allowed Lj or Ljy capture, the correla-
tion is of the same character as for K capture.
However, in this case there is incomplete com-
pensation of right and left circular polarization
for the combined Lﬁ, Ly, etc. radiation. A theo-
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retical calculation of the remaining degree of po-
larization is difficult and would require good know-
ledge of the electronic wave functions.

For K, Lj, and Ly capture the correlations
(1) and (5) exist only if the nuclei possess dipolar
polarization; these correlations do not exist for
aligned nuclei, which can be used only to study
Ly capture. In this case there will be an aniso-
tropic angular distribution of x-rays relative to
the orientation of the aligned nuclei. For unori-
ented nuclei with Ly capture followed by gamma-
ray emission there exists an angular correlation
between x-rays and gamma rays. Only the tensor
and pseudovector interactions contribute to allowed
Ljir capture. The x-ray angular distribution is
given by

W (6) =1+ V382 + 1)/ 10.AW(lje2: jol)
X (3cost — 1) Phy;
A‘l; — 1/2, Aal.= _—2/5, A'/n = 1/10. (7)

The quantities Aj depend only on the total angular
momentum I of the electron which fills the vacancy
in the Ly subshell. W (abcd;ef) is the Racah
function. For aligned nuclei without investigation

of the possible gamma rays we have

Ply = 5 (302 — jo (jo + 1)]
P

X @ (o) [(20— 1) jo (o + 1) (2o + 317 (8)

When the angular correlation of x-rays and gamma
rays is investigated for unoriented nuclei we have

. ‘ ,
PL=5V @i+ DL+ D[ — 7]
X W (j2Ljr2; j1L) oo (9)

Equation (7) does not contain nuclear matrix
elements of L capture nor the constants ¢ and
c’, which are included within a general factor that
goes not influence the angular correlation (7) and
is therefore omitted here.

A study of the correlation expressed by (7) does
not provide information concerning B interactions,
but it can serve for determination of the angular
momenta of nuclear levels.

The existing experimental information concern-
ing the constants ¢ and c¢’ is incomplete and con-
tradictory according to the present theory. There
is therefore considerable interest in the determina-
tion of combinations of ¢ and ¢’ which have not
yet been investigated. a, b, and « in (1) and (5)



POLARIZATION AND ANGULAR DISTRIBUTION OF X-RAYS

are among such combinations, and a study of these
equations may throw light on the nature of B inter-
actions. We note that the expression for the polari-
zation of B particles emitted by polarized nuclei®
also contains ¢ and ¢’ in combinations similar

to a, b and k; but the same expression contains
¢ and ¢’ in other combinations. Therefore (1)

and (5) can be interpreted more simply and unam-
biguously.

For forbidden K and L capture, the polariza-
tion and angular correlations of x-rays can be de-
termined from (25). For first forbiddenness N = 1;
Land I’ =0,1,2; i=Y% and %. For jj=j,=2
in capture from the Ljj; subshell the correlation
formula agrees with (7) if \/-37W(j11j02: jol) is re-
placed by V7 W (j;12§02;jy2). For forbidden K, L
and Lj; captures the correlation formulas are
more complicated than (1) and (5) as they contain
some unknown ratios of nuclear matrix elements
which must be determined experimentally.

2. POLARIZATION AND ANGULAR DISTRIBUTION
OF X-RAYS FOLLOWING CONVERSION TRAN-
SITIONS

In Ref. 1 it was shown that observation of the
circular polarization of x-rays emitted when va-
cancies in atomic shells are filled following con-
version transitions of oriented nuclei can provide
the same information regarding nuclear levels that
comes from experiments on the angular correla-
tion of conversion electrons and subsequent (or
preceding) gamma rays. When gamma rays are
emitted following conversion transitions, instead
of using oriented nuclei we can study the correla-
tion between the circular polarizations of x-rays
and gamma rays.

Appendix II contains the derivation of the gen-
eral formula for the conversion transition proba-
bility of an oriented nucleus with subsequent emis-
sion of x-rays and gamma rays of given polariza-
tion. We shall here give the final formulas for the
most important cases. We first consider a con-
version transition by an oriented nucleus when sub-
sequent gamma rays do not interest us. For K-
shell conversion, when the vacancy is filled by an
electron with I="1, (let us say p, /2), the circu-
lar polarization of the x-rays, according to (25),
(41) and (42) is given by

Wix(®) =1+ GxP oo+ 1)

— i (i+ 1)+ L(L + 1)] Qucosb; (10)

1 @+0[Bf—L|Bf[

Q= 9z @+ [BfF+L][BL [

(11)

647
For an EL electric transition
Bi = VI/LLF1)[Rs + Ry + 2Rslserps, M5 (12)
Br =V T/LL+T)[L (R + Ry)
— (2L + 1) Ry — Rgljmz—y, M5 (13)
For an ML magnetic transition
Bf = —(L/L+1)[Ry +Rlsmr, MT%  (14)
BT = [Ry + Rolyjer— MI®. (15)

The quantities R;, Ry,...Rg are radial integrals
which depend on the multipole order of the L con-
version transition, on the total and orbital angular
momenta of the converted electron in the shell J,
and ly=Jy+ Ag; Ap==%, andon the correspond-
ing angular momenta of the electron after conver-
sion J and I =J+A. The explicit form of R; is
given in the book by M. E. Rose.® In the deduction
it was assumed that a part is played by a conversion
transition of a single definite multipole order.
There are possible instances in which contributions
from E2 and M1 transitions are of comparable
magnitude. When the nuclear spin is not changed
in conversion (j; = jy), comparable contributions
can come from EO, M1, and E2 transitions. For-
mulas (10) and (16) cannot be applied to these cases.

The quantities MS! and MP8 in (12) — (15)
are reduced matrix elements of the nuclear transi-
tion and depend on the structure of the nucleus. In
the cases represented by (10) and (16) they drop
out and do not affect the correlation.

The correlation between the circular polariza-
tions of an x-ray Ky " quantum (electron transi-
tion from I=Y%) and a gamma ray after K con-
version of an unoriented nucleus is given by

Wix(O)=1—[h(h+1)—j(e+1)
+ Ly (Ly+ DG +1) —jo(o+ 1)

+ L (L + DI2Ly (Ly + 1) j2 (j1 + 1)]7* Qroxay cos 6;

0 is the angle between the photon directions
ox=1 or -1 and oy =1 or -1, depending upon
whether the respective photons possess right or
left circular polarization.

When an x-ray quantum is emitted through the
filling of a K-vacancy by an electron with I =%,
in (10) and (16) oy must be preceded by the fac-
tor —Y%. Therefore all statements made in section
1 concerning the need for distinguishing the ener-
gies of the Ky , and Kq, lines remain valid.

(16)
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When the nuclear spin is not changed through
conversion a study of Wjx(6) and Wyx(6) en-
ables us to determine the contribution and relative
phase of the matrix elements of E0 and M1 tran-
sitions. According to (25), (41) and (42) the polari-
zation of K,  photons emitted in the K -conver-
sion transition of a polarized nucleus (j; =j,) is
given by

Wix (8) = 1—1Vjo(jo + 1)5,pQ10 cos 6; (17)

BfBT + B BT

Quo = V3 D@L+ [L B P+L+1)[BF [T
L

(18)

In (18) the summation can be taken over 0 < L
=< 2j,, but it is usually sufficient to limit this to
L=0,1, and 2, i.e.,to E0, M1, and E2 transi-
tions. B and B] in (18) must be taken for E0
and M1 transitions.

The Ka, =Y polarization correlation is given
by

Wax(8) = 1+ [ja(is + 1) — jalja + 1) + Lo(Ly + 1)]

X [2L Ly + 1)V Jollo F D] Quooxy cos 6. (19)
The determination of Mg"l/ M{ng , which is pos-
sible with the aid of (17) and (19), furnishes infor-
mation concerning the structure of the nucleus.
When conversion occurs in shells with J, > %,
such as Ly, the x-ray angular distribution is
anisotropic with respect to the nuclear spin orien-
tation or direction of subsequent gamma rays. For
Lyj1 -conversion the angular distribution is given by

Wix(8) = 1 + AR}, ;(3 cos? B — 1) Piy,
s 3 , 3
R, =3 @I+ D)V @i+ 15 W (;i2L.Ly)
X W(jiLjo2; joL') B{B{)]

x [2@r + 1)L + 1y BEe (20)

Here BL means BJXL (see Appendix II) for LIII'
conversion (Jy =%, Ay=-%). The sum Ry j,. 18
taken over the possible values: J=1L + ‘/2, L+ 3/2
When for the conversion transition it is sufficient
to consider only a single multipole order L, so
that L =L’ = Ly, the summationover L and L’
in Rj,j, vanishes and Mj, drops out of the for-
mula.

When an EO transition is possible, the angular
distribution is determined by the interference of
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E0 and M1. Rjijo contains terms for L=L’ =0,
1,2; L=0 and I’ =1; L=1 and L’ =0. This
case furnishes the same information that can be
obtained by investigating Eq. (17) or (19).

APPENDIX I

We shall derive a general formula for the polar-
ization and angular distribution of x-rays emitted
after electron capture, for both allowed and for-
bidden transitions.

Let us consider a nucleus that is oriented in an
external field. As heretofore, jy and j; will de-
note the spin of the initial and final nucleus, re-
spectively; Jy and I =Jy+ A, are the moments
of the orbital electron that is absorbed by the
nucleus and I and /; =1+ A; are the moments of
the electron which jumps into the vacancy. The
wave function of the captured electron is

— i FW (r)

vs %)
23 an) (r) ¥

¥ S EYt
Fona (1) = . 03],

(n) . (n) .
where FJoxo(r) is the small and GJo’\o (r) is
the large radial component, and Y}M(é, @) isa
spherical spinor! with components equal to the
components of the (h—J) -vector Y?TM for h=

1/2, as follows:

Y3 o)), = (=D Co vy ¥ sy () (22)
The orientation of the initial nucleus is given by the

polarization tensor

i _ 2go + 1 . ,
Pg-"a T 20+ lpEM" C;:xlt’oogm,, p (ko tt'o)s
0 o

(23)

where p (poig) is the density matrix of the initial
state. If the axis of quantization is chosen to be
the physically distinguished axis of principal nu-
clear spin orientation, then

o (kot'o) = W (o) Oy ppps

where w(pg) is the probability of finding the nu-
cleus in a state with the projection p, onthe z

axis, and ), w(pg) = 1. After electron capture

the nucleusurglay remain in an excited state and
emit several gamma rays successively. The po-
larization tensor of this nucleus can be expressed
in terms of observed quantities which characterize
the subsequent radiative transition:
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2.4 1N, gt (24)

i‘l == 3
Pgmx 2j1 +1 JEUIET-SC PR 1V P
By

where Hj Wy 1s the matrix element of the nuclear
gamma transition.

The spin state of the atomic shell after capture
is given by the tensor PJ%, which we shall express
in terms of quantities that characterize the x-ray
that accompanies the filling of the vacated level.
Equation (24) remains valid for Pg% with replace-
ment of ji, py, g1, My by Jo, My, g, 7 and re-
placement of Hj Wy by the x-ray transition matrix
element HJouo-

Thus the state of the atom before the conversion
transition is determined by the character of the po-
larization of the nucleus (the tensor PJ? ) and of
the atomic shell. The polarization of the atomlc
shells which do not participate in the transition is
of no interest here. The cases of practical inter-
est are K and L conversion. Since the total an-
gular momentum of a filled K or L shell is zero
these shells are not oriented in an external field
and the electronic polarization tensor for the initial
state can be taken as unity. In the final state the
orientation of the nucleus will be given by Pg m
and the orientation of the shell by Pg%.

Using the method of calculation described in
Refs. 1 and 5, we obtain the following expression*
for the probability of a conversion transition in an
atom:

Wiy = 2 (— D% (2jo+ 1)

jovx —

X (2 + 1)V @+ D h+ 1@ F D/2g F 1)
X W (JoigL', LJo) X (j1j181 Jojo8o» LL'Q)

X Cfinguns Péin, Py Pitn BIL BEL. (25)
Here W (abcd;ef) are Racah functions, which are
tabulated in Ref. 8, X(abc,def,ghi) are Fano
functions, which are tabulated in Refs. 9 and 10,
and Cg)c’vbﬁ are Clebsch-Gordan coefficients, which
are tabulated in Ref. 11. The total angular momen-
tum carried away by the neutrino is denoted by i
and I, =i+v, v=2+"Y denotes its orbital angular
momentum. The summation in (25) is taken over
the permissible values of all indices. The values
of jy, i1, Jg» A¢ and the order of forbiddenness of
the transition, denoted by N, are given. For a
transition of definite order of forbiddenness (25)
retains only a few terms of the sum, because the

*Without making specific mention of the fact, we shall
always omit general factors which do not affect the correlation.
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quantities in (25) differ from zero only for definite
values of the indices:

1 h A

Jotko johe N | L y ht* .
CLoAl.lll\ Bi“:Ln - 2‘ 2 5 q)jll-h Sh? YLA’\ q)].o}"o dl‘,

h0w=—h
Ske={[8 (cs R + icR}) + (c, R + ic),R;)]3,
+ [Be(c, RT + icy R3)+o(cy Rf + icy R2)] 8} brqe, v
—A{lvs(icy Ry + ¢y R)) —Bys(ic, Ry + ¢ R 8no
+ [ (ic, Ry + ¢, RyY)
—Bo(ic,Ry +c RT)] 8} Or e, N—1 (26)

Here ju, and Pjguy are the nuclear wave
functions before and after capture. The entire de-
pendence of theright-hand side of (26) on the mag-
netic quantum numbers g, gy and A is cox{camed
in the Clebsch-Gordan coefficient while Ble is
independent of them.

RE = D) [Bus, 3, FS2. (1)
X

= 4hovdar, By GI3, ()] Nixsos (27
RE = DV [2h B, 3x—n G, (r)
X
+ 2v3 w—2Aq axv FJ,,)\. (f)] N:xJ‘,cm (28)
Nigreo = [(gn"/(2h + 1) 1]
X V2@h+1)CL+1)©2f +1) 2L+ 1)
X V2lo+ 1 Cipo X (LIf, iJoL, -1 h),  (29)

l=Jo+o, h=i+y, f[=L+r,

—h\<T\<h, 0)=+—1§ ’

where x =+ 1,2; the parity of (L + 7) is equal
to the parity of (Jy,+i +w+Yx); q is the energy
of the neutrino.

The angular distribution and polarizatlon of
xX-rays are given in (25) by the tensor PJ0. Since
in this case it is sufficient to consider or%ly electric
dipole radiation, following Ref. 1 Pg(h in (24) be-

comes

Piy = (©2g + D) (— eV BRI+ 1) W (Jlgl; 1)

Cigge D2y (9, 6, 0).

1o'ge

x Dyis=oexp [i (s —o)a] (30)

oo’
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The angles 6 and ¢ give the direction of the x-ray
momentum k(k, 6, ¢). Its linear polarization is
given by the vector €, whose components in a
right-handed coordinate system with k along the

z axis are

go=1¢,=0, E=— :l:(Ex—!—lEy)/VZ = eiid/]/_z—_

(31)

The angle « is computed from the x axis in the
plane perpendicular to k. D,g7 (¢, 6, 0) is the
familiar matrix of the irreducible representation
of the rotation group.!? It is defined here so that
bjn (99) = ZDW (¢, 9, 0) $;u(0,0)
and, in particular, Yy (6, ¢) = v(2l+1)/4rDL,
(¢, 6, 0). The spherical harmonic Y}, agrees
with Ref. 13 and differs by the factor (—1)™ from
Ref. 11. The possible values of g in (30) are 0,
1, and 2.
According to (30), P'&,o =1 and

(32)

_VErl (et )= 1 (I +1)+2
2 Vi(o+1)

Ply=— ox¥i (6, ¢),

(33)
where oy =1 or -1 for right or left circularly
polarized light quanta, respectively. If the detector
does not distin,; §msh quanta of different circular po-
larizations, P 0 is equal to the sum of the right-

hand side of (33) for oy =1 and -1, so that Pyy

=0. PJ,g gives the linear polarization of the x-rays:

Py =2V 6r 2o+ D)W (JoJ 215 1J0) {Y 2 (0, ¢)

— Y/ 15/8x (—1)[e¥D%5 (9, 6, 0)

+e=2xD%, (4,6, 0)]}. (34)

If triple correlation is not observed between the
x-rays, gamma rays and nuclear spin orientation,
and if the Z axis is a physically distinguished di-
rection, then (25) contains no terms for which 7,
My, and 7y are not zero:

Py =2V6r 2]+ 1) W (Jol 21; 1Jo) {Ys (5, ¢)
— V6 cos2aY,, (8, 0)}. (35)

PJg‘ln1 , which characterizes the radiative transi-
tion of the nucleus, can be represented in a form
similar to (30). For a 2™ -multipole transition

Pi’lm. =(2¢:+1)

X VE@ih+1)CL+1) 'Z,’“’*"“) exp Li (oy — o) %y}

Sy %y

C‘Y ‘;7 W (Lyjagai1s jalv) Dn.q: (¢v, 6+,0) . (36)
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by and qby are the directional angles of the gamma
ray. The angle @y for gamma rays is analogous
to a for x-rays and is defined in accordance with
(31). The term with o), = o}, = 1 gives Pngm1 for
light quanta with right circular polarization; the
term with ¢, =0, = —1 does the same for light
quanta with left circular polarization; and the sum
of the terms with oy =1, og, = -1 and oy=-1,
o =1 gives Pngm for linearly polarized light
quanta. £ =1 or -1, respectively, for magnetic
or electric transitions.

If only the gamma-ray angular distribution is
observed, by summing (36) with respect to the po-
larizations we obtain

gl"h _V(2g1+ ])(2]1+ l)(2LY+ 1)

1
X [1 - ’gi%%l))] W (j2Lvj1815 j1Llv)

X Cy g0 Ve (O $)- 37
The above formulas can be used to study elec-
tron capture of any order of forbiddenness. How-
ever, an unambiguous interpretation of experimen-
tal findings is obtained most simply and conveni-
ently for allowed transitions, which we shall now
consider in detail. For allowed transitions N =0
and the second curly bracket in gives no con-
tribution since L+ 7 = 0. In K capture we have
Jo=Y, A=-Y andthus g=0 or 1. For an
allowed transition i=Y%, x = —Y%; therefore L
and L’ =0 or 1, and, correspondingly, 7=0
or —1. In B‘iIl(fI‘JO we may leave only two indices
and write simply Byp,. For By, we obtain

Bov = (Csav — -+ iCSav‘l,) KS

— (ovBy vy, —icyduy) Kv; (38)
Blv = V? [(CT&V — 1, + ic,TaV”z) KT
—— (CA&, —1, iC:{avllg) KA] ) (39)
S = S q"hl‘-: G"x — 1 (r) Ll"jol‘odr ’
(40)

iwm Kr = ( “1)1+ A ‘ q’hu, G‘/g 1, (r) B3— 5 P, dr .

Ky and Kp differ from Kg and Kp, respectively,
by the absence of the matrix B. In nonrelativistic ap-
proximation for nucleons Kg= —Ky, K7 = —Kj.

In (40) 0g =0y, 0+ = (0x = wy)/\/- The ex-
pression for correlation does not depend directly

on Kg and Kr but only on their ratio Kg/Kr.
Since the electronic wavelength is larger than nu-
clear dimensions, the function G‘i%—t/z (r) can be
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taken outside of the integral sign and combined in
the expression for Kg/Kt. This corresponds to
neglecting quantities smaller than (aZ)* com-
pared with unity. For L capture or forbidden

K capture, the correlation expression contains
integrals such as (40) with G :30 (r) and F }?{0( r).
These quantities can be taken outside of the inte-
gral sign at a point r on the nuclear boundary. As
previously, the error is S (aZ )%. Since for an al-
lowed K capture g =0 or 1, then, according to
(30), the x-rays are not linearly polarized and the
angular distribution is isotropic, but circular po-
larization exists. When the initial nucleus is ori-
ented in an external field and the direction and
polarization of gamma rays is not being considered,
then we must set in (25) gy =0 and thus gy,=g=
0.1. In this case correlation between the circular
polarization of the x-rays and the nuclear spin ori-
entations can be expected only when the nucleus
possesses dipolar polarization (by the Gorter-Rose
method, ! for example). When the nuclei are aligned
(as by the method of Bleaney!® or Pound!®), there
is no correlation. When triple correlation is ob-
served gy # 0, g, =g and aligned nuclei can be
used.

APPENDIX II

We shall give a general formula for the conver-
sion-transition probability of an oriented nucleus
with subsequent emission of x-rays and gamma
rays of definite polarization. The only difference
from the problem in Appendix I is the fact that an
electron jumps from a discrete level to the con-
tinuous spectrum and is not captured by the nu-
cleus. As in Appendix I, we are not interested in
the direction of emission of the particle (in this’
case the electron, previously the neutrino). The
correlation formula is (25) with the following
changes: (1) The neutrino total and orbital angular
momenta i and Ilv =i+ v are replaced by the
total and orbital angular momenta J and I=J + A
of the ejected electron; (2) L and L' are under-
stood to mean the multipole order of the conver-
sion transition; (3) Eq. (41) or Eq. (42) is used
for Bg&)‘ﬁ. The remaining notation is the same,
with the same meaning, as in Eq. (25). For elec-
tric conversion transitions we have

Biy =1 (2Jo+ DRL+1)/LIL+1) {V 2J— 28+ 1
X W(Ldo—lo s Jof — 1)
X C 200t [LRs + (L + (2o + 1) ko — (2J + 1) 1) Ryl

V2 & 2hg F IW (Lo boy 5 dod + 1)
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X ClfBoro [LRs —(L—(2Jo+ 1) ko
+(2J +1) 1) Rsl} M. (41)
For magnetic conversion transitions we have
Byt =—V @+ D)L+ )/L{L+1)
X (2T A1) 4 ko (200 + 1)
<V 2o F Dot TW (Lilg+ 1o 5 ol —1)
X Cimoro Ri+V 200 — 2k +1
X W (Lo — hogs Jod + 1) CH000R, Y MEE.  (42)

The radial integrals Ry, Ry, ..., Rg, used in
Rose’s book,? are taken over all space. A consid-
erable correction is required if it is taken into
account that the electronic wave function differs
from a Coulomb function inside the nucleus. For
K conversion, Sliv and Band!? calculated the inte-
grals subject to this correction and used them to
obtain internal conversion coefficients.

For a conversion transition of a single definite
multipole order, say L;,, wemust put L=L"' =1L,
in (25). For a mixture of ML, and E(Lj + 1), in
addition to the terms for which L =L’= Ly and
L=L'=1Ly+1 Eq.(25) contains terms with L =
Ly, L' =Lg+1 and L=Ly+1, L' =Ly

Mil and M€ in (41) and (42), which are the
matrix elements of the nuclear transition, depend
on the structure of the nucleus. The correlation
formulas do not contain the My, but only their
ratio Mp,/Mp,. When only one value L =L’
plays a part the My, drop out of the formulas.
The corrections!’*1® associated with the interior
of the nucleus must depend on its structure, but
with the exception of EQ transitions and, in part,
M1 transitions this dependence has very little
effect on the results.!?

1A, Z. Dolginov, Nucl. Phys. 2, 723 (1956/1957).

2Wu, Ambler, Hayward, Hoppes and Hudson,
Phys. Rev. 105, 1413 (1957); 106, 1361 (1957).

3T. D. Lee and C. N. Yang, Phys. Rev. 104, 254
(1956).

4A. Z. Dolginov, J. Exptl. Theoret. Phys.
(U.S.S.R.) 23, 493 (1952).

5A. Z. Dolginov, Nucl. Phys. 5, 512 (1958).

8 M. E. Rose, Multipole Fields, Wiley, New York,
1955.

"Berestetskii, Dolginov, and Ter-Martirosian,
J. Exptl. Theoret. Phys. (U.S.S.R.) 20, 527 (1950).




652

8 Biedenharn, Blatt and Rose, Revs. Modern
Phys. 24, 249 (1952).

9 H. Matsunobu and H. Takebe, Progr. Theoret.
Phys. (Japan) 14, 589 (1955).

05 w. Stephenson and K. Smith, Proc. Phys.
Soc. (London) A70, 571 (1957).

1 E. U. Condon and G. H. Shortley, Theory of
Atomic Spectra, Cambridge Univ. Press, 1935.

2E, Wigner, Gruppentheorie und ihre Anwendung
auf die Quantenmechanik der Atomspektren, Braun-
schweig, 1931.

3H. A. Bethe, Quantenmechanik der Ein- und
Zwei-Elektronenprobleme (Russ. Transl), ONTI, 1935.

14 Simon, Rose, and Jauch, Phys. Rev. 84, 1155
(1951).

SOVIET PHYSICS JETP

VOLUME 34 (7), NUMBER 4

A. Z. DOLGINOV

15 B. Bleaney, Proc. Phys. Soc. (London) A64,
315 (1951).

6 R. V. Pound, Phys. Rev. 76, 1410 (1949).

177,. A. Sliv and I. M. Band, Ta6xums:
K03¢h¢hunMeHTOB BHYTpeHHeH kouBepcuu, (Tables
of Internal Conversion Coefficients), Acad. Sci.
Press, 1956, part I.

BE. L. Church and T. Weneser, Phys. Rev. 104,
1382 (1956).

Translated by I. Emin
185

OCTOBER, 1958

THE ANOMALOUS SKIN EFFECT IN THE INFRA-RED REGION

L. P. PITAEVSKII

Institute for Physical Problems, Academy of Sciences of the U.S.S.R.

Submitted to JETP editor November 1, 1957

J. Exptl. Theoret. Phys. (U.S.S.R.) 34, 942-946 (April, 1958)

The surface impedance of metals in the infra-red region at low temperatures has been calcu-
lated, taking into account the effect of interelectron collisions. The electrons are considered
as a Fermi liquid with an arbitrary dispersion law for the quasi-particles.

l:[‘HE purpose of this paper is to calculate the ef-
fect of interelectron collisions on the optical prop-
erties of metals in the infra-red region of the spec-

calculations will be carried out for the case of very
low temperatures, where kT < hw.
We have made no assumptions at all about the

trum. To this end we shall assume that the fre-
quency of the incident light satisfies the conditions

(1)

(v is the speed of the electrons and [/ is the free
path length) and

law of dispersion for the electrons, the type of
scattering probability which enters into the theory,
nor the magnitude of the interactions between elec-
trons. In particular it must be emphasized that we
are not assuming either that the electron dispersion
is approximately quadratic, or that the electron in-
teraction is weak.

First of all we must consider the current due
to a single moving electron (or, strictly speaking,
a single Fermi particle) assuming that the elec-
trons form a Fermi liquid. In the same way that
the energy e (p) of each individual particle is
given by the formula

Ct)l/U>1

wd /o>,

(2)

where 0 is the depth to which the field penetrates
in the metal. The physical significance of the first
condition is obvious, and the second implies that
the field in which the electrons are moving may be
considered to be uniform. It is also assumed that
the metal has a large negative dielectric constant
and a small absorption, which can be treated as a
perturbation. This condition limits the validity of
the formulas to the high-frequency region. The

BE:Se(p)an(p)dr

[E is the total energy, n the distribution function
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