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Results obtaineli previously1 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 concerning [3 
interactions. The angular distribution of x-rays is anisotropic when capture occurs from the 
Lm 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 paper1 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 [3 -interac
tion constants. A number of recent experiments2 

have confirmed Lee and Yang's3 hypothesis of par-
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ity nonconservation in f3 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 = 'l'2 ( such as Lu) 
the correlation between the circular polarization of 
this x-ray and the nuclear spin orientation is given 
by 

W iX (B) = a+b+ax p Pl2 [jo Uo+ 1) 

-JlU1+1)+2]b+xVjoUo + 1)}cos6; (1) 

(2) 

P =~!LoW (!Lo) I jo Uo + 1). (3) 
1'-o 

() denotes the angle between the direction of the 
x-ray and the principal nuclear spin orientation; 
j0 is the nuclear spin in the initial state, JJ.o is its 
projection on the z axis, and w ( p,0 ) is the prob
ability of a given value of p,0; p gives the degree 
of polarization of the nuclear spins; CJ'x = 1 or -1, 
respectively, for right or left circular polarization 
of. the x-rays; cs, cy, cT and cA are the scalar, 
vector, tensor'and axial-vector (pseudovector) /3-
interaction constants; cg, cy, cT and cA. are 
analogous constants in terms which are allowed 
only when parity is not conserved (containing in 
addition y 5 = y 1y 2y 3y 4, where y 4 = - {3; 'Yi• y 5 and 
f3 are Dirac matrices). 

In calculating (1) we have used the general form 

of the f3 interaction which was proposed by Lee 
and Yang.3 Ks and KT are nuclear matrix ele
ments for the scalar and tensor f3 interactions, 
with Ky and KA for the vector and pseudovector 
f3 interactions. In the nonrelativistic approxima
tion for nucleons Ks = -Ky and KT = -KA· The 
expression for the correl:ttioxr does not depend on 
the magnitudes of Ks and KT but only on their 
ratio Ks/KT: 

Ks=\f P.•JJ. dr, J h~1r 1 JoP.o 

(4) 

l/ljoJJ.o and lfihJJ.t are the nuclear wave functions be
fore and after electron capture; u0 = uz, U±t = 
±...fih(ux ± iuy); CJ'x, uy, Uz are Pauli matrices; 

c{~otllt is a Clebsch-Gordan coefficient; h and 

p,1 are the nuclear spin and its projection after K 
capture. The matrix elements Ks and KT are 
independent of the magnetic quantum numbers p,0, 

p, 1 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 I = 1;2 

and the gamma ray is of multipole order 2L the 
correlation is given by 

W yX (fl) =a+ b- OxOy [h (j1 + 1)- j2 (j2 + 1) + L (L + I)] 

x [4jdh + 1) L (L + 1)P {[ji(jl +I)- j0 (jo +I)+ 2] b 

+ 2x v h (h + 1)} cos a. (5) 

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

For mixed 2L magnetic and 2L+t electric 
multipole transitions [ h ( h + 1 ) - h ( h + 1 ) + 
L ( L + 1 ) ] must be replaced by 

:{jl (h + 1)- j2 U2 + 1) + L (L + 1) 

+ f2 (2L + 3)-'1• L [j1 (j1 + 1 )-j2 U2 + I) 

+(L+1)(L+2)] 

- 2fL (L + 2) [L U2 + h + L + 2) (j 2 + j 1 - L) 

X(h-j2+L+1) 

X (j.2- h + L + 1) I (2L + 1)(1' (2L + 3)-1}; 
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f2 is the ratio of the electric and magnetic radia
tion intensities, with f = ± lfl. 

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 factor4 

~fll { jk (jk + 1) + jkHUk+l + 1) -Lk (Lh + 1)} (6) 
1<.~1 2 [jk(jk+ 1)jk+I (jkH+1))'1' ' 

where Lk is the multipole order of the intermedi
ate photons: 

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 I = % ( such as 
Lm ), then in (1) and (5) ax must be preceded 
by the factor -%. Since the transition probability 
from an I = % level is almost twice as large as 
from I= % the total correlation is very small. 
It is therefore necessary to determine the polari
zation of x-rays coming from I = % and I = Y2, 

separating them according to their energies. It 
is most convenient to study the Ka 1 and Ka 2 
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 P 3/l shell 
has not been completely built up the polarization 
of photons coming from the P 1; 2 level is not en
tirely compensated by the opposite polarization 
of photons coming from the P 3; 2 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

)ation of x-rays and gamma rays. 
For allowed LI or Ln 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 L13, Ly. etc. radiation. A theo-

retical calculation of the remaining degree of po
larization is difficult and would require good know
ledge of the electronic wave functions. 

For K, LI, and Ln 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 
Lni 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 Lm 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 
Lni capture. The x-ray angular distribution is 
given by 

The quantities A I depend only on the total angular 
momentum I of the electron which fills the vacancy 
in the Lm subshell. W (abed; ef) is the Racah 
function. For aligned nuclei without investigation 
of the possible gamma rays we have 

Pfo = 5 ~ [3!1-~- jo Uo + I)] 
1'-t 

X W (!Lo) [(2jo- I) jo Uo +I) (2jo + 3)]-'1'. (8) 

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

(9) 

Equation (7) does not contain nuclear matrix 
elements of L capture nor the constants c 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 {3 interactions, 
but it can serve for determination of the angular 
momenta of nuclear levels. 

The existing experimental information concern
ing the constants c and c' is incomplete and con
tradictory according to the present theory. There 
is therefore considerable interest in the determina
tion of combinations of c and c' which have not 
yet been investigated. a, b, and K in (1) and (5) 
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are among such combinations, and a study of these 
equations may throw light on the nature of {3 inter
actions. We note that the expression for the polari
zation of {3 particles emitted by polarized nuclei5 

also contains c and c' in combinations similar 
to a, b and K; but the same expression contains 
c and c' 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; 
L and L' = 0, 1, 2; i = % and %. For h = j0 ± 2 
in capture from the Lni subshell the correlation 
formula agrees with (7) if ..f3 W ( h1j 02: j01) is re
placed by ffW(j 12h2;j02). For forbidden K, LI 
and Ln 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= 'lz (let us say P1j2 ), the circu
lar polarization of the x-rays, according to (25), 
(41) and (42) is given by 

W /,X (6) = I + cr xP Uo Uo + I) 

(10) 

1 (L + 1) r B.[ 12 - L 1 Bt 1· 
QL = 2L (L + 1) (L + 1) I Bt 12 + L I BL" \2 • 

(11) 

For an EL electric transition 

B.L =VI/ L(L+I) [L (Ra + R4) 

- el 
- (2L + I) Ro - R6 ]J-L- 1 /, ML · (13) 

For an ML magnetic transition 

The quantities Rto R2, ... R6 .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 0 

and l 0 = J 0 + :\0; :\0 = ± %. and on the correspond
ing angular momenta of the electron after conver
sion J and l = J + :\. The explicit form of Ri is 
given in the book by M. E. Rose.6 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 ( h = h), comparable contributions 
can come from EO, M1, and E2 transitions. For
mulas (10) and (16) cannot be applied to these cases. 

The quantities Mi1 and MLg 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 Ka 2 quantum (electron transi
tion from I = 1;'2 ) and a gamma ray after K con
version of an unoriented nucleus is given by 

W IX (6) = I - Udh + I) - i2 U2 + I) 

+ Ly (Ly + I)l Udh +I)- io Uo +I) 

+ L (L + 1)][2Ly (Ly + I) ii (ii + l)P QLcrxcry cos 6; (16) 

(J is the angle between the photon directions 
ax = 1 or - 1 and a-y = 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 1 = %, 
in (10) and (16) ax must be preceded by the fac
tor - '/2• Therefore all statements made in section 
1 concerning the need for distinguishing the ener
gies of the Ka 1 and Ka 2 lines remain valid. 
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When the nuclear spin is not changed through 
conversion a study of Wj()X( 8) and Wyx ( 8) en
ables us to determine the contribution and relative 
phase of the matrix elements of EO and M1 tran
sitions. According to (25), (41) and (42) the polari
zation of Ka 2 photons emitted in the K -conver
sion transition of a polarized nucleus ( j 1 = j0 ) is 
given by 

B;t B"[• + Bf B-; 

QlO = y3 ~ (2L + 1) 1 [ L I BL \2 + (L + 1) I Bt 12] (1 8) 
L 

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

The Ka 2 - y polarization correlation is given 
by 

The determination of M~1/Mfg, 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 0 > %. 
such as Lm, the x-ray angular distribution is 
anisotropic with respect to the nuclear spin orien
tation or direction of subsequent gamma rays. For 
Lm -conversion the angular distribution is given by 

Riti.=[~ (2J+I)V(2jo+I)f5 w(~J2L',L~) 
LL'J 

(20) 

J Jo:.\o 
Here BL means BJA.L (see Appendix II) for Lm-
conversion (J0 = %. :.\0 = -Y2 ). The sum Rjdo is 
taken over the possible values: J = L ± %. L ±%. 
When for the conversion transition it is sufficient 
to consider only a single multipole order L0, so 
that L = L' = L0, the summation over L and L' 
in Rj 1j0 vanishes and ML drops out of the for
mula. 

When an EO transition is possible, the angular 
distribution is determined by the interference of 

EO and Ml. Rjdo contains terms for L = L' = 0, 
1, 2; L = 0 and L' = 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 distribut:lon 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, j0· and j 1 will de
note the spin of the initial and final nucleus, re
spectively; J 0 and l = J 0 + :.\0 are the moments 
of the orbital electron that is absorbed by the 
nucleus and I and ZI = I+ :\I are the moments of 
the electron which jumps into the vacancy. The 
wave function of the captured electron is 

{
- i p<n> (r) Y-1-, (&,-:o)} 

(n) r _ J,)., J,M, • 

ljl J,M,)., ( ) - 2 /,o Q(n) (r) y~., (&,-:o) 
loAo J,M0 I ' 

(21) 

where F~~to ( r) is the small and G~~to ( r) is 

the large radial component, and Y.}M ( J-, cp) is a 

spherical s~inor 7 with components equal to the 

components of the ( h - J) -vector Y~~ for h = 
Y2, as follows: 

The orientation of the initial nucleus is given by the 
polarization tensor 

(23) 

where p ( J.Lol-'-o) 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 

where w ( J.Lo) is the probability of finding the nu
cleus in a state with the projection J.Lo on the z 

axis, and 6 w ( J.Lo) = 1. After electron capture 

the nucleusJ.L:ihay 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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(24) 

where Hj lfJ.l is the matrix element of the nuclear 
gamma transition. 

The spin state of the atomic shell after capture 
is given by the tensor P~~· 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 P~~ with replace
ment of h, fJ-1> g1, 171 by J 0, M0, g, 11 and re
placement of HhfJ.l by the x-ray transition matrix 
element HJ oJ.Lo. 

Thus the state of the atom before the conversion 
transition is determined by the character of the po
larization of the nucleus (the tensor p~o0170 ) and of 
the atomic shell. The polarization of tlie atomic 
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 p~1 17 
and the orientation of the shell by p~~- 1 1 

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: 

X (2i + 1) V(2j0 +I) (2j1 +I) (2/0 + 1)/(2g + 1) 

(25) 

Here W (abed; 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 ci_h,bj3 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 lv = i + v, v = ± Y2 denotes its orbital angular 
momentum. The summation in (25) is taken over 
the permissible values of all indices. The values 
of j0, h. J 0, Ao 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. 

quantities in (25) differ from zero only for definite 
values of the indices: 

Here 1/JjoJ.Lo and 1/JjoJ.Lt are the nuclear wave 
functions before and after capture. The entire de
pendence of the right-hand side of (26) on the mag
netic quantum numbers J.Lo, J.Lt and A is contained 
in the Clebsch-Gordan coefficient while BfSto is 
independent of them. 

Rf = ~ [o"'_A, ox_vf)~l, (r) 
"'X 

(27) 

Rt- =~[no 0"'~' Ox-A o<,:t (r) 
O>X 

(28) 

X V2(2h+ 1)(2L+ 1)(2f + 1)(211+ I) 

X Y2Jo +I. cWoX (lllf, iJoL. ++h), (29) 

where x = ± 1, 2; the parity of ( L + T) is equal 
to the parity of ( J 0 + i + w + x ); q is the energy 
of the neutrino. 

The angular distribution and polarization of 
x-rays are given in (25) by the tensor pJ~. Since 
in this case it is sufficient to consider o8J.y electric 
dipole radiation, following Ref. 1 P~~ in (24) be
comes 

P~~ =(2g+l)(-l)g+~y3(2Jo+l) W(Jolg1; IJo) 

x~i"-"'exp [i (cr-cr')cx.] CJ~'g"'D~~"' (¢, fl, 0). (30) 
a a' 
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The angles (} and ¢ give the direction of the x-ray 
momentum k ( k, (}, ¢). Its linear polarization is 
given by the vector E", whose components in a 
right-handed coordinate system with k along the 
z axis are 

Eo=Ez=O, E±!=±(cx+icy)jV2=+e±iocjV2. (31) 

The angle a is computed from the x axis in the 
plane perpendicular to k. D~'P. ( ¢, (}, 0 ) is the 
familiar matrix of the irreducible representation 
of the rotation group. 12 It is defined here so that 

p.' 

and, in particular, Yzm(B, ¢) = v'(2l+1)/4rrDfn0 

( ¢, (}, 0 ). The spherical harmonic Yzm agrees 
with Ref. 13 and differs by the factor ( - 1 )m from 
Ref. 11. The possible values of g in (30) are 0, 
1, and 2. 

Jo According to (30), P 00 = 1 and 

pJ, __ V31tJ0 (J0 +1)-I(l+1)+2a y• (& "') (33) 
1~- 2 YJo(Jo+i) Xl~ •'I'• 

where ax= 1 or -1 for right or left circularly 
polarized light quanta, respectively. If the detector 
does not distinfish quanta of different circular po
larizations, P 1~ is equal to the sum of the right
hand side of (33) for ax= 1 and -1, so that Pi~ 
= 0. Pi~ gives the linear polarization of the x-rays: 

P;~= 2V6r.(2J0+ I)W(J0J21; IJ0){Y;~(O, ¢) 

- V15j8r. (-1)~ [e2iocD:_~2 (¢, 0, 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 TJ, 
T/t, and TJo are not zero: 

- V6 cos 2ocY22 (&, 0)}. (35) 

P/ltTJt, which characterizes the radiative transi
tion of the nucleus, can be represented in a form 
similar to (30). For a 2L -multipole transition 

P~'~' = (2g 1 +I) 

X V (2j1 + I) (2L + 1) .2] , ~ ("Y- "~)i2exp {i (cry - cr~) ocy} 
oyoy 

By and ¢y are the directional angles of the gamma 
ray. The angle ay for gamma rays is analogous 
to a for x-rays and is defined in accordapce with 
(31). The term with ay = a'y = 1 gives P~1 TJ for 
light quanta with right circular polarization1; !he 
term with ay = a'y = -1 does the same for light 
quanta with left circular polarization; and the sum 
of the terms witP, ay = 1, a'y = -1 and ay = -1, 
a'y = 1 gives p~ttT/t 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 

(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 s[:T gives no con
tribution since L + T ::::: 0. In K capture we have 
Jo = Y2, ;\0 = - Y2 and thus g = 0 or 1. For an 
allowed transition i = %, X = - %; therefore L 
and L' = 0 or 1, and, correspondingly, T = 0 
or - 1. In Bf~1,o we may leave only two indices 
and write simply BLv· For BLv we obtain 

(38) 

(39) 

(40) 

Ky and KA differ from Ks and KT, respectively, 
by the absence of the matrix {3. In nonrelativistic ap
proximation for nucleons Ks =- Ky, KT = - KA. 
In (40) ao = az, a±1 = (ax ± iay )/ -12 . The ex
pression for correlation does not depend directly 
on Ks and KT but only on their ratio Ks /KT. 
Since the electronic wavelength is larger than nu
clear dimensions, the function d~-t/2 (r) can be 
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taken outside of the integral sign and combined in 
the expression for Ks/KT. This corresponds to 
neglecting quantities smaller than ( aZ )2 com
pared with unity. For L capture or forbidden 
K capture, the correlation exv.ression contains 
integrals such as (40) with GJ~io ( r) and F j~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 ~ ( aZ )2• 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) g1 = 0 and thus g0 = 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, 14 for example). When the nuclei are aligned 
(as by the method of Bleaney15 or Pound16 ), there 
is no correlation. When triple correlation is ob
served g1 ~ 0, g0 ~ 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 lv = i + v are replaced by the 
total and orbital angular momenta J and l = 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 B;k~. The remaining notation is the same, 
with the same meaning, as in Eq. (25). For elec
tric conversion transitions we have 

1 
X W(LJ1 0 -J-o2;; lol -I,) 

X cJ;-::!'1,oLo [LR3 + (L + (2lo + I) 1-o - (21 + I) f-) R6 ] 

+ V 21 o -l- 2"-o + I W ( LJ l o + f,o + ; l ol + A) 

+ (21 +I) 1.) Rsl} Mr. 

For magnetic conversiop. transitions we have 

Bffl =- V(2lo +I) (2L +I) JL (L + 1) 

X [). (21 +I)+ l.o (2lo + 1)] 

x{V2lo+2"-o+l W(LJlo+l,o{; lol-l-) 

(41) 

The radial integrals R1, R2, ••• , R6 , used in 
Rose's book,6 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 Band17 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 L0, we must put L = L' = L0 

in (25). For a mixture of ML0 and E ( L0 + 1), in 
addition to the terms for which L = L' = L0 and 
L = L' = L0 + 1 Eq. (25) contains terms with L = 
L0, L' = L0 + 1 and L = L0 + 1, L' = L0• · 

Mt1 and M~g 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 M L but only their 
ratio M L /M L'. When only one value L = L' 
plays a part the M L drop out of the formulas. 
The corrections17 •18 associated with the interior 
of the nucleus must depend on its structure, but 
with the exception of EO transitions and, in part, 
M1 transitions this dependence has very little 
effect on the results. 17 
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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. 

THE purpose of this paper is to calculate the ef- calculations will be carried out for the case of very 
feet of interelectron collisions on the optical prop- low temperatures, where kT « 1i w. 
erties of metals in the infra-red region of the spec- We have made no assumptions at all about the 
trum. To this end we shall assume that the fre- law of dispersion for the electrons, the type of 
quency of the incident light satisfies the conditions scattering probability which enters into the theory, 

wl / v ?> 1 (1) 

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

wi',jv I , (2) 

where o 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 

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 

oE = ~ s (P) an (p) d-e 

[ E is the total energy, n the distribution function 
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