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where the coefficients A depend on the initial conditions.

Equations (10) and (11) can be applied to the description of all relaxation phenomena connected with
the corresponding dynamic derivatives. The thermodynamical theory leaves open the question of the tem-
perature dependence of the relaxation times.

The author expresses his appreciation to S. V. Vonsovskii and to G. V. Skrotskii for discussion of the
work.
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It is suggested that the invariance of the B-interaction under time reversal can be examined
by observing B —v angular correlations in allowed transitions with aligned nuclei. Formulas
are obtained for the B —+vy correlation in nuclei oriented by various methods. The general
form of the B-interaction is considered with parity nonconservation taken into account. An
expression is given for the g —v angular and polarization correlations in oriented nuclei for
B-transitions of any order of forbiddenness.

EXPERIMENT has at present verified that parity is not conserved in weak interactions, as had been hy-
pothesized in different forms by Lee and Yang!’? and by Landau.®* It remains for experiment to test the
specific versions of the hypothesis. We shall speak here primarily of a test of the conservation law for
“combined parity,” which according to Pauli’s theorem® is equivalent to the invariance under time re-
versal.

Another important question is whether or not is is possible to describe the neutrino by a two-compo-
nent equation.?

In the present work we shall give our main consideration to the first of these problems. We shall do
this by investigating the B —+y angular correlation of oriented nuclei. We shall show that if the nuclei are
oriented by the method of Bleaney® or Pound’ (aligned nuclei), then a measurement of the 8 —vy correla-
tion for allowed transitions can give important information on the nature of the B-interaction:

(1) If there is no B —+ angular correlation, then (a) the B-interaction is invariant with respect to
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time reversal, and (b) the vector and pseudovector interactions contribute weakly.

(2) If there is a B—y angular correlation, but it decreases with an increase in the g energy, then
(a) the B-interaction is invariant with respect to time reversal, but (b) either the vector or pseudovec-
tor interactions contribute strongly.

(3) An increase in the correlation with an increase in the B8 energy leads uniquely to the conclusion
that the B-interaction is not invariant under time reversal, and “combined parity” is not conserved.

These results are easily understood if one bears in mind the following facts. The expression for the
probability of the B-transition must contain the electron momentum p(p, 3, ¢), the photon momentum
k (k, 6, ¢), and the tensor Tjy which determines the orientation of the aligned nucleus. Since the tran-
sition is allowed, p must enter linearly. Parity is conserved in the y-transition, so that k must enter
quadratically. With these conditions, it is impossible to construct a scalar quantity of p, k, and Tips

the only pseudoscalar that can be constructed of these quantities is [p Xk ]T, where Ty = Z Tigki. This
i

pseudoscalar changes sign under time reversal, and therefore cannot enter a theory which is invariant

with respect to the transformation t — —t. The Coulomb interaction of the electron and the nucleus leads

to additional terms in the expression for the g —+y angular correlation. In allowed transitions these terms

enter only into the vector and axial vector interactions, and they decrease as the electron energy increases.
Let us choose the most general form of the B-interaction, taking parity nonconservation into account by

the method of Lee and Yang.! The initial state of the nucleus shall be given by the tensor PJ0, which is

related to the density matrix p (u,, uf,) by &n

Jo 2g+ 1 jol ’ ’
Pér =351 2 Clutn o (o 1)y (1)
Pos b
where p, is the projection of the nuclear spin j, on the axis of quantization. If this axis is chosen as the
physically defined axis of the most probable nuclear spin orientation (for instance directed along the ex-
ternal orienting field ), then the density matrix is diagonal, and the nuclear orientation is given by

o 2 +1 folo
Pgy = 0 ) Clittuo @ (), (2)
Bo

where w(py) is the probability of finding a nucleus in a state with the z component of the spin equal to
io. We choose the initial wave function of the system as

p 13 ’ *
\Pi = 2 al‘-uq)/'w}lo’ p (P’O’ P'O) = <aioai; >ZV
o

where < >. denotes averaging over the elements of the statistical ensemble, and

¢
w (1) = <[ a5, [Bp 2w (o) = L.
Po

If after p-decay the nucleus undergoes a radiative transition, the polarization tensor of the intermedi-
ate state can be expressed in terms of observed quantities which characterize this latter transition. Let
H; By be the matrix element for the y-transition from state j;pu,; to state jyu,. Then the polarization
tensor for state j;u; can be written

,‘ Sonnl‘-xH. (3)

iy 28 +1 i\
P =_"T_ 2‘ (){ L
Jity Ly,

2j1 +1
By B
We shall choose the form used previously by the author and others®® for the wave function of the elec-
tron outside the nucleus, a function which describes a particle with momentum p at infinity. We shall de-
fine the wave function of the electron within the nucleus as the solution of the Dirac equation for a surface
or volume charge distribution. The amplitude of the internal function will be determined from the condi-
tion that the internal and external functions join smoothly. The parameters Ajrs which are adjusted to
make these functions joint smoothly, and the wave function phases 5].;\ have been previously determined
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by the author? ~ ! and have been tabulated by Sliv and Volchok.!?* We shall denote the total angular mo-
mentum of the electron by j, and its orbital angular momentum by £ =j + A, where A =% 3. The total
angular momentum of the neutrino will be denoted by i, and its orbital angular momentum by & =i+ v,
where v =% 3. The matrix elements of the 8 —vy transition are calculated in the same way as in the au-
thor’s previous works.?’1® As a result we obtain an expression for the angular and polarization correla-
tions of the B particle and the y ray emitted by the oriented nuclei. This expression is

W (p, k) = it (— Dyi=i+e Y@+ 1) @0+ 1)/ @F + (2 + 1))’ +1) Cloro W (L'} i'L)W(-%« irr; li’)
X exp [i (3, — 37a)] Cliasa X (1sSs Jologs L'L ) PE PE (0) Yo (99) BEs BET™- (4)

Here C ozb are Clebsch-Gordan coefficients, W (abcd; ef) are Racah functions, and X (abc, def, ghi)
=X (adg, beh, cfi) are Fano functions. These functions are tabulated.’® " Further

1 2
B = (Cl%, )™ D) § Gin, She YIRrL+¢,, dr,
J=0
(5)
She = {[B(gsRy -+ iGsRT) + (gvRT -+ iGyRy) 450 -+ B (grRy + iGrRy) 4+ o (gaRi + iGaRY)1 s} Brgeny

—{[15 (i8aRy + GaR;") —Pys (igpRT + GoRT) 350 + [@ (igyR5 + GvRy) — Pa (igrRT + GrR)1 8,1} 3rqx, N1

The symbols gg, gr, gps gy, and gp denote the coupling constants of the scalar, tensor, pseudoscalar,
vector, and pseudovector B-interactions, and Gg, GT, etc., are analogous coupling constants for terms
which can be allowed only in the case of parity nonconservation (that is, those containing an extra +y; =

Y1Y2Y3Ys). Further, B, vs, v4 = —B, @, and 0 are the well-known Dirac matrices which act on the nu-

clear wave functions zpjo#o and 'piim’ and Y‘E\ is a (J —L)-vector (with J =1 this is a spherical

spinor). The components of this vector are given by
[Yialy = (— 1)~ C-N—*ryfcpv [=L+r —I<i<I (6)

The spherical function Yf(p are given here in Bethe’s definition,!? which differs by a factor of ( —1)%

from the definition of Landau and Lifshitz.!® The quantities R:f and R:zE arise from the wave functions
of the light particles, and are

R = 2} [Bo, —aBe —v o= 40930,2 3,,u] Quys RE = ) [280, a3y, v = 208, 235, ] Qusy »

©,x ©,x
_ 7)
L VW +hon xH“"( q (
Qox = Allpgm GiF 20 + DU+ 27 + 1)n Oadjtitexs Lt

w=%1% x=2%3 q isthe neutrino momentum, W =E + V, k?=W? -1, E is the total energy of the
electron including its rest mass,t V = aZ/R for a surface charge distribution, and V = 3aZ/2R for a
uniform volume charge distribution. The quantity ¢, is equal to unity with an accuracy of (aZ )2/ 5. In
the case of a surface distribution, for instance,

90 = 1+ 3 (xR [10 (2] + 20 4 3)]".

In the case of a volume distribution, ¢, differs from unity by even less.?»!" Finally, R is the nuclear
radius, and o = 1/137.

The BJJ;‘T are the expansion coefficients of the angular parts of the wave functions of the light

particles, i.e.,

*The quantities ajp which are tabulated by Sliv and Volchok!? differ from the Aj) defined by the au-
thor® 11 by the factor

M*VW ))\MAA/(2})"

tWe are using units throughout in which Ai=c=m =1,
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(Y3 Ap YE) = 3B Cllun (— 108 (V2]

L,

fvﬁ— V @2+ 1)2L + 1)(2[ 4 1) (2L 4 1) (20 1)/ 2= C[ofo X (o lj, Yolyi, JEL), (8)
Ap =1, Ay =0y isaPauli matrix, 0y =0z, 0Oxy == (Ox*ioy)/V2, £=j+A, 4 =i+v, and f=L+7.

The explicit form of the 3&,1;:; is easy to find from the tables of Ref. 16. The sum in (4) is taken over
all possible values of all indices. Equation (4) is applicable to B-transitions of all orders of forbidden-
ness. The index N in Eq. (5) gives the order of forbiddenness of the transition. For allowed transitions
N =0, and since L+ 7 = 0, the second curly bracket gives no contribution to S}‘T. If one treats a tran-
sition of a definite order of forbiddenness, only some of the terms remain in the sum in Eq. (4), since the
Clebsch-Gordan coefficients, the Racah functions, and the Fano functions in S}T are different from zero

only for certain values of the indices. The number of possible values of g is determined by the charac-
ter of the nuclear orientation.
For aligned nuclei, g is even. If one measures the angular distribution of the y-rays, then

S(S+1
Ph (6. &) = [1— JE LW ESHFN @+ D@L+ DW (liS: iaf) CliseVss (00), (9)
where I is the multipole order of the' quantum emitted, S is even, and j; and j, are the nuclear angu-
lar momenta before and after the radiative transition. If the nuclei are oriented by the method of Bleaney®
or Pound' then g is even. For this case (4) gives

A

Wop k)= 2 2 Zv2g+lcxs.q0wcpo> (VST 1Y) (ML —1E"Nilos,e U(Liohg: irfo) Ps (cosh)

S=0,2,000 £=0,2,. L=0

~ V3 + T1pIm Qu— aZRe Qul E™U (isagli Sio) ~g-iFsea (92p)} [1 — 5G| Chiso U el sSi iat), - (10)
= (lgsP+1GsP) IKsP + (lgviE+ |Gy P) | Ky 2, My=(grP+ Gr)| KT+ (1gal*+[Ga)|Ka,

N, = (858}, + G4G}) KK}, + complex conjugate, N, = (g, + G,G%) K,K’, -+ complex conjugate,

Qm = (05 + G185 K;Ks — (€405 + G83) KK}, Qn = (gaGs + Gags) KaKs — (grGv+ G rgv) KrKy, (11)

Fape (908) = Z Cilar Yoy (VD) Yy (39), Foo = V20 + 1 Py(cos8), Faga =4 0\ Yoy (10) Vau(90), (12)
Y .

iFyy = —3V/3,2sinlcos ¥ sin ¥ sin(d — ¢), iFun=-=(3V 5/4)(7 cos® — 3) cos b sin 6 sin 9 sin (¢ —2) (13)
U (abed; ef) = V' (2e + 1) 2F + 1) W (abed; ef),. 1=V 1— (aZ)®
Ks = S"'t’;mﬁq’iap.dr . Kr=V4=(Ci{]7 S VY T, T

In these equations Ky and Kp differ from Kg and KT by the absence of B. For allowed transitions,
Ky = —Kg, and Kp = —KT. Here Y;p is the vector of Eq. (6) with J =1, L =1, and 7 = —1. Equa-
tion (10) is accurate up to terms of order (aZ)2/3 and aZER compared with unity.* If high accuracy
is necessary, —'ylE"1 should be replaced by at/a~, where

at = (W —1) Ay, + (W + 1) A%
p should be replaced by cy/a~, where

01 = 2nhsp, Avyyar, COS (Grpyfy — Dipy )
and aZ should be replaced by cy/a~, where

Co = 2%1‘11’-: vy A; ERE >lrl (’n a1, — b: Y )

*Equation (14) will be given to the same accuracy.
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Since it seems that invariance under time reversal is mamtamed in strong nuclear mteractwns we
may assert that the phase difference between K7 and KS, as well as that between Kp and KV, etc.,
is either 0 or 7. Whether Qp, and Qp are real or complex is therefore determined by the couphng
constants g and G. If the B-interaction is invariant under the transformation t — —t, all the g and G
are real and ImQp = 0. In this case the 38—+ correlation is independent of p/E. If this independence
were observed, it would be direct proof of the breakdown of invariance under time reversal. The form of
allowed B-spectra would seem to indicate that the real part of gp and Gp is either very small or van-
ishes identically. There is indirect evidence that the real part of gy and Gy is also small. If this is
true, then Q, is small. Thus even a rough qualitative study of 8 —v angular correlation in aligned nu-
clei may answer the question of invariance under time reversal and give indications as to the contribution
of the V and A interactions.

If the nuclei are polarized, say by the Gorter-Rose method,” there will again be a B—y correlation
for allowed transitions. Considering both even and odd values of g, we obtain

Vi k) =Wsp ) — 3 N N Cllaw(e) 2+ DV FI{E[LReQu+ % mQ]

5=0,2,... £=1,3,... Po
XV 2y 4+ 1W (jojogl; Siy) —V% [-fi—Re Q, + Eg_ Im Ql] V@i, + 1) 2+ DX (1hisSs Joiog> 111)}

X Fsa (9910) [ 1 — 38D Cliso U (GulisS3 ud); (14)
Q = (GrgT + Grgr) | Kr |2 — (Gaga -+ Gaga) | Kal*— (Grga + grGa) K1Ka + (Gagr + 24G71) KaKT3 (15)
Foyu = —V'3/2{(3 cos26 —1) cos & + 3sinf cos 6 sin Hcos (D — v)},
Fasu =BV 2/2V 7 ){(3cos?b6 — 1) cos & — 2sin 6 cos  sin & cos (P — o)},
Fgi=—(3/4V 7){(35cos*t —30cos®6 +3)cos 9 + 5 (7 cos? 6 —3) cos O sin 6 sin 9 cos (O — 9)}. (16)

A measurement of W, (p, k) may serve as a control experiment in the study of W, (p, k), and is also
interesting in itself for the determination of the g and G coupling constants. The use of the two-compo-
nent equa.i:ionz’4 to describe the neutrino necessitates an experimental proof of the fact that all the coup-
ling constants are related by g= -G or g = G. This requires quantitative measurements, so that it is
desirable to use the results of independent experiments. In particular, the polarization of electrons emit-
ted by polarized nuclei is of interest. The author has previously20 derived the required formulas for al-
lowed and forbidden B-transitions. We note that if the nucleus emits B* particles, their polarization can
be observed not only from scattering asymmetry, but also from the circular polarization of the annihila-
tion radiation. Since the positrons are depolarized by relativistic effects, they will not be completely de-
polarized in spite of the fact that they are slowed down.

Additional possibilities in the investigation of B processes arise if, in addition to the angular distribu-
tion, one observes the angular polarization of the y-rays emitted after p-decay. It was shown by Sha-
piro,?! for instance, that if parity is not conserved there should be a correlation between the direction of
the emitted electron and the circular polarization of the y-ray. The present author?? has suggested that
observations of the circular polarization of x-rays emitted after K-capture be used to determine the sign
of gg/gr. The circular polarization of the y-rays gives information on the polarization of the mclear
dipole after B-decay. Thus instead of studying B-transitions in polarized nuclei, one can find the direc-
tion of the nuclear spin relative to the direction of the B particle by observing the circulgr polarization of

the subsequent photons. Formally this reduced to the PSa tensor playing the role of Pg’n. If S is odd,
Sa vanishes on averaging over y-ray polarizations. If, however, the circular polarization is found from

experiment Pjslo, is nonzero for all S, and Eq. (9) becomes

=254 1) D) g ‘M"/2 Citrsm—m U (11:Siy; jul) €M=2% D3 y_y0 (b, 6, 0), (17)
M, M

where the term with M =M =1 gives P for right-circularly polarized photons, the term with M = M
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= —1 gives it for left-circularly polarized photons, and the sum of terms with M =1, M =—-1 and M
=—1, M =1 gives this tensor for linearly polarized photons. The variable £ assumes the values + 1
for magnetic and —1 for electric transitions. The angle o gives the linear polarization vector € inthe
coordinate system whose z axis is along k (€4; == e*1%/V3, ¢, =0). This angle a is the angle be-

tween the polarization vector and the x axis in the plane perpendicular to k. Finally, Dg. M-M’ (#60)
is a matrix of the irreducible representation of the rotation group. 28 1t is here defined so that zpw( 0¢)

= %;Duu'(quO)zpw (00), and in particular,

Yim () =V @I+ 1)/ drDlrg ($00).

Experiments on allowed B-transitions give the most unambiguous information, and are therefore of
most interest. In the case of forbidden B-transitions, Eq. (4) depends on more nuclear matrix elements
than it does in the case of allowed transitions. These matrix elements must be considered as additional
unknown quantities which must be determined by experiment or evaluated roughly with the aid of nuclear
models. It is therefore difficult to give unique interpretations to the experimental data. More meaningful
conclusions can be reached in studying transitions in which the nuclear angular momentum change is one
unit greater than the order of forbiddenness. In this case, however, we obtain no data on the Fermi part
of the B-interaction. We shall give here an explicit expression for the 8 —y correlation function for a po-
larized nucleus undergoing first forbidden transitions, when j; = jy + 2. According to Eq. (4) we have

W k= 2 23 Clltn @) (— DX (aisS, Jolog» 221) (2 +1)

Jifr 8 s USL pa
x il ZivFser (9980) VISFI[1— 32D Closy U ol isS; i), (18)
Z3=2¢*[(pReQ; + aZIm Q) 0, —i (pIm Q; — aZRe Q;) w_],
Zi=1p+ ZEP)[(pReQ + 5 Im Q) o, —i(pIm @ — % Re Qi)o|; 2 = g2 (E + 1) (My— Ny),
Zi=g(E — M+ V), Zh=ZEEE (e, —ny, 2 =PI (B —1) (M + Ny, (19)

J=12 %5 land I'=j41 2w,=1-4(— 1)f+S+s,

= (= 1@+ 1) V(Ql’ FO/AC+ D ChuoUf2— 0, 2,1 Fi 1, U (ta JL; 1), (20)
IZO = VG Tor o = T.l’f(): 1, T1’f2 = 722 V7/3 Tllzzl = —(7/6) 7,123 = Vﬁ/5

The quantities My, N;, and Q; differ from those in (11) and (15) only in that Kg and Ky are zero,
and KT and Kp are given by

Kr=—Ka = [C1,, 17| $1, Y22 i, . (21)

All the equations in this article refer to f~-decay. For positron decay, the following substltutxons must
be made

gs— — 85, Ga— —Ga, Gp—> —gpy Er—>8&1r Gv—> &V
Gs— Gs, Ga—> Gy, Gp—Gp Gr—>—Gr, Gy—— Gy, aZ — —al.
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Some general problems relating to the decay theory of a quasi-stationary state are considered.
Dispersion relations are derived on the basis of the semi-finiteness of the energy distribution
density w(E). A criterion of physical feasibility in decay theory is formulated and studied on
the basis of the Paily and Wiener theorem. It is shown that an exponential decay law cannot
hold for all Tt/h. Corrections to the exponential decay law are computed under the simplest
assumptions. Dispersion relations between the modulus and the phase of the function p(t)

are derived and investigated. On the basis of a knowledge of the decay law, these allow us to
determine the energy distribution density w(E) analytically. The results obtained are de-
rived from the general laws of quantum mechanics and do not depend on the model of the decay-
ing system.

]_N the present work we consider several problems of decay theory, in particular, the decay of a quasi-
stationary (almost stationary) state* As is well known, the theory of the decay of a quasi-stationary
state has great significance in the investigation of a-decay, in the transmission of particles through a
potential barrier, in the theory of the nucleus, in the determination of the distribution of energy levels,
etc.»? The basic theorem of decay theory of a quasi-stationary state was obtained by Fock and Krylov in

* A brief account of results that have been obtained is given in Ref. 5.





