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We treat the internal conversion of nuclear v-rays by methods suited especially to the cases
of the artificially radioactive elements. The paper is divided into five parts: Section 1 discusses
the radiative transitions in nuclei of middle atomic weights, where one may expect large angular
momentum changes and low energy of excitation; in Section 2 we consider the selection rules for
the various types of nuclear radiation, and the conditions on their strictness; in Section 3 we
examine the choice of potentials for the representation of the multipole fields; Section 4 con-
tains calculations leading to a nonrelativistic formula for the conversion of electric multipole
radiation of any order, applicable for Z<40 and ~v-ray energv<<mc?; and very simple
relativistic formulae are derived, good for high y-ray energy but restricted to low binding,
Z <30, for both magnetic and electric multipoles of any order. We summarize the qualitative

behavior of the formulae in a conclusion.

1. INTRODUCTION

HE internal conversion of y-rays was first
observed as the superposition of homo-
geneous groups of emitted electrons on the
continuous y-ray spectrum of certain naturally
radioactive elements. The intensities of these
lines have been calculated! by methods appropri-
ate to these cases: i.e., by using relativistic elec-
tron theory necessary for these elements where
Z~80 and the velocity of the electron in the
bound state is large, and for radiation of a few
low multipole orders. The integrals involved had
to be carried out numerically.

The artificial production of +y-radioactive
nuclei of low and middle Z made the extension
of the calculations to this range seem desirable.
Thus the activity found by Alvarez? in Ga® is
associated with a line of emitted electrons,
presumably conversion electrons of a Zn y-ray
which is emitted after the Ga nucleus captures a
K electron to go to Zn®". For the detailed interpre-
tation of such reactions it is helpful to have
reliable estimates of the convetsion coefficient.

Hebb and Uhlenbeck?® were led to calculate the
internal conversion coefficients for the first five
electric multipoles on different grounds. The
ideas of von Weizsicker about nuclear isomers,

1 For results and extensive references see H. R. Hulme,
N. F. Mott, F. Oppenheimer and H. M. Taylor, Proc. Roy.
Soc. A155, 315 (1936).

2, W. Alvarez, Phys. Rev. 54, 486 (1938).

( 3M. H. Hebb and G. E. Uhlenbeck, Physica 5, 605
1938).
1 C. F. v. Weizsicker, Naturwiss. 24, 813 (1936).

which ascribe the long lifetime of the metastable
nuclear state to a difference of several units of
angular momentum between metastable and
ground states, and in fact the general ideas of
Bohr on nuclear structure, indicated that high
multipole orders should frequently be involved in
nuclear radiation between states of low excita-
tion. Their calculations were made to ascertain the
correction to the estimate of lifetime on the basis
of radiative decay alone, when the possibility of
decay by electron emission is taken into account.
The formulae of Uhlenbeck and Hebb are
completely nonrelativistic, applicable in the
range Z <40 and for vy-ray energies&mc?. We
extend the formulae of Uhlenbeck and Hebb to
all multipole orders, and obtain simple rela-
tivistic results for light nuclei, for magnetic
multipoles, and for high multipole order.

2. SELECTION RULES FOR MULTIPOLE RADIATION

The interaction between the electron and the
nuclear charge and current we represent as the
perturbation on the electron motion by the fields
of an oscillating electric or magnetic multipole
placed at the nucleus. This treatment is based on
a simple argument : the classical multipole fields
define normal coordinates for Maxwell’s equa-
tions by an expansion of the fields in spherical
harmonics, and the field of an electric or mag-
netic 2Z pole when quantized represents a light

quantum with angular momentum L#.% Since the

5 W. Heitler, Proc. Camb. Phil. Soc. 32, 112 (1936).
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total angular momentum of the system nucleus
~+~-ray must be conserved, we expect a nuclear
transition between states of total angular mo-
mentum J and J’ to emit a quantum represented
by a 2% pole such that L=J—J'.

" For convenience we summarize the arguments
leading to the selection rules for multipole
radiation.® In the gauge in which

[p]remrded

we can write for the scalar potential at a point
distant R(R, Q) from the center of a system of
particles with charge e; and position r;(#;, w;), in-
volved in a transition ¥ ;—¥;:

(Ep—Es)t _
o(R, t)=exp [———;———-—]-fdv‘l’.z(ri)

« \IJJ,(ri)Zelexp [ik-(R—r1;)]
i [R—ri

Suppose that there is no contribution to this
integral from any 7;>4§ (6 corresponding to the
radius of the nucleus). Then we can make a
well-known expansion of the exponential” to get

oR D=j(R ) S = GARRTn(@)

d 7\ 2N
.Zan(ka)xﬂnfdv(ffﬁlly[zeiYx(wi)(E) ]

If |J—J'| =L, then in the reduction of ¥ ;¥
the lowest spherical harmonic occurring is Y7,
hence the lowest value of A contributing is A= L.
Values of A up to J+J' also contribute, but their
contributions are reduced by a factor approxi-
mately (k8)* % and this is certainly small for
most nuclear vy-rays (for a one-Mev v-ray,
k6<1/15). This gives a leading term in the
scalar potential ~ Yy, just that of a classical
electric 2% pole in this gauge. To find the re-
maining terms in the scalar potential of such a
multipole, we consider all A>L and collect,
successively, terms in each power of k& that
occurs.

¢ Compare, e.g., H. A. Kramers, Hand- und Jahrbuch
der Chemischen Physik, Vol. I/11, p. 419.
" H. Bateman, Partial Differential Equations, p. 388.
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Going now to the vector potential, the transfor-
mation properties of the current vector enter. The
current pv transforms like ¥;. For |J—J'| =L,
one can now obtain three values of A correspond-
ing to the lowest power of (k£4), namely L, L+1
and L—1. In this gauge the magnetic multipoles
have zero scalar potential, and correspond to
the single term Y in the vector potential.
The electric multipoles come from ¥Y.,.; and
Vi1

Like the total angular momentum, the parity
of the nuclear states is a constant of the motion ;
from the reflection properties of the vector
potential, we can see that the electric 2% poles
have parity (—)Z%, the magnetic (—)ZH. Thus to
a given parity change and AJ there corresponds
a minimum electric and minimum magnetic
multipole as shown in Table I. The higher
multipoles, up to L=J+J’, permitted by the
parity could contribute, but their amplitudes
contain the small factor (k§)Z—Lmin,

Unless there are some further special sym-
metries of the nucleus, the lowest multipole
allowed will be the most important. We know?
that the dipole moment of all but the lightest
nuclei is reduced by the approximate coincidence
of the centers of mass and charge, so that electric
dipole and electric quadripole radiation can be
comparable, but all other electric multipoles
smaller. The fair agreement with experiment! in
the natural radioactive series supports this. For
the magnetic moments, which involve not only
the charge and motion, but also the spin prop-
erties of the nuclear matter, no analogous re-
duction of the dipole moment is to be expected.
On the other hand, we have the same experi-
ments of Ellis et al. to show that, while magnetic
dipole and electric quadripole are both allowed

TaBLE 1. Minimum allowed multipoles for given parity
change and AT (L=J-J"). :

MiINIMUM ALLOWED MULTIPOLE

PARITY CHANGE L EVEN L Opp
Even el. 2L pole el. 2E1 pole
mag. 251 pole mag. 2 pole
0dd el. 2L+ pole el. 2z pole

mag. 2&  pole mag. 2Z%1 pole

8 H. A. Bethe, Rev. Mod. Phys. 9, 222 (1937).



124 S.

for a transition AJ=1, even parity change,
relatively little magnetic radiation is present.

We shall see that for low energies internal con-
version increases very sharply with multipole
-order. Nevertheless we are still justified in keep-
ing only the lowest multipole, for the reason
that while the ratio of the number of electrons
ejected to the number of quanta ejected increases
with multipole order for long wave-length, the
actual number of electrons ejected falls off. We
have seen that the intensity of vy-rays falls off
with multipole order I by a factor (k5)%!; the
number of emitted electrons may be expected to
fall off (and we shall see that this is roughly so)
by a factor (k.8)?!, where k., is the reciprocal
electron wave-length. For energies >1 Mev,
k.~Fk; for low energies k& decreases linearly with
energy and k. as k¥, and both electron and y-ray
wave-lengths increase. Only for energies >20
Mev are ko, k.6~ 1. For energies lower than this
we need consider, for either y-ray or electron
emission, only the lowest multipole order neither
forbidden by selection rules nor reduced by any
special arguments of symmetry, because here
even the electron wave-length is much longer
than the nuclear dimensions.

3. REPRESENTATION OF MULTIPOLE FIELDS

In previous work on internal conversion, where
only dipole and quadripole fields were required,
the “Maxwell” representation was employed;
in this representation the electric dipole vector
potential is given by

A,=T0, 0, (e /kr) Jei=t
1)

~+complex conjugate.
The quadripole field is
A.=[0, 0, (8/02)(e*/kr) Je~**

+complex conjugate. (2)

Higher electric multipole fields are obtained by a
corresponding number of differentiations with
respect to z. (The scalar potential is obtained in
each case from the Lorentz condition.)

These z axis multipoles are, if spherical sym-
metry otherwise prevails, entirely equivalent to
those directed along the x or y axes where
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successive differentiations are correspondingly
along the x or y axes. However, one might
erroneously think them also equivalent to mul-
tipoles of a “mixed” type, e.g.,

Ay =[0,0, (8/0x) (et /kr) Je—ivt

-+ complex conjugate,

reasoning from analogy to the case of static
multipoles. That this is not so can best be seen
from the fact that Ay’ cannot be obtained from
A, by rotation. In fact, Ay’ is not pure electric
quadripole at all, but contains both electric
quadripole and magnetic dipole.

Consequently the process of successive differ-
entiation does not yield in any direct way all of
the 2/41 independent multipoles of the 2! type
which must exist in order that the multipole
fields afford a complete set. Moreover, the fields
which can be obtained in this way are unsuitable
in calculations for general multipole order.?

The problem of finding explicit expressions for
the general multipole fields has been solved by
Heitler,'° a modification of whose results we use,
and by Hansen. Choosing a gauge in which
div A’=¢’=0, we obtain expressions for the

vector potential of a 2! electric pole in the
following form :
A/ =e g1 Yia"fia(kr)
+ g Y fra(kr) ],
A =A+i4,) =e [ Q™Y mHfi
+Qu™ Y™ fra ], (3)

A '=A,—i4,)/=e [P 1Y, ™ fiy
-'-Pl-;-lm_1 Yl+1m_1fl+1]’

where w=ck, ¥, is the spherical harmonic, and

9 One might hope to calculate matrix elements involving
A; by repeated partial integrations to reduce out the
(!—1)th order derivative. The integrands are, however,
singular at r—0, so that surface terms occur in each partial
integration, rendering the method impracticable.

10See reference 5. A similar solution has been given
indep()andently by W. W. Hansen, Phys. Rev. 47, 139

1935).
( 11 In order to make the potentials real, we add to 4. its
complex conjugate and to each of 4./, A_’ the complex
conjugate of the other. However probabilities of transitions
involving absorption of light will depend only on the terms
containing e~*»¢ and we will use only these terms through-
out, except in the calculation of the rate of radiation.
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the coefficients ¢, Q, P are given by

Qumti(l—m~+1) =g "(+m+2)},

P tl+m+1) = — g —m+2)?},
Q1™ (l+m)t= —qm(l—m—1)},
Pyt (l—m)t=gqm(+m—1)}

(1-1;1)% (((Zlfls))ﬁ:; 1))%gl+1m

The constant ¢;” measures the multipole mo-
ment. The radial function f;(k7) is:

Silkr) =Hyyy(kr)/(kr)}

where H;yi(kr) is the Hankel function of the first
kind. This gives rise to outgoing waves singular
at the origin rather than to standing waves such
as Heitler obtained.

The corresponding expressions for a 2! mag-
netic multipole are:

A =emYmfi-m/[10+1) ],

A =emiotBm Yt fom /[1(14-1) ],

A =g otCpr=tY =t fom/[I(I+1) T (4)
Bimti= —1/m[(I—m)(@+m~+1) 1,
Cr—t=—1/m[ (I+m)(—m~+1) b

The rate of radiation is calculated in the usual
way and is found to be, for electric multipoles

(o)?
- quanta/sec. (5)

™
and for magnetic multipoles :

(bm)?

. quanta/sec. (6)
™

The choice of gauge in which div A=0, besides
rendering the potentials compact, is particularly
suited for use in problems involving interaction
of light with matter, where the Hamiltonian
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(nonrelativistic) is given, neglecting terms in
A%, by

1148
H= [ grad ——A] +ee
2m

ﬁ2
= ——————A—
2m

[grad A+A-.grad]+ee.
2mic

Matrix elements of perturbations by the radia-

tion field have the form

_ el eh
f\I’f{ ——A-grad ———(div A) +e¢

mic 2maic

‘I’odv. (7)

If now div A and ¢ vanish, the calculation is
extremely simplified ; the only term remaining is
the one in A-grad.

From this one might conclude that all inter-
action vanished as the initial velocity approached
zero, which disagrees with the results for the
conventional gauge. The discrepancy must be
looked for in the contribution to the matrix
element of the necessarily singular generating
function X of the gauge transformation :

A——~A'+grad N o= ‘P’_ (1/6) (a)‘/at)r (8)

where A, ¢ are in the conventional gauge, e.g. (1),
(2) and
div A’'=¢'=0.

Substituting (8) into (7), using charge-current
conservation and applying suitable partial in-
tegrations, we find that the terms involving A
may be expressed as follows:

dv(d/dt) (N, ¥ y)
vy

eh

do- {¥,;¥, grad \+\V;, grad ¥,
2mice s

—\¥, grad ¥,},

where the surface integral is over the bounding
surface = of the volume V under consideration.
The volume integral, integrated from time 0 to ¢
is an oscillating term which does not build up
with ¢ and hence does not contribute to the
transition probability. If, as is appropriate for
the problem of internal conversion, we let our
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bounding surface Z consist of two spheres whose
radii approach infinity and zero, respectively,
then the integral over the outer surface will
vanish because of the regularity of the wave
functions and the potentials. We are conse-
quently left with a surface integral over a small
sphere surrounding the origin

eh. _ O\
A=—no r?dsz{\y,%—
Mmic ser o) ar
_ 9%, Yy
AT — AT —L. (9)
ar ar

To evaluate this, and thus to determine the
difference in matrix elements between primed
and unprimed gauges, one must know merely the
limiting forms for small 7 of the wave functions
and of \.

Consider now the case of electric multipoles;
by comparing (1), (2), etc. with (3), it is easily
seen that A’ is more singular than A; hence it
follows from (8) that for small 7,

grad A\~ —A’.
This equation is satisfied by

o™ l 3 ]
A~ —— ) Ylmfle—xwt
k \I+1
(10)

—iwt

oy 1\ (kr/2)~1
~—— _) ylm[i(_)lﬂ____._
E \I+1 (kr)IT(—1+13)

The additive constant is omitted since it does not
contribute to (9), which is now completely fixed.

We must still account for the fact that such a
difference between gauges exists and must answer
the question of which gauge, if either, gives the
“right” answer—i.e., that corresponding to the
physical problem. We know that any expressions
for the potentials of an electrical system in
terms of multipoles are approximate, and are
valid only outside the region containing the
charges and currents. These expressions can
therefore be appropriately used only when the
effect we wish to calculate (or the predominant
part of it) takes place outside this region. If,
because of the artificial singularities at the
origin introduced in the definition of the mul-
tipole potentials, our matrix elements are given a
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finite contribution from an arbitrarily small
region, then we must consider these potentials
wrong for our particular problem. If, by a gauge
transformation, we are led to another set of
potentials for which the integrand of the matrix
element is small at the origin, this latter set can
be called correct.

In the problem of internal conversion, this
condition is satisfied by the unprimed gauge.
It is not satisfied by the electric multipoles in
the primed gauge; div A’ and ¢’, while zero
throughout space, are integrably infinite at the
origin, as can be seen by partially integrating

f Ao, ¥, div A,
vV

where V is a sphere including the origin whose
radius is permitted to approach zero.

Nevertheless, the primed gauge still can be
advantageously used since the correction neces-
sary to bring it into agreement with the correct
gauge is known, namely, (9).

The magnetic multipole potentials in the
primed gauge may be used without correction.

4. CALCULATIONS

We will calculate the number of electronic
transitions per second from the K level to the con-
tinuum of an atom of atomic number Z induced by
a nuclear 2! pole with unit rate of radiation. This
number, which we call ax!for electric, and Bk for
magnetic multipoles, is defined as the coefficient
of internal conversion. Taylor and Mott have
shown!? that it is to be interpreted, in all cases
of interest, as the ratio of the number of electrons
to the number of quanta leaving the atom,
N,/N, and not to N,/(N,+N,) as was originally
supposed. In its main effect, the perturbation by
the electron serves to induce additional nuclear
transitions, not to reduce the number of emitted
quanta.

In the first part we limit ourselves to non-
relativistic energies throughout. This gives a
range of applicability up to Z=40 and vy-ray
energies up to 200,000 or 300,000 volts. From
these calculations we find an asymptotic ex-

pression for high /.

2 H, M. Taylor and N. F. Mott, Proc. Roy. Soc. A142,
215 (1933).
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In the second part we derive a formula
applicable to low atomic numbers, neglecting the
K binding energy with respect to mc? and to the
vy-ray energy. These formulae are very simple.

A. Nonrelativistic—electric multipoles

The number of transitions per electron per
second from a state ¥, in the K shell to a state ¥,
in the continuum is given by

2

_ eh
A— dv\I',——A"grad Yol , (]1)
mic

1
No=—
ﬁ2

where ¥, is normalized to unit flux through the
boundary at infinity. A, the surface integral
contributed by the gauge transformation, is
calculated from (9). Also

Vo= (a?/7)le o,
) map\ 't [DU+1+n)T(I+1—in) ]t
\I/fz Yl—m(
7% r+1)ri+3)
Xe™2(pr/2)le=ir F(l4+1+41in, 21+2, 2ipr),

where a=Za(mc/h), p is 1/h times the mo-
mentum of the ejected electron and n=a/p
=Za/[2v—(Za)*} where » is the y-ray energy
over mc®. We require the expression A’-grad ¥,
which, using (3), is found to be simply

k
-aalm[za+1)]%ysz k)
(kr

V.

Both A’-grad and M\ contain Y;”, hence both
contribute to transitions to a final state ¥;~ Y™

We make the indicated substitutions and
carry out the trivial angular integrations, ob-
taining

2

N, {[—krl+2fl+1]1.=0+za(l+1)f drfiri+t
0

T
2
Xe " F(l+1+in, 2142, Zipr)} )

where p=a-+1p and
V2
r(—i+3)

In the radial integral we replace f; by its most

M=

2 l
(—;) XM’ (given below).
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singular term, namely
i(kr/2)==4( =)
(k)ID(=1+3)

It can be shown that the contributions of less
singular terms are smaller by at least k2/(a*+p?)
~1?2/c?. With this substitution the radial integral
can be carried out in series, and we obtain

M al+1
N=—]i-t
h? pl+3
Zp\T*
xF(1,l+1+m, 2l+2,—)], (13)
P

where

eo (2a%HN\} p s 1\
R SES
T m EH2\[+41
X[I‘(l—f—l-}—in)l‘(l—{—l—in)]”‘
I(+1) )

/2,

We can express the hypergeometric function F in
(13) in terms of two terminating hypergeometric
series by using the familiar analytical continua-
tion. If we do so and make use of the formulae:

p/2ip=(1—1n)/2,
I(I+14in)T (141 —in)
™

— ([ = D) ] (1)

sinh 7n

PPk =2/v(14+n?),

we obtain for the conversion coefficient for two K
electrons :13

ag'=2N, n*hk/(c)?, {v/cK1}M

1 2 1 nt
=16a—1I'(l+1 2(*) ¢ —
al-l—l[: ( +2)] ) (1+n2)i2

‘ [(l+1)(1+%2) l—2e—2n ctn™l n __ Vl]2
@E+r)L—1)24n2] - (140 (1 —e2m)

(14)

13 These formulae, up to /=35, have been derived by Hebb
and Uhlenbeck, reference 3, with whose results we are in
agreement. Their parameter 7 is the reciprocal of our #.

14 The inequalities in braces give the conditions of
applicability of our final formulae.
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where
1
411{11 (124-n?)

(T —
(1+n23(2D) !

I+1 1—in
X[in F(l, —2l,1—1—1in, )—1].
I+in 2

It satisfies the recursion relation :

142 221+1] 1
R :
I+1  (2142)! (1+4n?)
1
.iI_Il(i2+n2)
so that
V():O)
V1=0,
V2:%:
V3=4(3+2#2) /15, etc.
Limit n—0:

In this limit of low Z, A’- grad ¥,—0, and only
A contributes. We obtain,'® again for two

electrons
I 2\ 82 {v/ek1},
agl=2Z%* (—) (15)
I+1\» {Ze?/hv<1}.

The convergence to this limit, however, is not
uniform in /.16

Asymptotic formula for large 1:

This can be most easily arrived at by using the
contour integral representation :

I'(20+2)
P AT (1 im) T+ 1 —in)
1 (1+u)l+ln(1 _u)l—in
xf d

1 u+¢n

U

for the hypergeometric function in (13). There is
a saddle point on the imaginary axis quite close
to the origin:

]

o L iy
RPN '

15 This formula was given by the authors in Phys. Rev.
54, 149 (1938) where through error it was given as for one
K electron.

16 For increasing [, the tangential component of the
magnetic field, and hence the radial Lorentz force, becomes
more important.
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Carrying out the integration, one obtains a
formula closely related to (15), the formula for
vanishing Z.

For I>1:
1 /9 52
aKl=Z3a4——(—)
I+1\»
14n2+1/20) — )/ 2)? 2
[ R
(2412t
(16)
where p=n-+n2+2/0)%

The formula can be further simplified for
#w>1 (i.e., I sufficiently high, not too near
threshold). In this case y—2%-+1/In. The princi-
pal terms in the bracket cancel and one is left
simply with the formula for vanishing Z reduced
roughly by a factor L.

{ni>11,

zi1(§)l+5/2'0(11) o<kl {an

It can be shown that the term O(1/l) will not
vanish identically in .

For n%<«1, (16) goes over into (15), a con-
vergence non-uniform in /.

axl=Z3a*

B. Nonrelativistic magnetic multipoles

In nonrelativistic theory, there is no conversion
of magnetic multipole radiation by K electrons,
or by any electron with zero orbital angular
momentum. The transition from a state with zero
to one with / units of orbital angular momentum
can be accompanied only by the absorption of a
2! pole quantum. But since the electron’s parity
change is (—)!, magnetic radiation is forbidden,
since magnetic 2! pole has parity (—).

Physically this means there are no radial forces
on such an electron. The electric field of a
magnetic multipole is tangential and the mag-
netic force is perpendicular to the velocity, i.e.,
also tangential.

Conversion of magnetic radiation by .S elec-
trons thus depends essentially on their spin.

C. Relativistic calculations, neglecting binding

The number of electronic transitions per second
from a state 0 in the K shell to a state f in the
continuum where the electron is ejected into the
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solid angle dQ is given for two electrons in the
K shell:

2me?
Nd9=—1dQ|H|?,
/2
where H= ¥ | dv¥(a-A+¢)¥,,
spin

« is the vector whose components are the first
three Dirac matrices for v/¢, and ¥; is normalized
to unit energy. The integral is over all space, and
the sum over final and initial spin states. If now
we make the gauge transformation (8), we obtain

H=SZ [fdv\T/fA’- Q‘I’0+fd0’)\“f’ja‘n\1’o],
pin

where the second term is the analog of (9) in the
nonrelativistic case, n is a unit vector along r,
and the surface integral is over a small sphere
around the origin. In this approximation, where
the influence of the Coulomb field is neglected,
we use plane waves for the space-dependent part
of ¥;. Then the wave functions factor into spin-
and space-dependent parts. If we introduce the
projection operators,

279=1+43,

Bmc?+a- pshic
2rp=14—
E;
we can replace the wave functions by 0¥, and
7%, in H, and the Y HH can be replaced by the

spin
sum over both the spin states and the states of
positive and negative energy in the well-known
way.l”
We get

|H|?=Trace [(A-a)7o(A- &)*7;
+ (e N)79(A- &) * 74+ (A- @) 7o(N - @) *7
+ (e N)7ro(a-N)*7,]

with A=C; f A exp (ip-1)do,

N=Cffdzf)\ exp (Zp-r)n,

Cy=normalizing constant.
17 Cf. W. Heitler, Quantum Theory of Radiation, p. 150.
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Taking the trace and evaluating the space
integrals we find the matrix element. Dividing by
the rate of radiation, and normalizing, we obtain
for the internal conversion coefficient for two
K electrons, neglecting binding energy :

2730 fv+2\ i (U4 1) v2 -4
w=—) T
v3 v I+1
{Ze?/ hv1},

(18)

where v=+-ray energy in units mc?.

Magnetic multipoles:

A similar, but simpler, calculation (no gauge
term appears) gives for two K electrons:18

2Z3at fv

2\ Hi
Bx'= ) {Ze2/hvk1}. (19)
v

v

Limiting cases:
For low-energy vy-rays, »<1:5

1 2y b5/
()
I+1 v

2\ Hi
BKZ_.__.Zaa4(__)
v

For low energy vy-rays and for small binding
energy, conversion of magnetic 2! pole radiation
is smaller than that of the electric 2! pole by a

factor
Bx? l—{—l(v)2
—— e — .
aK,’ 4l c

For very high energy vy-rays, v>>1:19

aKl: {‘U/C<<1},
(20)

{Ze?/Hv1}.

223t
v {Ze/ K1},

{row},

ag'=Px'=

(21)

In this limit the conversion is independent of
multipole type and order, as in the same limit for
internal conversion by pair production.? Both

18 This formula may be expected to give a fair estimate
for low and middle Z, even though binding is neglected, as
magnetic conversion essentially depends on spin. Compare
Section 4B.

19 This formula agrees, in the limit of low Z, with the
electric dipole formula given by H. Casimir, Physik.
Zeits. 32, 665 (1931). The latter is applicable, for suffi-
ciently large », to all Z.

20 This result is more easily derived by the method sug-
gested in reference 9.
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electric and magnetic conversion formulae for
negligible binding have the general properties:

(1) For a given I, the conversion increases as v
decreases, the more rapidly the greater /. For
v— o the conversion for all multipoles ap-
proaches a common limit.

(2) For a given », conversion increases with /,
more and more slowly as v— .

L shell:

For conversion from the L shell, (18) and (19)
hold provided Z be replaced by Z—4/2, where ¢
is the emergy screening constant; for the L shell
these results are valid for larger values of # than
for the K shell.

5. CONCLUSION

Experiment has established internal conver-
sion, either by detection of the actual electron
groups or of the x-rays from the filling of the
depleted K levels, in the cases of Rh,* Br,*? Ma,%
Ag® and Au;?® probably in In? and Cd;*” and,
of course, in Zn. In the last, the data are suffi-
ciently complete to assign the conversion tenta-
tively to an electric quadripole radiation.?® In
the others it is not yet possible to classify the

21 B, Pontecorvo, Phys. Rev. 54, 542 (1938).

22 Philip Abelson, of this laboratory, has detected char-
acteristic bromine x-rays in the activity of Br3® (un-
published). i

23 E, Segré and G. T. Seaborg, Phys. Rev. 54, 772 (1938).

24 L. N. Ridenour, L. A. Delsasso, M. G. White and R.
Sherr, Phys. Rev. 53, 770 (1938).

25 J, R. Richardson, Phys. Rev. 53, 942 (A) (1938).

26 We are grateful to Dr. R. Serber for the information
that Goldhaber has found electron lines from indium.

27 J.) G. Hoffman and R. F. Bacher, Phys. Rev. 54, 644
(1938).

281, W. Alvarez, reference 2, p. 497.
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radiation. The general features suggested by the
von Weizsicker hypothesis are, however, ob-
served : low energy and long lifetime (metasta-
bility) seem to be accompanied by large con-
version—pointing to high angular momenta. An
interesting check on the picture will be furnished
by comparison of lifetime and conversion coeffi-
cient, both of which are fixed by multipole order
for a given y-ray energy.

We summarize our results : [ Here ! is multipole
order, n=_Ze*/hv].

(1) The smaller the y-ray energy compared to
mc?, the more rapidly conversion increases with
multipole order. For large y-ray energies, the
increase with multipole order is much less
marked.

(2) The effect of binding is complicated,
though in general conversion varies about as Z*
for given I and energy. For a given value of #,
there may be a minimum in the conversion
coefficient as [ is varied.

(3) For sufficiently large [, and low vy-ray
energy the conversion (given by (17)) is of the
order of 1/1X, the conversion neglecting binding.

(4) The magnetic multipole conversion will be
small for low y-ray energy and Z <40.

(5) Quantitative results for vy-ray energies
under 0.2 Mev and Z<40 will be given by
formula (14). For Z <30, high energies, and not
extremely high multipole order, (18) and (19)
give usable estimates. For Z>50 numerical
calculation is necessary for accurate results.
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