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The Born approximation bremsstrahlung cross section, summed over the outgoing electron’s spin states
and integrated over its momentum directions, is obtained for arbitrary polarizations of the initial electron
and the outgoing photon. A brief discussion is given of the way in which the photon polarization depends

on that of the incident electron.

ONTRIBUTIONS to the differential bremsstrahl-
ung cross section for forward scattering from
longitudinal polarization of the primary electron and
circular polarization of the emitted radiation have been
obtained by McVoy.! In the following the dependence
of the integrated bremsstrahlung cross section on the
polarization of the incident electron and the emitted
photon has been given for the most general case. The
recoil energy of the nucleus and the effect of screening
of the nuclear Coulomb field, which will be considered
in a forthcoming paper, has been neglected throughout.
The nuclear Coulomb field has been considered only
in the first Born approximation.
The matrix element M for this process can be written
in Jauch’s notation? in the form

1
M=—a(p)0u(po), (1)
q
where
i(ptk)y’—m i(po—k)y’—m
=euy* ¥0—7° enY”,
2(E— p cosb) 2(Eo— po costo)
q=po—p—k.

In the above equations 6, 6, are the angles between k
and p, po, respectively, and e is the polarization vector
of the photon. The transition probability is then pro-
portional to

1 ~
| M l2=E Tr[u(p)a(p)Qu(pa)u(p)Q].  (2)

In order to describe the polarization phenomena, it is
convenient to introduce the two basic polarization
vectors €; and e; and the direction {o of the spin angular
momentum of the primary electron in the rest system.
We take e; in the k—po plane and write e=a e+ azes,
with |a1|%+ |a2|?=1. Following Tolhoek,? the polariza-
tion density matrix p of the emitted photon can now be
written as

p=5(1+¢0), ©)
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where
ti=lal?— ||’ Ef=aa*+aud,
and
E3=1(a10:"— a20:™).

Here £, represents linear polarization with k—e;, k—e
as the reference planes of polarization; £, linear polar-
ization with reference planes of polarization making
angles 1 with the k—e; plane; and &;, circular polar-
ization. The 2X2 w matrices are w;=03, we=01, W3=032,
where the ¢’s are the Pauli matrices. The projection
operator #(po)i(po) as given by Tolhoek?® in terms of
the polarization vector {q of the electron is

iPO“’Yu

u(patpy=1(1- Ja-sevad, @

m
where

( (Zo'po)po (Lo*po)
Se*=1{ Lot , )
m(Eot+m) m
From (2) and (3) we now get
lMl2=%[(211+222)+E1(211—222)
+ £+ —i5C12—20) ], ()

where Z,,=M,M* M, being obtained from M by
replacing e by e,. Summing (5) over the spin states of
the final electron and a subsequent integration over its
directions of momentum give

f S | M [2d02=(0)+()+ (L) +I(EL).  (6)

For the explicit expression of ®(0) and ®(), one may
refer to the paper of Gluckstern and Hull. If we write
n1=2(Z6'm /) (p/ po) kdkdS,

then

®(0)=ndo1, B(¥)=Eém(doni—domr), ®({)=0, (7)

where do1, do11, and doir are given by Egs. (4.1), (4.2),
and (4.3) of Gluckstern and Hull’s paper.
We can write ®(&,{o) in the form

P(ELo) = — (w&s/8maw){ (Lo-Po/po)[Pr+sin®f®y ]
- +(Gmg)®r}, (8)
4R. L. Gluckstern and M. H. Hull, Phys. Rev. 90, 1030 (1953).
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where n, is the unit vector perpendicular to po in the
k—po plane. The quantities 1, and ®;/, contributions
from longitudinal polarization of the incident electron,
and ®r, that from transverse polarization, can now be
written as

1 { 2(2E02w-EP02) 4E0

wpPAg PPAo

B 2Eopo(po—w cosfo) | m?L
+ f
wT?A¢ Dop
[ po*—2Ew | 2mPw— po*Eo— piE J
DA po*Ag?

. ZpOeT[po—Eo cosfly % Ey(po—w cosﬁo)“’ ©
T L A2 %A,
L[ 4mQE+m) 12wy
- |
PpPAqt Po*AS
LT 2mEy(3miw— piE)
Y a—

&=

mpol

6 Ei?m’w+ potw—2pE®
; : I a0
Po*A?
4(3E? sin®fg+m?)
Pp= Sin00‘ —_—
P02A04

16E, 2 2

]

+ i
PIAS  pPAE  TAf

L [2EE—m? 2m2(Eotw)
+E[ DA O peAs
N Eo(m?E+sin®0o[ 6m*w— pUZE])]
|

Ao

271 1 w
+——[—+ ]} (11)
pTLAE  T?A
Here

EEg—m?
L=1n{————————° m+ﬁ)°],

EEy—m?— ppo
T= lpo—k], Ao=Ey— po cosy, w= [kl,
[T+1>
eT=In ]
T—p

Thus, for bremsstrahlung in the forward direction,

B (&,80) = — (r&s/8mw) (Lo po/po)® L.
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From the above, the following conclusions about
polarization phenomena in bremsstrahlung can im-
mediately be made:

(i) If the primary electron beam be unpolarized the
emitted radiation will be linearly polarized, since £;,
which represents circular polarization, is absent in
the expression for ®(%). Further, from the dependence
of ®(¥) on £ it follows that the emitted radiation will
be polarized in the k—e; and k—e; planes and there
will be no polarization in planes making angles 37 with
these planes.

(ii) There is no correlation between the polarization
of the primary electron and linear polarization of the
emitted radiation, ®(&,¢,) being dependent on &; only.
Thus with a polarized incident electron beam the
bremsstrahlung will, in general, be elliptically polarized.

(iii) The contributions from transverse polarization
of the primary electron vanishes for §,=0, and hence
it cannot be detected by analyzing the circular polariza-
tion of the forward bremsstrahlung.

The results for the phenomenon of pair production
can be obtained directly from the above by replacing
p and E by —p, and — E; respectively, where (p;,E;)
are the momentum and energy of the positron.

Note added in proof:—The parameter € in terms of
which the transition probability w [which is propor-
tional to the right-hand side of Eq. (6)] has been ex-
pressed is, in fact, the Stokes parameter for the polariza-
tion detector of the bremsstrahlung. Following Tolhoek?
and using the density matrix formalism one can show
that if the transition probability w be expressed in
the form

w~®(0)(14&- &), (12)
1:0
9, = 02
o-8 ©o =30°
050
A/a 90:30°
~ o .
S 8/ /8
of
2
" o4
o2
1 1 1 1
0 [ 2 3 4 5

PHOTON ENERGY IN UNITS OF 'm'

Fic. 1. fr(w,Eo80) defined by Eq. (13) as a function of the
photon energy for two values of the scattering angle ,=0, 30°.
The graphs 4 and B correspond to primary energy Eo=4m and
6m, respectively.
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then & is the Stokes parameter for the emitted photon
beam. An alternative procedure for arriving at the same
result consists in making w maximum subject to the
condition
ErEr = (o]t e[ =1,

which the parameter £ satisfies from definition. The
Stokes parameter & of the photon beam is then related
to this € of the detector by the simple equation &=7§
where 7, the degree of polarization, is given by

T= (wmax—wmin)/(wmax+wmin)~

Because of its relative importance in the study of the
polarization of 8 rays which are known to be longi-
tudinally polarized, we consider only the contribution
&1 to the circular polarization of the bremsstrahlung
from longitudinally polarized primary electron beam.
We find from Egs. (6), (8), and (12)

£31'=— (Lo po/po) {7 (BL+-8m*0:D. ) /8muw®(0)}

= (Lo* po/ po) f1.(w,E0,00). (13)

HARIDAS BANERJEE

In Fig. 1, f1 has been plotted as a function of the
photon energy w. Since fy, is found to be positive, it is
apparent from Eq. (13) that the sense of circular polari-
zation (right or left) of the bremsstrahlung is the same
as that of the polarization (parallel or antiparallel to
the momentum) of the primary beam. The amount of
circular polarization rapidly increases with the photon
energy and near the upper end of the bremsstrahlung
spectrum it is ~909, for completely polarized primary
beam. These results are in perfect agreement with the
experimental findings of Goldhaber et al.’
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The spins of 1'% I and I*3! have been measured by the method of atomic beams; the spins are §, 2, and %,

respectively. The result =7 for I'* confirms an earlier measurement by a different method.

INTRODUCTION

HIS paper reports the first results of a program
to determine the nuclear spins, magnetic mo-
ments, and quadrupole moments of some of the avail-
able radioactive halogens by the method of atomic
beams. These quantities are of interest because an ex-
tension of measurements in a region of the periodic
table where collective effects are not expected to domi-
nate will serve to broaden the experimental basis of the
single-particle shell model and lead to further tests of
the model itself. In addition to the results of spin deter-
minations of three iodine nuclei, this paper contains a
description of an atomic-beam apparatus that ap-
pears particularly suited to the study of radioactive
substances.

METHOD

The method used, an atomic-beam ‘“flop-in” type of
experiment, was first proposed by Zacharias et al.l?
In recent years there has been considerable application

* This work was performed under the auspices of the U. S.
Atomic Energy Commission.

1J. R. Zacharias, Phys. Rev. 61, 270 (1942).

2 Davis, Nagle, and Zacharias, Phys. Rev. 76, 1068 (1949).

of this technique to the measurement of the spins and
moments of radioactive nuclides,** and only a brief
description of the method is given here.

The ground state of all halogen atoms is P;. Thus
(with normal ordering of the F levels) there are two
observable flop-in transitions at low frequency. For
I>0 these are

(F=T+3, My=—I+}) > F=T+}, Mr=—T—})
and

where F is the total angular-momentum quantum
number of the atom, I the nuclear-spin quantum
number, and M r the projection of the total angular
momentum along the direction of quantization. Figure 1
shows the relevant energy-level diagram for a halogen
atom with 7=3%. The two transitions are indicated by
arrows; they will be referred to as (+) and (—) transi-
tions, respectively. A measurement of the frequencies
of either or both of these transitions in the linear

3 William A. Nierenberg, Annual Review of Nuclear Science
(Annual Reviews, Inc., Stanford, 1957), Vol. 7, p. 349.
4Kenneth F. Smith, Progr. Nuclear Phys. 6, 52 (1957).



