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Scattering of Polarized X-Rays by Ferromagnetic Substances

ERlC RODCERS

University of 3/abama, University, Alabama

{Received November 12, 1941)

It is shown that if high frequency polarized x-rays are scattered by some substance, the
total intensity of the scattered rays should be altered by anything leading to special orientations
of the electron spins of the scattering electrons. Some experiments are described in which at-
tempts were made to detect the effect on intensity due to changes in spin orientations in
ferromagnetic substances When these substances are magnetized. No effects were observed.
It is shown that an attempt to reconcile the results of these experiments with those of gyro-
magnetic experiments leads to orientations of the spin giving the spin magnetic quantum
numbers +1/2 and —1 /2.

INTRODUCTION

S EVERAL attempts have been made to de-
tect some effect of an applied magnetic

held on reHections of x-rays by ferromagnetic
substances. ' These experiments have not been
successful. No changes have been observed in

position or intensity of the diffraction maxima.
A change should have been observed if mag-
netization results in special orientations of the
planes of the orbital electrons, but not if mag-
netization is caused by electron spin. The fact
that gyromagnetic experiments on ferromag-
netics always yieM a value of approximately 2

for the Lande g factor indicates that ferromag-
netism is associated with the spin. The present
paper deals with the problem from a new ap-
proach in which polarized x-rays were used, and
a phenomenon was used that should be sensi-
tive to spin orientations.

It is well known that Thomson's classical
theory of x-ray scattering predicts complete
polarization for x-rays scattered at 90' to the
primary beam by free electrons. This theory was
modi6ed by the quantum-mechanical treatment
of Klein and Nishina in j.928. Nishina' showed
that there should be an unpolarized component,
the relative intensity of which varies approxi-
mately as the square of the frequency of the
primary x-rays. The existence of an unpolarized
component of the order of magnitude predicted
has been shown experimentally. '

' M. de Broglie, Le Radium 10, 186 {1913);K. T.
Cornpton and E. A. Trousdale, Phys. Rev. 5, 315 {1915);
A. H. Compton and O. Rognley, Phys. Rev. 16, 464 {1920);
J. C. Stearns, Phys. Rev. 35, 1 {1930).' Y. Nishina, Zeits. f. Physik 52, 869 {1928).

3 F. Rodgers, Phys. Rev. 50, 875 {1936).

By taking electron spin in to accoun t, A. H.
E"ompton4 has shown that classical electrody-
namics also predicts an unpolarized component
that is proportional to v'-'. The unpolarized, or
magnetic, scattering arises in classical theory
from a precessional acceleration of the spin
magnetic moment vector due to the torque on
it of thc magnetic vector of the x-ray wave. If
y is thc magnetic moment of the electron and
II the magnetic vector of the x-ray wave, this
torque is

T= yXEI.

If the V axis be taken as the direction of
propagation of thc primary wave and the VZ

plane be chosen to include OP, the direction of
the scattered ray, Compton showed that the
dassical magnetic scattering of an electron is

2V2+4

I,,'= Io sin~) sin28,
y2g4p2

whele Ip 1s the intensity and v the frequency of
the primary wave, p is the angular momentum
of the electron, P is the angle between y and II,
and tl is the angle between OI' (=r) and T.
Averaging this expression over all possible orien-
tations of the spin vector gave

4 X2V-'y4

I,= Io [1+sin'p — "
-co]s, o

r2g4P2

~here y is the angle bet'ween OI' and the V axis
and n is the angle between II and the Z axis.

'A. H. Cornpton, Phys. Rev. 50, 878 {1936}.
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The appearance of sin'$ and sin'-'tl in (2) shows
that the magnetic scattering by a single electron
depends sharply on the orientation of the spin
vector. Equation (3) would not be expected to
apply if the spins were not oriented at random,
but were oriented so as to have a strong com-
ponent in some definite direction. Gyromagnetic
experiments indicate that magnetization of
ferromagnetic bodies may result in just such
orientations. Some experiments have recently
been done by the writer with the purpose of
attempting to determine whether magnetic
scattering of polarized x-rays by ferromagnetic
substances is influenced by an applied magnetic
field.

EXPEMMENTAL PROCEDURE

The conventional experimental procedure was
used to produce and study the polarized x-rays.
The primary rays were directed toward a block
of carbon and a beam of rays scattered by it at
90' to the primary beam was again scattered,
this time by the ferromagnetic substance under
investigation. Intensity measurements of the
tertiary rays were made at a point P in a direc-
tion at 90' to both the primary and secondary
rays. According to the classical theory of Thom-
son, the intensity in this direction ought to be
zero. Actually there are three reasons why it is
not zero. The first reason is geometrical in

nature. Since the scattering substances do not
have zero dimensions, some rays that have not
been scattered at exactly 90' mill arrive at P.
Secondly, some rays will be scattered more than
once in each scatterer, and some of the multiply
scattered rays will reach P. In the third place
some magnetically scattered rays that are un-

polarized will reach P. The magnetic scattering
is negligible when the x-ray tube is operated at
low voltages but becomes appreciable at voltages
of 200 kilovolts or higher.

The relative intensities of the three types of
scattering to P can be estimated roughly ~ The
"geometrical" scattering can be calculated from
the dimensions of' the apparatus. Such a calcula-
tion for the apparatus used shows that this
scattering should be about 0.012 I' where I' is
the intensity of' the tertiary rays at a point P'
(OI"= OP) in a direction at 90 to the secondary

rays but parallel to the primary rays. The in-

tensity due to multiple scattering can only be
estimated experimentally. Following a method
used by Compton and Hagenow, ' this was done
by using different thicknesses of the scattering
substances and noting the effect on the polariza-
tion obtained. The results obtained indicated
that the intensity reaching P by multiple
scattering was about 0.036 I'. The magnetic
scattering to P can be calculated from either
Compton's or Nishina's formula if the wave-
length of the primary x-rays is known. Through-
out all the experiments the x-ray tube was
operated at 220 kilovolts and the primary rays
filtere through 0.7 mm of copper and 0.5 mm
of aluminum. Under such circumstances, it
would seem reasonable to assume that the
effective wave-length is about 0.10 angstrom.
If this value be used in Nishina's formula, we

get for the magnetic scattering to P the intensity
0.038 I'. A result of the same order of magnitude
would be obtained if Compton's formula were
used. If we add the intensities for the three types
of scattering, we see that the magnetic scattering
accounts for about 44 percent of the total that
should reach P.

The ferromagnetic substance being studied
was cut into a thin slab and mounted so that
each of its ends was in contact with one of the
pole pieces of a powerful electromagnet. Lead
was used to shield the pole pieces from the x-rays.
The substances studied consisted of several
samples of iron and permalloy. A Geiger-Miiller
counter was used to determine the relative
intensities of the tertiary rays with the magnet
off and then on.

It was found in all the experiments that
magnetizing the sample did not make the
slightest detectable difference in the intensity
of the rays scattered to P. This was true regard-
less of v hether the sample was magnetized
parallel or perpendicular to the magnetic vector
of the polarized x-rays. No high degree of ac-
curacy can be claimed for the intensity measure-
ments, but it is believed that a change of 2 or
3 percent in intensity would not have escaped
detection.

'A. H. Compton and C. F. Hagenovv, J. Opt. Soc. Am.
and Rev. Sci. Inst. 8, 487 (1.924).
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Vie, 1.Of'JcntdtioIl of x"Ia)' beam, saAlplc, and applied fieM.

origin and the applied held II' is along the Z
axis which is also the direction of observation of
the scattered rays. The spin vector y is assumed
to make a constant angle p with the applied
magnetic field. The angles P and 8 of (2) are
shown in the figure. Since T is perpendicular to
both y and II, it lies in the VZ plane. In order
to compute the scattering for a constant value of
p, we must compute the average value of sin'-'$

sin'-'8 in Eq. (2) for this value of P. This may be
done in the following manner.

The direction cosines of T are

0, sin8, cos8,

DISCUSSION OF THE RESULTS

6~hen the sample is magnetized parallel to the
magnetic vector of the x-rays, the magnetic
scattering ought to vanish if all electron spins
should be oriented parallel to the field. This, as
we have seen, would cause a reduction of about
44 percent in the intensity at I'. AVhen the
sample is magnetized perpendicular to the
magnetic vector, a calculation based on Con~p-
ton's results shows that orientation of the spins
parallel to the 6eld should cause the total in-

tensity at I' to be practically doubled. Such
ideal orientations were, of course, not expected.
It would seem reasonable, however, to expect
some change in intensity if ferromagnetism is

associated with special spin orientations as
indicated by gyromagnetic experiments.

Assuming that the scattering electrons of
ferromagnetic substances do take up special
orientations when the sample is magnetized,
we shall now inquire as to whether any such
orientations are possible for which the scattering
is the san&e as for random orientations. %'e shall

indicate by 8 any angle that the spin axes may
assume with the field such that the scattering is

unaltered, and then determine what values P
may have. The computations will be carried out
for the case in which the applied field is per-
pendicular to the magnetic vector of the x-rays.
The same values of P are obtained when com-
putations are made for the field parallel to the
magnetic vector.

In Fig. I the polarized x-rays are considered
to move along the Y axis with the magnetic
vector in the XY plane. The sample is at the

and those of y are

cos$, &(1—cos-"~~ —cos'-'p) *, cosp.

Since T is perpendicular to y

+sin8 (sin'$ —cos'p) '+cos8 cosp = 0.

I,' =4K cos"-p, (4)

where E represents a constant factor.
To compute the scattering in the Z direction

of the polarized rays for random orientations,
we can either use Eq. (3) by noting that m=90'
and @=90', or we can a~erage (4) for all values
of P. We could do the latter by evaluating the
following integral

mrs 27

4X sinP cos'PdgdP
4~ "0 "0

Either method gives

4
I,=—E.

3

'A e now obtain the possible values of P by equat-

This gives

sin-"8 sin'-$ —sin'-'8 cos'P = cos'-'8 cos'P
=cos 'P si'-n '8—cos'-''-P,

or
sin 8siil $ = cos P.

Thus we see that sin'-'8 sin'-'$ has the const. ant
value cos'-'P.

To get the scattering for this orientation of the
spin we simply substitute cos"-P for sin'-'& sin'-8

in (2). We shall write the result as
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cosp = a-,'v3. (6)

We thus see that there are two orientations of
the spins which give the same scattering as
random orientations. These values of P are of

ing the scattering from (4) and (5) which leads
to the expression

special interest because they are just the angles
necessary to give the spin magnetic quantum
numbers +-,' and ——,

' that are demanded by the
theory of spectra. It is of further interest to note
that they are arrived at here by classical electro-
dynamics in an attempt to reconcile experi-
mental results.
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The deadtime of a self-quenching counter is an insensitive time, of the order of 10 second,
which occurs between the time when a counter registers a count and the time at which it has
recovered sufficiently to register another count. A simple method of measurement of this time
is shown. From a theory developed to explain this deadtime phenomenon it is possible to com-
pute times associated with the deadtime. The check between theory and experiment is very
good. The theory involves the formation of a positive ion space charge sheath about the wire
of the counter, this sheath expanding to the cylinder. Not only is it possible to show the internal
action of a counter by the deadtime experiment, but also it is possible to study the lengthwise
spread of that discharge. It was found that the discharge spread throughout the length of the
counter, but the spread could be stopped by a small glass bead on the wire. This discovery led

to the construction of a directional Geiger counter.

L INTRODUCTION

A. Historical

~

~

~

~

INCE the publication of the original works
on G-M counters in 1928 and 1929 by Geiger

and Miiller, ' there have been numerous articles
concerned with construction techniques, operat-
ing properties and theories of discharge of G-M
counters. In 1936 the value of the G-M counter
as a laboratory instrument was greatly increased

by the design of the Neher-Harper'- extinguishing
circuit. Around I935 and 1936, independently in

several laboratories, the fast, or self-quenching,
G-M counter was discovered and used. In
construction, the fast counters dift'ered from the

* Now at Massachusetts Institute of Technology Elec-
trical Engineering Department, Cambridge, Massachusetts.

' H. Geiger and %.Muller, Physik. Zeits. 29, 839 (1928);
ibid. 30, 489 (1929).

s H. V. Neher and K. %. Harper, Phys, Rev. 4g, 940
(1936).

usual G-M counter only in the addition of alcohol
vapor or some other organic vapor to the gas.
Many of the operating properties of fast counters
were investigated by Trost. ' The properties of
the fast counters differed from those of the usual

type G-M counter, here termed a slow counter.
In 1940, based primarily on experimental
measurements by Ramsey, ' Montgomery and
Montgomery' formulated a consistent theory of
G-M counter action.

In this present investigation of fast counter
action, the most illustrative experiment is that
showing the deadtime phenomenon. The dead-
time technique herein developed can be used to
study the lengthwise spread of the discharge
within the G-M counter tube.

' A. Trost, Zeits. f. tech. Physik 16, 407 (1935); Physik.
Zeits. 30, 801 {1935);Zeits. f. Physik 105, 399 {1937).

4%. E. Ramsey, Phys. Rev. SV, 1022 (1940).' C. G. Montgomery and D. D. Montgomery, Phys. Rev.
5'T, 1030 (1940).


