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SULIIAR)

Purpose

Dumond has treated theoretically the breadth of the
Compton modified line in x-ray scattering as a function
of the initisl velocities, or momenta, of the electrons
in the scattering body, and has shown that the modified
line given by a class of electrons whose velocities
range between gc and (B + d3)c should coneist of a uni-
form distiribution of intensity over a wave-length range
approximately equal to<ﬁ3kﬁin59, centered approximately
alt the position of simple Compton scattering by station-
ary electrons,

The purpose of this research has been to test this
~predicticn, particularly with respect to &, the scatter-
ing angle. (A, is the primary wave-length.)

Experimental Method

In previous work on scattered x-rays homogeneity of
scattering angle has been greatly sacrificed to obtain
intensity. ©Since the position of the Compton line depends
upon the scattering angle, homogeneity 1s important to
avoid spurious breadth of the speciral line.

A spectrograpnh has been constructed which consists
of fifty small calcite Seeman spectrographs so oriented
as to focus the spectra from all of ithem at the same pos-
ition on a photographic film., The geometry of the instru-
ment and of the arrangement of the scatterer and x-ray
tube furnishing the primary radiation is such that an
‘eXtremely homogeneous angle of scattering is secured over
the whole of an extended scattering body.

Results

Very good spectrograms of molybdenun K-radiation
scattered by graphite at angles of 63 ©, 909, 156° have
been secured.

The excess breadth of the modified line over that
of the unmodified has been shown to be real.

The relative breadths of the modified lines at half
thelr maximum height were determined from microphotometer
curves made from each of the three negatives, and proved
to be in very close agreement with the ratios of the sines
of half the scattering angles as predicted.

The possibility that our results might have been
affected by multiple scattering was tested by the use of
a specially constructed scatterer, and no observable
difference was found.

Scattering of silver K-radiation at 156° gave a
narrower line than molybdenum, in at least qualitative
agreement with the theoretical dependence of breadth on
primary wave-length.

The theory seems to be completely supported by the
experimental results thus far obtained.



I, HISTORY OF THE COMPTON EFFECT

It is the purpose of this thesis to present a brief
history of the study of the Compton shifted or modified
line in the x-ray spectrum, and to describe in detail the
work done on it here at the Normean Bridge Laboratory of
physics by the author in collaboration with Dr. Jesse
W. M. Dumond who preceded him in the work and who has

continued to be the guiding spirit in this research,.

a, Discovery of Scattered X-radiation

The existence of secondary xX-radiation from matter
irradiated by primary X-rays was observed almost immediately
after ROntgen's momentous discovery in 1895 of the primary
x-rays themselves. Optical specircscopic methods were not
immediately adaptable to the new radiation and the first
investigations of its character were necessgarily made by
absorption measurements. It was soon commonly believed
that primary x-rays were electromagnetic radisation iden-
tical with light except for shorter wave-length, and this
belief was stirengthened by subsequent investigations cul-
minating in 1912 with the discovery by Lauel!’ and Friedrich
and Knippinge of interference in their reflection from

crystal planes,

# See last page for all references.



Among the first questions to be answered in regard
to the secondary radiation were these: (1) Is it of the
game electromagnetic nature ag the primary radiation, or
is it corpuscular, or both? (2) What rules govern its
intensity relative to that of the primary radiation?

(3) How does it compare in "hardness" or penetrability
with the primary radiation? The first question did not
long remain unanswered. ALl experiments led to the con-
clusion that this secondary radiation was indeed x-radi-
ation. The secqnd gquegstion wag answered, and quite sat-
isfactorily so at the time, by the electromagnetic pulse
theory proposed by Stokes’ and Jde Js Thomson4 which,
although now no longer tenable, was the first satisfac-
tory hypothesis regarding the nature of x-rays. It was
so satisfactory, in fact, that it was abandoned only with
great reluctance upon the discovery of interference phe-
nomena® and the necessary advent of the quantum radiation
theory.

In view of the very definite answer to the first of
the above questlons, the third resolved itself into the

question as to whether or not the scattered radiation had

# The pulse theory was retained at first in spite of
interference phenomena, the supposition being that the
wave-train itself was a product of the crystal reflection,
and not the original form of the radiation. See discus-
sion by J. A. Gray, Jour. Fr. Inst., 190, 633 (1920) and
A. H. Compton, Nature 108, (t92t).



suffered a change in wavedength, and it is this whole
guestion of change of wave-length during scatiering which

has been the subject of this research,

b. Softening of Scattered Radiation, and Attempts to
Explain It.

Sagnac, who probably did more than anyone else to-

ward establishing the existence of secondary x-rays, de-
cided that scattered x-rays were softer (less penetrating)
than their primary rays. He studied the secondary radi-
ation from metals and also discovered that there was sec-
ondary radiation given off by air. His reports are largely
qualitative but he was led to positive coneslusions, as may
be seen from the following quotationf*"But one cannot say
that these S-rays (scattered rays) emitted by M (the scat-
tering material) are simply chosen from the incident bundle
as though it were simple selective diffusion; they are

transformations of the x-rays., If I is a material such

as zinc or lead the very slightly penetrating S-rays which
it emits do not appear to exist in notable quantities in
the radiation from any of the vacuum tubes actually em-
ployed."5 He also reported that the secondary rays from

6

alr were less penetrating than the primary x-rays® and was

confirmed in this opinion by Villard'.

# The translation and explanatory parenthesges are mine.



Later experimenters however were not so certain
that this was actually true. Barkla, who was responsible
for much of the early work on the subject, at first con-
sidered that the difference in penetration lay within the
experimental error and says; 'The absorption-coefficients
for the primary and secondary radiations cannot differ by
more than ten percent of thelr value, for the radiations
experimented on. I conclude therefore that the penetra-
bility of the primary and secondary rays ls practically

the same."8

This was indeed to be expected according to
the J. J. Thomson theory which regarded scattering as the
result of the accelerations of electrons traversed by the
priwmary electromagnetic pulse., If the electrons were free
to respond to this changing electric {ield, the energy
radiated in all directions as a result of their accelera-
tions should consist of pulses identical with those of the
primary, and while the intensity would naturally be dimin-
ished, the penetrability should be the same. About a
year later however Barkla was forced to agree with Sagnac
that the secondary radiation from metals was actually
gofter than the primary? and set himself the task of de-
termining the reason. In 1908 after an extended study of
secondary radiation from numerous elementis, Barkla and

to

Sadler published the important conclusion that second-

ary radiation was of two types. The first type, they still



maintained, was in accord with the Thomson theory and was
unchanged by the scattering process., It was found to pre-
dominate in, or comprise the whole of the secondary radla-
tion from the lighter elements, and formed a much smaller
percent of that from the heavier. They ascribed this ra-
diation to electrons controlled by the electrlc forces in
the primary pulse, and stated that the experimental evi-
dence in support of Thomson's theory was "overwhelming"
in this type. The second type was an extremely homoge-
neous radiation characteristic of the scatlering element
and independent of the primary radiation except that it
did not appear unless the primary radiation included radi-
ation at least as penetrating. They concluded that this
must also be x-radiation since it was too penetrating to
be of corpuscular nature, was not deflected in electric
or magnetic fields, had the same absorption coefficients
as simllar primary radiation, and was scattered by air in
the same proportion. They rightly atiributed ite origin
to forces in the atom itself, brought into play but not
controlled by the electric field of the primary radiation,

Their explanation assumed that the electron had a
natural period of vibration in the atom. Consequently if
it were traversed by a thin pulse whose time of passing
was long in comparison with half the natural period of

the electron, it would be displaced but the restoring



forces would be gone before it could respond to them and
it would be left to vibrate with its own frequency. If

a thick pulse passed over it, it would be more nearly, or
completely, restored to its equilibrium position and left
with less, or no, energy to radiate. They pointed out
that if this were true a wave train might be expected
instead of a pulse, but thought that probably the energy
of vibration was transmitted from electron to electron in
the atom and that the result was more like a number of
isolated pulses. This accounted satisfactorily for the
requirement of radiation at least as penetrating in the
primary. If the pulses were all of long duration, the
electrons were gently restored to their original positidns
and there was no radiation of this type as a result. When
it did occur its intensiiy was a considerable part of the
total intensity and 1ts presence accounted for the observed
increase in absorption of the secondary over that of the
primary radiation which necessarily contained still harder
components. They also considered the possibility that the
process might involve lionization, but thought that it was
highly improbable, partly because they did not get as great
an increase with increasing primary intensity in this
form of radiation as they did in the lonization of air,
and partly because ionization occurred in the lighter ele-

ments without the appearance of characteristic x-radiation.



Further investigations using the lighter elements
as scatterers showed however that there was still something
lacking in the theory. The secondary radlation was defi-
nitely softer even when the characteristic radiation was

not present. Sadler and MeshamH

used scatterers of high
atomic weights to secure homogeneous rays, and studied the
tertiary scattering from carbon., They found that it was
neither as hard nor as homogeneous as the radiation pro-
ducing it, but they inclined "more to the belief that an
actual modification of the X-ray occura in its passage
through matter, a gemeral softening taking place # % *"
rather than that the modification occurred in the scatter-
ing process itself,

The introduction of the crystal spectrograph by
W. H. Bragg in 1912 following the Laue-Friedrich and
Knipping discovery gave a new impetuslto the study of
primary x-rays, but the limitation of total intensity
imposed by the necessary system of slits at first pre-
vented it from being successfully used for the study of
secondary radiation, in which the intensity is extremely
small., As a result, the whole of that subject remained
in a rather unsatisfactory and uncertain state for another
decade, It was thought by some‘i2 that the difference in

penetration in the case of lighter elements was due to the



existence of a characteristic “J" radiation, shorter in
wave-length than the K-series, but this idea was gradually
abandoned as it was never detected directly, did not agree
with the accepted Bohr atom model, and no critical absorp-
tion limits were ever found for it.

Another explanation of the softening effect of scat-
tering was that there might be a greater scattering of the
gofter components than of the hard, but this also had to
be given up when experimental evidence came to light show-
ing the reverse to be true,

In 1920 Gray13 showed that an electromagnetic pulse
would be lengthened 1f it were scattered by an electron or
atom whose dimensions were comparable with the thiskness
of the pulse. If it were a train of waves this would not
be true. At this time it was thought that the primary
radiation came in pulses and that the periodicity char-
acteristic of a wave-train, which appeared to be present
in crystal reflection, was manufactured by the crystal.
Consequently it should be possible to test this hypothesis
by merely comparing the radiation before and after reflec-
tion from a crystal., Gray tried this but did not succeed

in getting definite results, Plimpt.onM

repeated the
attempt and could detect no difference, A. HE. Conmpton,
who was at that time supporting the idea that the soften-

ing was due entirely to fluorescence in the scatterer,



repeated the experiment’5 with shorter wave-iéngths and
obtained more conclusive evidence that there was no dif-
ference., However, it soon became evident that the true
answer was not contained in either the classical scatter-
ing theory or a purely fluorescence theory.

In a comprehensive survey of the whole question of
secondary x-radiation Compton published16 in October 1922
the first curves obtalned by spectroscopic methods which
showed definitely that secondary radiation from graphite
consisted, principally, at least, of longer wave-lengths,
and suggested that the explanation could be gotten only
by treatment on a quantum basis. The classical theory
failed to account for the fact of "excess scattering"
(greater scattering in the forward direction than back-
ward) and for the change in wave-length. The fluorescence
theory had to be given up because the change in wave-length
did not seem to depend upon the nature of the radiator and
because the secondary radiation was found to be very much
polarized, The work of Sadler and Mesham, and of Gray in
ganma-rays, had disposed of the idea that the softening
was due to greater scattering of the softer components,
and the Doppler theory on the classical basis required
extremely unlikely assumptions as to the motion of the

scattering particles,
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¢. Compton-Debye Quantum Theory of X-ray Scattering
18

In 1923 Compton'’ and Debye'® published independently
and almost simultaneously, nearly identical theories of
X=-ray scattering on a purely quantum basis. Assuming that
a quantum of radiation of energy hv, and momentum hi/c is
scattered in a definite direction by a single free electron
in a collision in which the laws of conservation of energy
and of momentum hold, they arrived at the following expres-
gion for the change in wave-length suffered by the quantum;

SA = (2h/mc)sin®Le )

= (h/me)(t- cose), )

where h is Planck's constant, m is the mass of the electron,
¢ 1s the veloclity of light, & 1s the scattering angle or
the angle between the initial velocity of the quantum and
its velocity after scattering, and h/mc = ,0242 Angstrom
units., It is to be noted that this shift is independent
of the nature of the scattering body, which follows of
course from the assumption that the free electrons are the
scattering agents, but, more than that, it is independent
of the initial wave-length of the radiation. In the same
paper Compton published lonization curves comparing the
primary K-spectrum of molybdenum with the same radiation
scattered by graphite, and showing a shift in approximate
agreement with Eq, (1). In November of the same year he

published more complete experimental datalg including
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scattering at angles of 45°, 90°, and 135°, showing in-
creagses in wave-length which varied with the scattering
angle as predicted. They also showed unmistakably the

SCATTERED BY

GRAFHITE AT

45°

)

Lle o] | )
630" granciva  7°  ANGLz FROM

n —>

Fig. 1. Compton's data on shift.

presence of an unmodified component which was greater in
intensity at small angles and became less at large angles.
See Fig., t., He noted that the modified line was broader
than the unmodified, and suspected that some of the ad-
ditional breadth was real, although much of it could be
attributed to the fact that his scattering occurred through-



t2

out a considerable range of angles and therefore his
scattered radiation was less homogeneous than the pri-
mary. It would be difficult to exaggerate the importance
of these last three papers, particularly those by Compton
inasmuch as he supported his theoretical predictions with
experimental facts. It is probably not too much to say
that they contributed more to the subject of x-ray scat-
tering than the sum total of all the work that had been
done up to that time. The quantum theory of scattering
was provided as a working baslis for further research, the
spectroscopic method was.shown to be a tool applicable to
the problem, and a considerable increment of new and ex-
ceedingly important knowledgé was added to a rather in-
complete and poorly correlated set of data.

The existence of the "Compton effect" was almost

immediately confirmed by Rosseo, but an unfortunate series

of experiments at Harvard21

kept the 1lsgue in doubt for
about a year and brought a considerable number of invest-
igators into the debate, Clark and Duane consistently
failed to get modified radiation according to Compton's
prediction but did get indlications of additional radiation
elsewhere which they ascribed to the collision of photo-

electrons with neighboring atoms in the scatterer, and

called "tertiary" radiation. Similar results were gotten
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by others working in the same laboratory but were finally
found to be due to experimental conditions. After these
conditions were corrected the tertiary radiation disappear-
ed and some of the best measurements of the Compton shift
were obtalned there.

The capitulation of the Harvard group did not how-
ever end all opposition to the quantum theory of X-ray
scattering., Barkla had, at the time of Compton's dis-
covery, abandoned the idea of a characteristic "J"-rad-
;‘L:a.’c,ion’2 in favor of a "J-transformation" which was a
transformation toward longer wave-length which occurred,

he thought, after scattering and during transmission through

scattering substances. He suggested poor technique on the
part of Compton in his experimental work and attacked his
theory rather strehuously at the outsetae, but was later
compelled to give ground, and in 1925 sponsored a paper
by R. T. Dunbar®’ in which the author admitted that the
accumulated experimental data furnished "a good deal of
evidence in favour of the quantum theory of scatitering",
and suggested that classical scattering might occur some-
times and Compton scattering at other times, depending
upon unknown conditions. By this time practically all
doubters had been convinced,

At this point the study of the Compton effect may

be conveniently divided into three parts under the follow-
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ing heads: (1) The wave-length shift of the spectral line,
(2) The intensity relations of primary and scattered radi-
ation, and the relative intensity of modified and unmodified
scattering. (3) The breadth and structure of the modified
line.

The firsi two will be treated rather briefly here, as
it 1s the third which has been the particular subject of
the research to be reported in this paper.,

The shift of the spectral line has been measured Dby
a number of experimenters. A quite complete bibliography
ls given by Professor Compton in his book, "X-rays and
ElectronB“Z’. Since the publication of that volume his
equation S?\z (h/mc) {1t - cos®} has been checked by many

o‘ohers24

and has now been universally accepted. As has
been stated above, the first confirmation was by Ross who
was also the first to obtain the Compton effect photo-
graphically. He secured good spectrograms showing the
modified Mo Ky doublet scattered at 90° from paraffin,
This scattered radiation was in a broad, unresolved line,
while the primary lines were narrow and clearly resolved.
This point will be discussed later, The shift was in
excellent agreement with Compton. He also attempted to
detect the efféct in visible light, using a Lummer-

Guercke interferometer and the green Hg line scattered

at 180° from paraffin, but was not successful, as the
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intensity of scattered radiation varies, at least approx-
imately, as the inverse of the wave-length cubed25.

Among the first and most conclusive substantiations
of the new effect was that by Becker, Watson, Smythe,

Brode and Mott-Smith24

in this laboratory. They obtailned
negatives showing unmistakably the scattered A and 3 lines
of molybdenum, both unmodified and shifted by the predict-
ed amount.

These were the forerunners of others and in this
respect the Compton-Debye theory has met complete success.

In the realm of intensity however it has not been so
fortunate. Both Compton and Debye treated the ratio of
intensity of scattered radiation to that of the primary,
as a function of the scattering angle., Later Jauncey26
and Bre1t27 derived somewhat similar relations, but none
have achieved more than qualitative agreement with the

facts. Thomson's classical theory gave as the intensity

of scattering of an unpolarized beam by a single electron,

Ie = I 7~§§§—Z (t +co8Q) = - =2 - - (2}

- 2ncr-c

where r is the distance from the electron, and the other
gymbols have thelr usual meaning. This gives symmetry in
the forward and backward directions, and 1s shown by the
curve marked 0 in Fig. 2. If the scattering electron re-
colils appreciably from both the incident and the scattered

ray, as it must when struck by a quantum of higher energy
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(shorter wave-length), the scattering should on any theory
be less than is given by Eq. (2). Breit has shown?® that
the minimum value which scattering can have is given by
: . I hv a4
this classical value divided by |t (1 - cose?] %
\f l_ + 522
This curve and others of the above mentioned theoretical

curves are shown in Fig. 2. Experimentally, scattered

0’ 30° 60° g0° 120° 150° /80
Angle of Scallering —»

Fig. 2. Intensity of Becattering at
Different Angles.

(From Compton's "X-rays and Electrons")

0 represents the Thomson classical theory
4 is Breit's minimum curve

C is Compton's theoretical curve

J is Jauncey's "
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intensity lies between the classical curve and Breit's
minimum curve, but conforms more nearly to the latter.
No really satisfactory theoretical treatment has yet
been evolved, although all the quantum theory formulas
have the advantage of accounting at least qualitatively
for the excess scattering which is found in the forward
direction.

Since the intensity in the modified line is quite
intimately connected with its breadth and structure which
will be discussed in detaill later, it will suffice here
to mention the first work done on the subject, by Rossz9
and Woojo. Ross made a microphotometric study of his own
photographic spectra and those obtained in collaboration
with Webster, and also measured the relative intensities
given by Compton's curves. This gave him data on scatter-
ing at 90° from carbon (6), aluminum (13), sulphur {16),
copper (29), silver (47), and lead (82). Plotting the ratio
of unmmodified to modified intensity against atomic nuaber
gave him roughly a straight line, leaving out the point
for lead which did not fall anywhere near it. Varying the
scattering angle while using the same scatterer gave the

following results in the case of graphite;

Angle Ratio
300 5.0
60° 1.05

90° 29
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These results, which Ross considered as only very approxi-
mate, do not agree very well with the later and more care-
ful work of Woo. He used an lionization spectrometer with

a methyl bromide chamber and studied scattering at inter-

Paraffin

60° 75° 90° 105° 120° 135° 150° 1657¢

Fig. 3. The ratio, R, of modified to unmodified intensity
plotted against scattering angle (by Woo}.

vals of 152 from 60° to 165° inclusive, using paraffin,
wood, carbon, aluminum and sulphur as scatterers. Hise
curves are shown in Fig. 3. The ratic of modified to un-
modified increases with angle in all cases and decreases
with atomic number., This latter fact supports the belief
that the modified scattering comes from the loosely bound

electrons. He calls attention to the fact that paraffin,
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which has the highest curve, is composed of carbon and
hydrogen while wood, which has the next highest, has oxy-

gen in addition, and both 1ie above the curve for carbon

Molybdenum Radiator, K line

Molytlenun Radiator, Ex line

4

|
5
sz’

Scattered at 135°

cattered at 90° |
4 [/ Scattered at 150°
1 1
o
cattered at 105" ¢ Bonttered at 165°
as2*
3 o 1 1 1 1 1 4

Fig. 4. Intensity ditribution of x-rays scattered from
paraffin, P marks the position of the primary Kg line,
and M that of the modified line according to Eq. (1). (Woo)}.

(

C

itself, Evidently hydrogen is the most effective in pro-
ducing the modified line. He also tried a lithium radiator
cleaned and kept in an atmosphere of hydrogen and found that
practically all the scattering was modified, the presence of



the unmodified line at all being questionable. Fig. 4
shows the distribution of intensity he secured from par-
affin at various angles. Jauncey, in a paper on the
quantum theory of bBhe unmodified 1ine3t, had derived a
formula for the above ratio. Woo's values fell consistent-
ly below Jauncey's estimate. Woo also observed that the
ratio was independent of the intensity of the initial ra-
diation, and agreed with the earlier suspicions that the
modified line was broader than the primary or the unmodi-

fied,

d. Work in this Laboratory on the Compton Effect by Dumond.

Work on the Compton effect was begun here at this
laboratory in 1925 by Dr. Jesse W, M. Dumond with the pur-
pose of investigating the cause of the apparent increased
breadth of the modified line in the x-ray spectrum, and
the question a§ to whether scattering was to be attributed
to free electrons or not. His first experimental work33’33’34
was done with a specially constructed x-ray tube containing
both the scatterer and a small Seeman type spectrograph
embodied in the anticathode. The advantage of this type
of apparatus is evident. The distance from the focal spot
of the target to the scatterer was only about half an inch
and the distance from the scatterer to the spectrograph was
about an inch, The gain in intensity over anything that

had been previously attained promised to be quite consider-
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able, but unfortunately he found that the primary intensity
had to be limited because the least overheating of the anti-
cathode caused vaporization and consequent coating of the
scatterer with molybdenum. Although the expected reduction
of exposure time was not fully realized, the results were
quite satisfactory with both aluminum and beryllium as
scatterers., In the last mentioned paper34 he gave a theo-
retical interpretation of the breadth of the line as a

type of Doppler broadening, and derived a relation between
the line Btructure and the velocity distribution of elec-
trons in the atom. His observed line structure was com-
pared with the line structures to be expected on this basgis
when four different assumptions were made as to the veloc-
ity distribution.

These assumptions were; " 1. That electrons in the
solid scattering substance have the veloclity distribution
required by a wave-mechanlcal model for a free atom of
that substance far removed from neighbore., 2. That elec-
trons may be divided into two classes, one clasg the
metallic or conductive electrons in the state of a degen-
erate electron gas subject to the Pauli Exclusion Princi-
ple and having the velocity distribution derived by
Sommerfeld, and the other class as in the 1lst assumption
unperturbed by the neighboring atoms., 3. That electrons
may be divided into two classes as before but that those

forming an electron gas have the classical velocity dis-
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tribution required by the lMaxwell-Boltzmann equipartition
law., 4, That electrons have the velocity distribution re-
guired by the older Bohr-Sommerfeld atom model with point
electrons executing Kepler orbits and as in the first as-
sumption unperturbed by neighboring atoms.,"

His experimental resulis gave a broad, diffuse
shifted line, and comparison of microphotometer curves
with curves constructed on the basis of each of the above
agsunptions showed confirmatory evidence for the wave-
mechanics model of the atom and for the Sommerfeld theory
of a degenerate electron gas for the conduction electrons,

on the basis of Fermi statistics,

II., THE MULTI-CRYSTAL SPECTROGRAPH.

As yet no satisfactory method had been devised 1o
study scattering at angles other than in the nelghborhood
of 180° where inhomogeneity of angle causes the least
spuriou breadth of the modified line, It was evident
that if the breadth of the Compton line were due to the
veloclty distribution of the elecirons doing the scatier-
ing, as seemed most probable, then it should be possible
td gain a good deal of iaformation from a study of scat-
tering at various angles, For this purpose Dr. Dumond
devised the fifty-crystal spectrograph’” which was built
in the Institute shops by lMr. Bressler under the super-



vislion of Mr. Julius Pearson, and has been successfully
ad justed and used in this research by Dr. Dumond and the

author.

2. Design of the Instrument,

In effect this instrument is an application of the

principle of the Rowland concave grating, in two dimensions,

Fig. 5. Flexible crystal Rowland grating.

to x-ray crystal spectroscopy. However a considerable
modification is necessary. The conditions for Bragg re-
flection impose two requirements which cannot be satis-
fied by a single surface of a crystal having its atomic
planes parallel to that surface as in Fig. 5, if radia-
tion from a polint source is to be focussed at a point,
The first of these requirements is that at any given

point the angles of incidence and reflection must be equal,



and the second is that these angles must be the same at
all points and yet the rays must converge to some single
point B on the photographic film. However since it is
not necessary to have the atomic planes parallel to the
surface of the reflector, and since the study of scatter-

ed radiation permits the use of a large scatterer as an

Fig. 6. Geometrical arrangement of x-ray tube, scatterer
and multi-crystal spectrograph.

extended source, the following very simple solution was
hit upon by Dr. Dumond., If, as in Fig, 6, we place the
target of an x-ray tube, T, and an extended scattering
body, S, on the circumference of a circle, all radiation

scattered at a given angle & will coaverge to a point O(

24
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also on the circumference of the same circle, If we now
construct another circle passing through the point A with
an arc CC' intercepting the wedge of converging scattered
rays, and if we place.along this arc small crystal spec-
trographs with their reflecting planes perpendicular to
the figure and all meeting in a line through the point 3
such that the angle(lCﬁ?is the Bragg reflecting angle for
a particular waveflengthjk_of radiation, by the geometry
of the figure all radiation of that particular wave-length
will be reflected to a point 6, Thus a film placed on the
circumference of the smaller circle at ¢ will have record-
ed on it the spectrum of the radiation in the neighborhood
of the wave-lengthuk. This arrangement has the double
advantage of permitiing the use of a large scattering body
with the accompanying gain in total intensity of scattered
radiation, while securing also extiremely good homogeneity
of scattering angle which has been secured in no other
way. The latter is by far the most important feature of
the instrument, since it must be admitted that much of the
first named advantage is lost because the distance from the
X-ray tube to paris of the scatterer must be rather large,

especially when the set-up is for large scattering angless

b. Construction Details

Fig., 7 shows the plan and elevation of the spectro-

graph and Fig, 8 shows views of the completed instrument.,



Fifty small cylindrical Seemann-type spectrographs,
shown in Fig, 9 were used, They are 1'/4 inch in diameter
and the calcite crystal in each has a cleavage face about
3/16 inches wide and an inch long. The crystals were

ground by Mr, Pearson to fit accurately in a triangular
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Fig. 7. Plan and elevation of multicrystal spectrograph.

groove with thelr cleavage faces lying accurately in the
diametrical planes of the cylinders, A few thousandths of
an inch from the crystal face and practically on the axis
of the cylinder is the edge of the brass wedge which de-
fines the reflected beam, These fifty units are fitted
accurately into fifty holes bored as close together as

was consistent with mechanical strength in a single bronze
casting. The holes are carefully located on a circular

arc which forms part of the major circle of the instrument



27



28

and has a diameter of about one meter. The curved cast-
ing has two channels milled out on either side to such a
depth that the holes open into the channels so as to form
two elongated rectangular windows on diametrically opposite

8ides of each hole. The xX-rays pass through these windows.
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Fig. 9. Crystal holders, before and after assembling.

The casting which remains between two adjacent holes pro-
vides an arc of contact of nearly 90° on two opposite

gides of each crystal holder. Thisg 1s sufficient to pre-
vent x-radiaticn from leaking between the crystal holders.
The film holder or cassette is mounted on a counterbalanced
.arm pivoted at the center of the major circle and can be

be swung through an angle sufficient to explore the spec-
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trum through three orders. The film cassette can be re-
moved and replaced by the slit shown, tc be used with an
ionization chamber and electrometer, but up to the present
time the instrument has been used only phobtographically,
Ag originally built, the rotation of all the crystals
to their proper orientations‘was accomplished by means of
a single rotating mechanism which could be clamped at any
position on an arc parallel to that of the crystals, and
consisted of a slow motion screw to move one end of a
steel arm about 15 cm long, the other end of which was
inserted in the hole in the upper end of the holder of
the crystal to be adjusted. This is shown in Figs. 8a
and 8b. When properly orientated the crystals were held
in place by set screws in the bronze casting. This ar-
rangement was found to be unsatisfactory. It was impos-
£ible to insert or withdraw the steel arm without disturb-
ing the crystal, and although the set screw exerted its
pressure on the sgplit sleeve shown in Flg., 9 and not di-
rectly on the holder itself, i1 usually rotated the
crystal through an angle larger than the correction that
had just been made in the pogitiocn of the crystal. Con-
sequently it wasvfound advisgable to change the design of
this part of the instrument, and the device shown in
Figs., 7 and 8c was adopted and found to be quite satisfac-

tory. Each crystal holder is equipped with a steel arm
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10 cm long. One end can be clamped rigidly to the upper
end of the crystal holder by means of a small set screw,
The other end extends along a radius toward the center of
the major circle and restis on a bronze plate attached to
the original casting. There are two tapered holes in each
arm near this end and through them two taper headed screws
are threaded into two holes in the bronze plate which are
not both on the same radlial line. When screwed down, the
tapered heads bear on opposite sides of their respective
holes, and thus the end of the lever can be moved slightly
either way by turning down on one screw and up on the
other. This has the advantage also that no auxiliary
locking device is needed and there is no necessity of
disturbing the adjustment in any way after the crystal

has been properly orientated,

a, Testing Crystals for Planeness.

In the study of scattered radiation it is important
that each crystal have atomic "planes" which are accurate-
ly plane throughout the length of that part of the crystal
which is in use, This 1is because the radiation comes from
an extended source and each point on the photographic film
receives radlation from all points along this length of
the crystal. Thus a twisted crystal will give a broadened,
more diffuse line whereas with a point source the line

would be merely inclined or curved, For this reason it
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was necessary to test each crystal for planeness, and
since this could not be done until it was split, ground
and mounted in its holder, and since about thirty percent
of the crystals failed to pass, the work of testing and
of replacing the ones that had to be discarded proved to
be one of the principle tasks involved in constructing
the instrument. The testing was done with the crystals
in place in the instrument., An x-ray tube was mounted in
front, close to the crystal to be tested so that only a
small fraction of the length of the crystal contributed
to the spectral lineg on the film. Thus it was possible
to explore it throughout its length by simply raising and
lowering the x-ray tube and determining whether the lines
reflected selectively from the various parte coincided on
the film, Usually four different parts were checked a-
gainst the middle., The tube was first placed so that the
focal spot wag at the level of the middle of the crystal,
and a central horizontal zone on the film was shielded by
a brass strip while a one-minute exposure was made. Then
the tube was raised until in line with the upper part of
the surface of the crystal, and an exposure made on the
central zone only while the part previously exposed was
shielded., The film was then moved a few millimeters lat-
erally in the cassette and a similar comparison was made

between the surface at the middle and at a point one
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fourth of the way down, and so on to the bottom. Lastly,
as a check, the top was compared with the bottom,

Fig. 10a shows a sample negative revealing one of
the worst crystals found. The last exposure, on the

right, shows a difference between the top and bottom

Fig. 10a and 10b. Tests of planeness of crystals,

nearly equal to half the separation of the X doublet.
Fig. 10b shows an investigation of another crystal at
intervals of one sixth of its length but with no com-
parison directly between the top and bottom. In both
there is apparently a nearly uniformly helicoidal sur-
face throughout the length, although this was not true

of all crystale. On both negatives the central segments
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of the lines are from the central part of the crystal,
with the exception mentioned above of the right hand
pair in Fig. 10a.

In some crystals this distortion was found to be

a mechanical strain, probably torsional, imposed by the
holder and was corrected by loosening slightly the screws
which held the wedge and crystal in place, At first a
emall touch of Duco cement was applied to the back of
each crystal, at one end, before placing it in its holder,
as an added precaution against subsequent change of pos-
ition of the crystal. Apparently the cement 4did not
shrink evenly while drying and there occurred a slight
rotation of that end of the crystal about some axis, If
this axis had an appreciable component in the direction
of the length of the crystal, the result was a twist,
If a slight loosening of the wedge screws permitted the
rest of the crystal to take the same orientation as the
cemented end and straightened the crystal out, it could
be used. Otherwise it had to be replaced,

Several sub_stances other than Duco cement were
also tried, but nothing was found to be entirely satis-
factory. The later replacements were not cemented in at
all, entire reliance being placed on a good mechanical
fit, and protection of the instrument from Jjarring by

mounting its table on rubber blocks one inch thick,
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d, Orientation of the Crystals

The orientation of the crystals was accomplished
photographically using the Kq lines from a molybdenum
target tube, The tube was mounted as shown in Fig.tt

80 that it could be rotated about the point O as center,
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Fig. 11, Tube mounted for orientation of crystals.

and positions were marked on an arc on the moving frame
supporting it so that the focal spot could be set at will
on the extension of the radius through any desired crystal,
One of the middle crystals was selected as a reference

crystal, rotated by hand with a steel rod inserted in the
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hole ihrough the top of its holder, until the Kg lines
in the first order appeared in a fluoroscope at about the
center of the film holder at @4. The crystal holder was
then locked to its adjusting arm by the small set screw,
the two taper-headed screws at the end of the adjusting

arm were turned down snugly and permanently, and the steel

rod was withdrawn. Then each of the other crystals in
turn was orientated so that the spectral lines reflected
from it coincided on the film with those from the refer-
ence crystal.

The process was as follows, The first rough set-
ting was made with the fluoroscope as in the case of the
reference cryetal. This usually put the spectral lines
within a few millimeters of their proper positions at
the film holder. The crystal holders were all clamped
to their adjusting arms after this operation and, in
general, all subsequent adjustments were made by means
of the taper-headed screws, The positions of the crystals
were then testeduphotographically. An Eastman duplitized
x;ray film in its black paper envelope was put into the
film holder and exposures made in the following way. The
X-ray tube was swung into position in front of the refer-
ence crystal. A small moveable lead plate to shield the
neighboring crystals but with a slit to permit the radia-

tion to reach the reference crystal, was put in position



as shown in Fig.!!. A central longitudinal zone of the
film, about one third of the width of the tx4-inch open-
ing in the front of the film holder, was shielded from
the radiation by a strip of 1/8-inch brass, and a one-
minute exposure was taken., Thus only the extremities of
the refernce spectral lines show on the film, the central
third of their length being shielded off, The tube was
then moved into position in front of crystal No, 1, a
similar lead 8lit was placed in front of it, the film

was shielded this time in such a way as to expose only
the central third of the spectral lines, and a second
exposure was made, The film envelope was then slipped

a short distance in the film holder and the process re-
peated for the second crystal, and so on until the set-
ting of each crystal had been photographically recorded
with that of the reference crystal, Usually five of
these double exposures were made on each film and then
the ten films were developed, fixed, washed and dried in
a specially constructed holder, at the same time., Fig., 12
shows one of the films with four double exposures on it.
The segments of the lines at the top and bottom are in
each case those from the reference crystal. On this

film crystal No, 6 is shown to be satisfactorily oriented
while the others are not.

As a basis for calculating the angle through which



it was then necessary to rotate crystal No. 19 to bring
the lines into coincidence, the distance d was measured
on the negative with a parallel plate comparator built
for the purposeB6.

After measurements had been made on all the films,

the next step was to make the indicated corrections to

Fig. 12, Test of orientation of four different crystals,

the crystal settings. On the end of each adjusting arm
near the crystal holder, had been mounted an excellent
small mirror one half inch square cut from an Egstman
Kodak Company filter to secure a good plane surface, and
gilded on the front surface through the kindness of Dr.
C. Hawley Cartwright to whom we are indebted for volun-
.teering his eXxperience and equipment for the task. At
the center of the instrument was placed a larger plane
mirror which could be rotated about a vertical axis, A

well lighted scale was placed about three meters from

37
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this mirror. Light from the scale was reflected from the
large mirror to the desired small mirror, back to the
large mirror and thence to a telescope to form an image
of the scale (see Fig, 11);*and by this means a very
small rotation of the crystal could be detected and
measured, Since the X-ray beam moves through the same
angle as the crystal, while the reflected light ray
from the moving mirror moves through twice that angle,
we have for s, the change of apparent position of the
scale in the telescope reculred to bring the crystal
into the proper orientation, the relation
s = 2dr,/ry - = - = = - - - ~ {3

where ry is the distance from the crystal to the film
and rp is the length of the optical path from the scale
to the small rotating mirror., This correction was made
ag carefully as possible for each crystal and then another
photographic check was made just as before. This cycle
was repeated, eliminating each time a few that were found
to be in satisfactory adjustment, until all coincided
with the reference crystal to within at least one fifth
of the width of the Kq, line, and the majority were with-
in one tenth of that distance.

The accuracy of these orientatiions is attested by
the sharpness of the narrower spectral lines shown in

Fig., 22, of negatives obtained with scattered radiation,

* See also Fig. 12a. Fig. 11 shows earlier arrangement,

before the addition of permanently mounted mirrors, etc,
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Fig. 12a, Showing small mirrors mounted on
crystal holders, larger central, rotating

mlrror, and telescope. The scale was located
behind behind the camera,

Fig. 12b., Closer view showing crystal aper-
tures, mirrors and adjusting levers. lost
of the taper-headed screws are covered by
protecting brass cylinders,
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using all fifty crystals., At the time this is written
the instrument has been in use about nine months and

while no photographic check up on the individual crys-
tals has been made in that time, no diminishing of the

sharpness of spectral lines can be noted and evidently
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Fig. 13. Showing arrangement for hoﬁogeneous scattering
at 90° in the first order, and also positions of images
and virtual sources for the first three orders.

most of them have remained in their positions exceeding-
1y satisfactorily.

It should be noted that when the crystals are ori-
ented for one wave-length and one order, they are also
oriented properly for all other wave-lengths and orders,
s may easlly be seen from the geometry of the instrument.

In Fig. 13 the positions chosen on the major circle for
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the spectral images and sources in three different orders
are shown. In the figure & refers to the images, (X to
the virtual sources,/ﬁzis the point where the reflecting
crystal planes would converge if produced. Thé geometry
of the instrument permits a ceritain freedom in the choice
of these positions. A number of practical considerations
entered into the final choice made. These are: (1) the
limits imposed by the construction of the instrument.
The opening of the rectangular windows in the bronze cast-
ing requires that

- 909 X< 490°,
(A1l angles are measured positively to the right from a
point O diametrically opposite the center of the arc oc-
cupied by the fifty crystals.) The design of the leed
box inclosing the instrument limits the swing of the arm
carrying the film cassette so that

- 120 6 <€ 4459,
The glancing crystal angle cannot exceed 30° because of
the angle of the wedges used. This limits the instrument
to the fourth and lower orders. (2) O must be as large as
possible to permit working advantageously at large scat-
tering angles. (3) The rays incident on the film must
be kept as nearly normal as possible, especially as dupli-
tized film (sensitized on both sides) is used.

For molybdenum K-radiation and calcite the glancing
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angle of about g may be assumed to represent roughly the
center of the small spectral region to be studied. Ve
therefore decided to use the following values;

o1= 16° 0y = 2° 65 = -12°

a; = 44° a, = 58° Az = 72°

Y= 72° Ye=79° Y, = 80°
where‘w’represents the angle between the tangent to the
major circle at the film and the ray least nearly normal.

Considerable care has been taken to insure that the

position of the film is always the same, The containing
envelopes are of uniform thickness of black paper, folded
only once so that there is nowhere more than one layer in
front of or behind the film, and the ends are closed by a
thin layer of cement between the two thicknesses of paper.
The upper edge is left open and the loading is done in the
dark, The film is held in place against the circular arc
of the frame of the cassette by the tension of a flexible
brass strip, and this has vertical reinforcing ribs on the
back to prevent bowing in and forcing the film too far
forward in the middle. The importance of these precautions
is evident from the consideration that the beams from the
crystals located at the extreme ends of their arc are

converging at an angle of about 230,

e. Non-gelective Scattering at the Crystals and VWedges.

The first negatives of scattered radiation obtained



were featured by a background much too intense to permit
satisfactory measurements on the fainter lines. BSince

the film was completely protected by the lead case from
stray radiation, it seemed probable that the cause of

this undesirable blackening was non-selective scattering
by the crystals and wedges. This non-selective scatter-
ing on the part of the crystal could occur by Compiton
modified scattering inasnuch as that is non-coherent and
therefore not subject to the Bragg restriction of equality
of angles of incidence and reflection.

With an extended scattering body, each crystal unit
was exposed 1o radiation from a large part of the scatierer
and a certain part of this would be scatiered agaln by the
unit in the direction of the film. While the intensity of
this doubly scattered radiation would certainly be quite
small in comparison with the radiation received by the
unit, it must be remembered that the area of the scatterer
from which it was permitted to come was very great as com-
pared with the very small area which gave rise to the ra-
diation selectively scattered to form the spectrum from
that particular crystal. Hence the total intensity might
be quite comparable to that in the lines of the spectrum.

Accordingly a set of baffle plates were introduced
to 1limit the area of the scatterer which could supply

radiation to each crystal. These are shwon in Fig, 13,
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The result was satisfactiory beyond expectations., The

background disappeared almost completely,

I1I. THEORY RELATING BREADTH OF THE COMPTON LINE TO
ELECTRON MOMENTA.

a, Introductory Qutline

The first suggestion that the motion of the electrons
might be the cause of the breadth of the Compton line seems
to have come from Ross%o In the first report of his exper-
imental confirmation of Compton's shifted line he noted the
fact that it was broader than the unshifted line and sug-
gested that this width might yield some important inform-
ation about the motion of the scattering electron.

Jauncey31,38, deBrogliel? Wentzel?® Dumond?* and
Chandrasekhar4? have treated the subject theoretically,

The present treatment, which is due to Dumond?7
makes use of the following assumptions: (1) the conserv-
ation of momentum and energy in the scattéfing process,

(2) that the electron binding energy is negligible in
comparison with the energy transferred to the electron
from the quantum, (3) that the initial velocity of the
electron is small compared with that of light, and (4)
that the probability of scattering by electrons in a
glven velocity class is proportional to the number in

that class. Proceeding from these assumptions it is shown

that the breadth of the modified line at any given frac-



tional part of its height is approximately proportional
to the velocity of the electrons in any given class in
the scatterer, to the initial wave-length, and to the
sine of half the scattering angle. Expressed mathematic-
ally,

AN = ﬁ@ﬂqsinﬁe (approximately) .- - (4)

As will be shown later, this equation is supported
by our experimental results,

It is now well known that the change of wave-length
with scattering angle can be derived from & purely wave
hypothesis as well as on the quantum theory, by consider-
ing it as a Doppler effect from a moving scattering body.
Regardless of the point of view, it should cause no con-
fuslion to speak of 1t as a Doppler effect, and this we do
without wishing to commit ourselves to any explanation of
the mechanical process involved in the scattering, but
merely referring to the analogous result. The Compton
effect may then be thought of as the superposition of two
Doppler effects., The first 1s that due to the velocity
given to the scattering electron by the radiation, This

is always in such a direction with respect to the propa-
gation of the radiation that it results in an increase
in the wave-~length and causes the well-known Compton

shift., The second is due to the initial velocity of the

electron which may be in any direction and consequently

44

may either add to or subtract from the effect of the first,
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This second velocity, on the whole, is less than the first

and causes the line breadth.

The result of the first is the Compton-Debye equation

8\ = (2n/me)ein®te - - - - - - - (1)

The result of the second has been expressed in Eq, 4.'

Swsiera v

1l
Vo L2

7

MOTIERTU7 ;'%’ X

/
X/ﬂ/f/]/ f/t’cffzz/i/

3

[ IOTETTE
I
S

SN

Fig. 14, Schematic illustration of Compton scattering by
randomly directed moving electrons for three scattering

angles, together with idealized spectra of the resulting
scattered radiation.

In Fig. 14 is shown diagrammatically the scattering proc-
ess for three different angles, and beldw, the resulting
shifts and line breadths. PFig, 15 shows relative breadth
and relative shift curves for angles up to 180° plotted
on a percentage scale in which the value of each at 180°

is taken as 1004, Relative breadth is here computed from



46

a formula derived below, which is more accurate than Eq.
(4).

It is to be noted that the shift is proportional to
the sine squared of half the scattering angle while the
breadth is proportional simply to the sine itself, This
has a simple qualitative explanation in the fact that the
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Fig, 15, Relative breadth and relative shift as a function
of scattering angle,

shift increases with angle for two reasons, while the
breadth increases because of only one. The Doppler ef-
fect from any moving scatterer increases with scattering
angle, and in the Compton effect the velocity of the mov-
ing scatterer itself increases with scattering angle,

while the breadth is due to the initial velocity alone,

b. Analytical Solution of the Line Breadth.

Case of one free scaltering electiron only. Follow-

ing de Broglie39 we write the equation expressing the
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congervation of energy in a collision between a quantum of
radiztion and a moving electron, and the three equations
expressing the conservation of momentum along three rec-
tangular coordinate axes, letting the direction of motion

of the primary quantum be the positive x-axis., See Fig. 16,

C  ——— X
V207 e
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Fig, 16, Various angles and vectors involved in Compton
scattering by an electron having initial momentum whose
vector is here exaggerated.
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Here 14 is the frequency of the primary quantum, The vel-

1}

-~ (5}

ocity of the electron before scattering is 3¢ and has di-

rection cosines ag,by,cy. The scattered guantum has the
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frequency 7 and direction cosines p,q,r. The recoiling
electron has a velocity B¢ and direction cosines as,bp,Ca.
The angles are as shown in the figure. The sphere in this
figure and in Fig., 17 has no special significance, being
merely to aid in visualizing the figure in three dimensions,

Eliminating as,bp,co and/Fp from Egs. (5) we obtain
for the change in wave-length

y S (31(cose, - cosq;)_ e 208inle

| A%coaeg t - /3, co88,

where (X = h1{/m,c2, If /3 is emall so that we can consider

- = = 18]

the denominator as equal to one, the second term on the
right is exactly the Compton shift in the first form of
Bg, (1), The first. term then represente the modiflcation
caused by the initial speed of the electron,/éz.

Since we are interested particularly in the breadth
of the shifted line, let us choose our origin at the
"center" of the shifted line {the shifted position for
scattering by free, initially stationary electrons) and
a coordinate w measured positively in the direction of

increasing wave-length. Let

Ae= AN+ 2aAginte - - - - - - (7)
w = 7\2- Ac. |
= 2,~ Ny~ 20Nsinte - - - (8)

Rearranging Eq. (6},
(Az= A}t = Bcos6,) = NScose - cosd) + Ea?tlsinz—%o
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w(l - Bicoss;) = AyJ(cosd, - cosp) - 2ar,/Fcosg, s:an%e

(Bc080, { Ay~ 200810 10)

w = {Aec0o86, - Meos®) G, | . . . (g)
! - ﬂi 00891 )

il

This equation can be much simplified by shifting our

reference axis from the direction of the inclident quantum

Fig. 17. Defining the natural reference axis and the
anglel, and showing graphically the quantity X¥.

to the direction of the change in momentum suffered by a

quantum in the simple Compton case of scattering by a
single stationary electron at an angle &, This is illus-
trated in Fig., 17.

Now let the vector OA be equal in length to A, but
in the direction of the incident quantum, while OB is
equal in length +to )4 in the direction of the scattered
quantum. This inversion is due to the fact that the mo-

menta are inversely proportional to the wave-lengths,
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Let the vector OC have the length J and lie in the di-
rection of the initial velocity of the electiron, We now
define a new wave-lengthX such that the vector BA has a
length 2X¢, If we write the numerator of Eq (9) as the
difference of two scalar products, |
OC+OA - 0C+<OB = 0C+(0OA -~ OB)
= OC+*BA

o2 gﬂaﬁ?cosyl

Thus we may write

Now /5, is very small in most practical cases and if we neg-

lect it we have at once that

since the new natural reference axis is fixed by the din
rections of the incident and scatiered radiation, and the
angley/is determined solely by the direction of motion of
the scattering electron and may have any value from 0° to
180°,

- If we retain /ﬂ_but consider /ifas negligible with
respect to one, and put in the value of €4 in terms of

V, ©, and ¢ we get the inequality (11) with the term
2/§7fcos%(ﬂ - 0) added to each side. This gives the same
range of values for w, but displaced slightly toward
longer wave-lengths,



Case of ensemble of electrons of speedggc and ran-

dom direction., It is seen from the above that the breadth

of the shifted line due to an ensemble of electrons of
equal, randomly directed velocities would be

AN = 45N - - - o - - - oo (12)
It remains now to‘be seen what the structure of this liﬁe
will be. Ve shall get a sufficiently good approximation
if we neglect /% with respect to unity and put the denom-
inator of (10) equal to unity at the outset. Since the
initial electron velocities are equally distributed as to
direction, it is easily shown that the probability of
scattering by an electron whose veloclity makes an angle
between Vand )/+ dy/with the above defined reference axis

is given by the equation

P(Y) ay =%seinValy, - - - - - - - (13)
Differentiating Eq. (10) we have that
aw = —24Msinyay, - - - - - (14)

(neglectingféﬁ) and from these two equations we get thét'
P(w) aw = (43) 'aw - - - - - (15)
Thus we see that the probability of a given devia-
tion from the Compton shift is independent of the devia-
tion w, and the contribution of this particular class of
electrons to the line structure may be represented by a
rectangle of width 4/3,/* and area proportional to the num-

ber of electrons in that particular speed class, See Fig.

13,
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Pig. 18, Spectral distribution curve of originally monochro-
matbtic- radiation after scattering through angle € by ensemble
of electrons of initial speeds 3¢ and random directions,

As stated above this spectral distribution is not quite cen-
tered on the Compton shifted position but is displaced to
the right by the amount 2pﬁlﬁcos%(ﬂ‘- &). The error in

Eg, (15) is about 3 percent in the widest part of the line
struc%ure and much less in the narrower parts,

Case of an ensemple of electrons with random direc-

tions and any speed distribution, §{3). If we have a

given distribution of electron velocities in the scatter-

o)

T

Fig. 19. Relation between spectral intensity distribution
{left) and population of electron speed states (right).
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ing body, for example such as shown by the right hand
curve §(gof Fig. 19, we can construct the spectral line
by bullding it up of rectangles of decreasing lengths,
whose dimensions are determined in the above manner,
That is, for each element of area §(?3)d3 we construct a
rectangle ﬁﬂh?dy whose area 1s proportional to that of
the former. If k is the proportionality constant,
2w dy = k$(3) &/3

= WB(w/2 ) aw/2R - - - - - (16)

since w = 243\, From this the equation of the line Struc-

ture can be gotten by integrating from y = 0, w =oC to

w=w
y= - k'j wlg(w/2))aw - - - (17)

wW=cc

Dependence of line breadth on scattering angle.

When the primary wavedength and the scattering material are
kept the same while varylng the scattering angle, the only
variable affécting the lengths of the elementary rectangles

going to make up the scattered line, is A¥., Therefore the

effect on the spectral line at _any fractional part of its
height is simply to increase or diminish its breadth in
the same ratio as the change in A*., What this change will
be can be most readily seen by referring to Fig., 20,
Since A, and A, are veryn nearly equal,

N oMo ~====== (18)
approximately, and the breadth of the line at halfvlgg.
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maximum height, for instance, 1s proportional to the sine

of half the scattering angle as has been asseried above in

Eq., (4). This gives a very satisfactory opportunity for a

simple experimental test of the theory.

S0°
112v5° 67%°

157%°

180"

Fig. 20, Graphical construction for A¥ ,

IV, EXPERIMENTAL WORK TO TEST EQUATION (4).

a. Geometrical Dispositions of Tube and Scatterer, and the
Exposure Times Reguired.

To test the change of breadth with scattering angle,

three exposures were made at angles of 63°30', 909, and
156°27', using molybdenum K-radiation, and carbon in the
form of graphite from the Acheson Graphite Company as the
scatterer,

The geometrical arrangements of the tube and scatter-

er with respect to the spectrograph are shown in Fig, 21,
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The spectrum in the first order was used, The necessary
exposure time depends principally on the distances from
tube to scatterer since the inverse square law is oper-
ative over that part of the path of the radiation, while

the intensity after scattering is roughly proportional to

i | /‘2 ' : 6/] ”
sadm@yzgﬁ,65° S Ing e 29° anszW@@6ié
| | i

1
i

\
~.1l\&

! i
i

FPig. 21, Geometrical dispositions of x-ray tube, scatterer
and spectrograph for the three scatitering angles studied.

the inverse of the first power only, of the distance,
Having experimentally determined the time required for
one scattering angle, it is possible to get a very good
estimate of the time required with any other arrangement
by calculating in each case the mean value of the inverse
squares of the distances from the tube to the positions
on the scatterer from which each crystal receives its ra-

diation. The xX-ray tube, an ordinary water cooled Coolidge
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tube, was run continuously twenty-four hours a day at
about 50 kv and 20 ma,

Considerable care was exercised to insure that the
scatterer and tube were accurately placed, A radius arm
was erected which carried at its outer end a plumb-bob
which could be raised and lowered into close proximity
with the curved scatterer and the point Oy , Two auxil-
iary plumb-lines were used to place the x-ray tube in
position by sighting from two directions on the focal
gpot and the principal plumb-line above it. The scatter-
ing angle was determined by measuring carefully the angle
through which the radius arm was turned when moved from
the position above the focal spot to that above Q.

Inhomogeneity of scattering angle is caused prin-
cipally by the width of the focal spot and the thickness

of the scatterer, but in no case could have been greater

than one degree, The corresponding excess breadth could

be only of the order of magnitude of the width of the

narrower unshifted lines,

b, Results,

The spectra of scattered radiation secured at these
three angles are shown in Fig, 22, It will be noted that
the unshifted lines are sharp and clearly resolved. This
fact furnishes unambiguous proof that the breadths of the

shifted lines are not due to poor resolution or poor ori-
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Molybdenum K Radiation
Scattered from Graphite.
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entation of the crystalse.
Fig., 23 is a reproduction of sample microphotometer

curves secured from the three negatives shown in Fig. 22,

J‘- ‘L(L 75004.;"’"“

70
Frdalawdwlalakah e Talalas badwlelal

Blc

B, 650 0

Fig, 23, Typical microphotometer curves of the spectra
shown in Fig, 22,

The modified @doublet has been resolved into its
two components by an analytical-graphical method devised
by Dr. Dumond37 which is quite simple of application in
this case gince we know the relative intensities of the
two componente to be in the ratio 2:1 and that their sep-

aration is 4 X.,U,, exactly as with the primary lines.

58
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The 3 1line is also a doublet but the separation is only
0.6 X.U, and the ratio of the intensities of the two com-
ponents is much greater than in the case of the (J-doublet,
80 the effect of the smaller one is considered negligible,
Five different microphotometer curves from each of
the three films shown were measgured to obtain the data

given in Table I.

Table I. Breadths in x-units at half maximunms,

639 90° 156°
u’zc a'lc. ﬁlo aiic. aif_ ﬁ1c aiZc \air_ ﬂj_c

13,0 [ 12,1 | 12,0 16,2 | 15,6 | 13.3 22.4 | 22,8 | 22,4
12,4 (11,5 | 10,9 16.4 | 15.75] 16.0 21,8 (21,2 | 19.4
11370 | 12, 11,5 15.75| 15.15/ 15,75 | 23.0 (23,0 | 20,6
-13.0 [ 12,1 | 12.1 16,4 | 15,75| 16,0 23.0 [ 23.0 | 20.6
13,0 112,11 10,9 16.4 [ 15,75/ 15,2 22.2 121,989 121.5

12,9 [ 12,0 | 11,5 16.2 | 15,6 | 15,2 22.5 | 22,4 | 20.9 Avg.

Grand

11.8 15.4 2t.6 average
5 & . aic mldﬂi&
Theor.
51% 69% 97% relative
. breadths

These rung were taken at different heights on the films in
order to eliminate irregularities due to the grain of the
film and other spurious effects., Also the reliability of
the individual runs was increased by using the image of a
8lit parallel to the spectral lines, instead of the usual
small spot of light, to scan the films., The microphotometer

itself is very reliable. Successive runs across the same



60

part of any film were found to be practically identical,
and the small irregularities in the curves can be said
to be due entirely to the films,
The breadths of (X, and /3_at half maximum were
meagured directly from the curves. Those of 0, were measured

from the graphical decompositions, as shown in Fig, 23,
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Fig, 24, MlNeasured relative breadths of shifted lines
compared w;th theoretical curve,

A comparison of the experimental results with theory
is shown in Fig. 24. The full line curves are the same
ones shown in Fig, 2, the relative breadth curve being a
8inke curve while the relative shift curve is a sini e
curvé. The plotted points are the averages from Table I.
Since the curves represent only relative values it was
necessary to fit one point of each set arbitrarily, and
-this was done with the upper points. The others are seen

to fall quite close to their predicted positions, and



61

indicate a very good agreement with the theoretical result
that the relative breadths are proportional to sin%e.

It should also be noted that the resulte are éppar-
ently in agreement with another prediction of the theory.
If we combine Egs. (12) and (18), we have,

AN = 4ﬁﬁM§in%e‘ (approximately) - - (19)
which tells us that the breadth is also proportional ﬁb
the primary wave-length. This seems to be borne out by
the figures in Table I, since the average breadths of (X,
are systemmatically greater than the average breadths of ﬁic

However, the precision of the breadth measurements
hardly warrants more than a mention of this apparent
agreement, and a claim to confirmation on this point
must awailt more data.

Confirmation of Compton's equation, The positions

of the shifted lines according to the Compton formula
(Eq. (1)) are shown on Fig. 23 as vertical broken lines,
and the actual lines appear to occur precisely at those

positions,

c¢. Discuegsion of Regults.

After these results had been obtained, but before
their publication, two other experimenters published re-
sults which up to the present time have not been recon-

42

ciled with ours, Bearden' < and Gingrich43 both reported

the partial resolution of the modified X -doublet into



two peaks, using double crysial specirometers.

Both had much less homogeneity of scattering angle
than ours and for that reason should have gotten broader
lines for a glven scattering angle, although that was
largely offset by the fact that they worked at large
angles only. Bearden used a silver target tube so his
primary radiation was some what shorter in wave-length
than ours. Gingrich worked with molybdenum radiation but
with much greater primary intensities. Bearden's lines
would be narrower because of the shorter wave-length, but
Gingrich's should be broader than ours because of his in-
homogeneity of angle.

At first it was thought that because of our much more
extended scatterer there was a possibility that multiple
scattering might be present to a greater extent in our ex-
periment. This would broaden the modified line, first be-
cause multiply modified radiation would have a greater in-
crease in wave-length, and second because radiation unmod-
ified at the first scattering and modified by scatiering
at a smaller angle the second time would be less changed
in wave-length than any of the singly scattered radiation.
Accordingly a scatierer was constructed of graphite divided
into units screened from each other by lead strips in such
a way that there was practically no interference with

single scattering, but preventing the exchange of scattered
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radiation between the units. This confined the multiple
scattering to volumes less than that of the scatterer used
by Gingrich and not much larger than that of Bearden's.

The result of this test was a negative whlch could not be
distinguished from the corresponding one obtained without
this precaution. It is now certain that our modified
lines are not appreciably broadened by multiple scattering.

We have also used a silver target tube to see if the
resolution appeared with shorter wave-lengths, but while
the line is narrower, as 1t should be theoretically, there
is no evidence of any resolution into the two components,

Furthermore it is difficult to understand how there
could be any such resolution of peaks so close together
and as broad as we find them to be, unless the shape of
the peaks were greatly different from the inverted péra-
bola which appears best to describe the ones we get.

At present we have no explanation to offer for the
discrepancy between their results and ours., The double
crystal spectrometer is capable of higher resolution
than we can clalm, but on the other hand, our resolution
is sufficiently good as is attested by the separation
and sharpness of the unmodified lines. The lonization
chamber method which must be used with the double crystal
spectrometer is subject to many difficulties. The back-

ground intensity is great, and accidental fluctuations in
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the ion current occur which are of the order of magnitude

of the peaks sought for, so relliable results are obtained

with scattered radiation only by exercising great care and
taking a great deal of data. Our photographic results are
entirely reproducible,

At the present time it seems to us most probable that
the broad line which we get represents the true shape of the
Compton modified line, and that the modified Kg-doublet can-
not be resolved by the spectrometer 1ntp its two components,
Previous researches by Sharp‘,"4 Dumond?3’34 and Nutting45
have yielded lines quite similar to ours, but the most
satisfactory confirmation of our results has recently come
from the work of Mr, Archer Hoyt here in this laboratory.
Using a double crystal spectrometer and an unusually sens-
itive and dependable methyl bromide ionization chamber,
both designed and constructed by Dr. Dumond and himself,
he has obtained ionization curves of scattering by graph-
ite showing in each case a broad shifted line, and the
curve indicated by plotting a number of his runs on the
same graph shows no indication of resolution into the two

components,

d. Absolute Velocities of Electrons,

As yet no careful study of the absolute electron
velocities to be expected from the siructure of our modi-

fied lines has been made., It can be sald however that the
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breadth of the lines at half maximum corresponds ito a class
of electrons for which /3 = 0,0076, which is equivalent to
about 15 volts. This seems‘a‘feasonable value for elec-
trons in the carbon aton,

It is our intention to make an analysis of the above
and additional data in the near future, to determine as
nearly as possible the complete distribution of electron
velocities in the atom on the assumptions and theoretical
conclusions discussed herein,

At the present time we are seeking confirmation of
the predicted variation of breadth with primary wave-length,

by ueing radiation from other targets than molybdenum,
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