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THE SPECTRUM OF X-RAYS SCATTERED ¥FROL GRAPHITE

STUDIED BY MEANS OF THE DOUBLE CRYSTAL IONIZATION SPECTROMITER

ABSTRACT

é :
F

The scattered spectrum of Graphite is obtained using apparatus
consisting of a Hoffmann Blectrometer and stationary ionization
chamber, (total capacity of insulated system 12 e.s.u.) a specially
designed double crystal (calcite) spectrometer, and a specially de-
signed metal x-ray tube fitted with thin windows close to the focal
spot so that scattering could be obtained from & graphite scatterer
placed 5/8” from the focal spot at an angle of scattering of 165 « 10°,
The tube was operated on the vacuum punps et 60 KV and 10 m.a. C.P.D.C.

The spectral curves obtained were reproducible and in good agree-
ment with the best work in the field and the following conclusions can
be drawn from them., (1) The Compton modified line ligKefi,gscattered
from greaphite at 165° ¢+ 10° scattering angle is very broaed - of the
order of 21 X.,U. at half maximum height. (2) On account of this
excessive breadth there is no discernible separation of the of doublet
in the modified spectrum., (3) No fine structure exists in the scat-
tered spectrum of intensity > 1/5 of the intensity of the modified
radiation. (4) The ratic of intensity of the modified to unmodified
scattered radiation determined by measuring the areas under the spec-
tral curves was found to be 7.3 : 1. (5) TViewed in the light of the
theory of Duliond for the dependence of modified line breadth on scat-
tering angle, the great breadth of the observed modified line can be
interpreted as direct experimental evidence of a dynamic atom. (6)
There appears to be no essential difference in the results obtained,
whether a spectrum is studied with the single or double crystal spectro-
meter except in regerd to resolution.



INTRODUCTION

The previous work in the field of x-rays on which the present
experimental study depends has been done by men of many countries
during the past 35 years. In 1895 Roentgen(l) discovered a new type
of radiation which he called x-rays. Various other investigators
became interested in this new radiation and in 1912 Lame, Friedrick,
and Knipping(z) got atomic diffrasction patterns from crystals. The
symmetry of these patterns was evidence of the existence of a regular
crystalline lattice and also gave evidence concerning the type of the
basic structure of these lattices., In 1913 the Braggs(z) utilized
crystal lattices in their studies of x-ray spectra disco;ering the
Bragg law of x-ray diffraction by erystals:
where n is the order number, )‘ is the wavelength of the incident
radiation, 4 is the.lattice constant, and © is the glancing angle of
incidence with the crystal face. Using this relation, the Braggs
made very precise determinations of the wavelength of x-rays. Also
in lQlS,Mosely(4)'made a brilliant application of x-ray spectra to
the problem of the constitution of matter, discovering the lioseley

Law -~

N e=1v

(1) Roentgen, Sitzungsber der Wirzburger Physik-ledic Gesellsch.
Jehrge 1895+ (Trans., Stanton, Science 3, 227, 1896)

(2) laue, Friedrich,and Knipping, Le Radium 10, 47, Feb., 1913.

(3) W. H. and W. L. Bragg, "X-Rays and Crystal Structure".

(4) MNcseley, Phil. NMag., §§3'1024;:Dec€.1913.
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where N is the atomic number, and fv/is the frequency of a particular
characteristic spectral line for each element. loseley's discovery
mekes it fundamentally logical to arrange the elements in a periodie
s&stem.

From this time on the espplication of x-reys as a research tool
spread rapidl& into many varied fields of science, but the special
work in the field of absorption and scattering of x-rays has the most
direct bearing on the present study. In October 1922, A. H. Comptég)
applied the laws of conservation of energy and momentum to the inter-
action of radiation and matter in the case of x-ray scattering by
nfree" electrons. He used certain quantum concepts of radiation and
showed that there should be a loss of energy, when radiation is scat-
tered by "free" electrons, which can be represented &s an increase in

wavelength, ;\ , by the well known equation -

Y Ji (1—00*4515)“M v -

where h is PlancK's constant, m, is the rest mass of an electron, ¢
is the velocity of light, A is the modified wavelength, A the un-
modified wavelength; and gﬁ the angle of scattering. EIExperimental
work in the field by Compton(s); Ross(a); Becker, Watson, and Smythe,
Brode and Mott-Smith(7), Sharp(e) and several others soon showed that
the theory was tenable.

As frequently occurs in physics, several workers get the same

results independently about the same time. Ross had got the modified

(5) Compton, ;hys. Rev. 22, Nov., 1923,

(6) Ross, Proc. Natl. Acad. 10, 304, 1924,

(7) Becker, Watson, Smythe, Brode and Mott-Smith, Phys. Rev. 23, 763,
1924,

(8) Sharp, Phys. Rev. 26, 691, 1925.
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line experimentally before Compton did his work but did not fully
grasp its significance, Again, Debeye(g) got out the theory of the
interaction of radiation and "free" electrons about the same time
as Compton but his publication of it appeared later. Ross(lo) sug-
gested that the breadth of the modified line could be explained as &
sort of a Doppler effect due to the randomly oriented velocities of

the scattering electrons. Jauncey(ll)

worked out a theory of this
Doppler broadening based on the Bohr model of the atom; and predict-
ed a line structure which wes not in good agreement with experiment.
Besides this,Jauncey obtained an equation which predicted the rela-
tive intensities of modified end unmodified scattering. This part
of his work was in good agreement with experiment. In 1929 DuMogéz)
published a theory for the dependence of the bfeadth of the modified
line on scattering angle and wavelength. The assumptions on.which

the theory rests are conservation of Energy and Nomentum, loosely

bound electrons,with a randomly orientated distribution of veloci-

.ties)whose velocity is small compared with the velocity of light;

and the probability of scattering by a given electron class is pro-
portional to the population of that class. This breadth (for a

class of electrons of velocity ﬁa‘ is -

A= 48N

(9) Debeye, Phys. Zeits 22, pp. 161. Apr. 15, 1928,
(10) Rose, Proe. Nat'l. Acad. Seci. 9, 246, 1923.
{11) Jauncey, Phys. Rev. 25, June 1925,

(12) Dulond,Phys. Rev. 33, 643, 1929.
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This breadth of course represents the breadth of a particular ele-
ment of a spectral line. In any real case the observed spectral
line would have a shape or structure built up out of a lot of such
rectangles, whose breadths depend on the electron velocities and
whose areas depend on the number of electrons of a given velocity
class. A simplified derivation of this equation for the dependence
of the breadth of the modified line on wavelength velocity and scat-
tering angle appears in the Appendix(ls). A rigorous derivation of
these equations can be found in the literature(l4).

Dullond and Kirkpatrick, using the multi-crystal spectrograph,
have studied the dependence of breadth on scattering angle and wave-
length, and have obtained considerable quantitative evidence for the:
theory and assumptions. The guantitative verification of this:
theoreticel dependence of breadth on the scatterin? angle is direct
experimental evidence of a dynamic atom !!

It is ohe.of the objeets of the present work with the Double
Crystal Spectrometer to get further evidence about the breadth of
the modified radiation.

By means of this newly developed method of spectroscopy util-

izing bi-crystalline reflection, (the Double Crystal Spectrometegs))

(13) Appendix p. Q7" j ot

(14) Duliond and Kirkp4urick Phys. Rev. 57, No. 2 Jen 15, 1931,
(15) Ross, p. 29, Sieg\bhahn "”pectroscopy of A-AaJS"

(15) Dav1s Proc. Natl. scad. of Sei., 13, 419, 1927 (June).

Phys, Rev., 17, 608, 1921; Phys. Rev., 27, 18, 1926.
5) DulMond and ! oyt Phys, Rev. 36, Dec. 15, 1930
5) Allison and Williams, Phys. Rev., 35, 149, 1930.
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one can study the Compton effect to advantage for large scattering
angles. The double crystal spectrometer has very high resolution
(if the crystals approach perfection) and gives a very fine grained
study of the spectrum. Some investigators(lé) using the double
erystal spectrometer have reported fine structure in the modified
scattered spectrum. Some investigators find indication of separa-

tion of the two components of leK o(,ascattered from carbon(l”;omi

(18) (using & single crystal spectrographic method) published

Ross
a photograph which seemed to show the separstion of the XX doublet.
All of these reported experiments are tested experimentally, as sort

of a by product of the present study.

X-RAY SCATTERING

When a beam of x-rays strikes matter a complicated set of

corpuscular and radiation phenomena occur, These phenomena may be

listed as -
Corpuscular Radiation
Photo electrons (t':f V> ‘\4) Fluorescent X-Radiation (if 1’)1{,)
Transmitted x-ray beam
Recoil atom Unmodified scattered x-rays
Recoil electron llodified scattered x-rays

Davis and Mitchell, Phys. Rev., 32, 331, 1928.
Bearden, Phys. Rev., 36, 791, 1930.

Gingrich, Phys. Rev., 36, 1050, 1930.

Ross, Proc. Nat'l. Acad., 10, 304, 1924,

,~,s,~,\
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where 1//is the incident frequency and-t{.is the excitation fre-
quency of any level in an atom of the material which the xX-rays
strike. The scattered x-rays are the part of this intersction
which is of particular interest for us.

The unmodified scattering from different atoms is coherent
(both with itself and the primary beam) since this is the type of
scattering that gives Brégg (reflection) diffraction from crystal
lattices where there is a regular spacing of atomic planes and
hence an associated constant phase relation between the parts of
the same x-ray wave train diffracted from the different atomic
planes in the crystal. However, the modified scattering from dif-
ferent atoms is incoherent with the primary beam as shown by the
fact that, in the case of diffraction by a crystal, only the initial
wavelengths and no modified wavelengths appear in the process of
Bragg reflection,

The theory of-modified scattering as given by Compton deals
with "free" or loosely bound electrons, hence one would expect to
observe a greater intensity for the modified radiation where the bind-
ing energy of the electrons is small (that is for elements of small
atomic’number). Conversely where the binding energy of the electrons
is large the modified scattering would be small and most of the scat-
tering would be unmodified, Or one can sey that the condition nec-
essary to obtain modified scattering is that the energy,ﬂﬂ,1/ﬁ of
the primery radiation must be large compared with the binding energy
of the scattering electrons and, further, for very short waves such

as the \‘ rays from radium one would expect all the scattered radia-



-
+.
E

3
.

WP 1

W e

ey

tion to be modified. These qualitative predictions are very beauti-
fully shown in the work of Compton and Woo(lg). The effect of ab-
sorption alsc bears on the matter in thet the absorption must be
small if the atoms inside the scatterer sre to be effective in giving
scattered intensity. To zet the maximum scattered intensity one must
make use of the scattering from the maximum number of electrons.
Hence, since when the stomic number is small, the absorption is also
small, one can get the effect of scattering by a considerable volume
of scatterer; while for material of high atomic number the scattering
is due to a relatively superficial layer of atoms.

A further consideration of importan&e in getting exﬁerimental
data on scattering phenomena is the grgat loss of intensity inherent
in the scattering process. In faet in the ﬁrocess of scattering only
about 1/1000 of the initial intensity survives, hence in studying
scattering phenomena one must arrange for a very intense source of
x-rays. This can be,done by using higher excitation voltages, higher
currents, snd putting the scatterer close to the focal spot. The
voltege can not be too high or the continuous spectrum of the half
wavelength is reflected in the second order and produces background
in the region of interest. The practical limit on voltage is about
S times the excitation voltage for the spectral line used., The only
limits on the current arise in the tube and power supply and some-
times the cooling system of the target cen only dissipate a limited

guantity of heat. Also one can not gain without limit by reducing

(19) Compton and Woo.‘X—Rays and Electronst p. 288,



the distance from the scattering block to the focal spot, because

as this distance is decreased the inhomogeneity of scattering angle
increases and gives a false broadening which masks the real broaden-
ing which is of course the very effect of interest for this experi-

ment.

AFPPARATUS

Target Material. To have something definite to measure it is usual

to study some intense charsacteristic spectral line. Mo Kcs(5 a is used
in this experimental work (Silver'thais also frequently used). The
essential requirements for the spectral line radiation are: That it
must penetrate the scatterer well, reflect at reasonable angles from
the crystals of the spectrometer, not suffer too much loss by absorp-
tion in air, x-ray tube windows, end ionization chamber window, and
.must be quite totally absorbed in a gas filled ionization charber of
reasonable length. \(Some heavy gas such as Methyl Bromide, Ethyl
Bromide, Sulfur Dioxide or lethyl Iodide is usually used.) Mo Ke(
radiation fulfills all these requirements gquite well., Tor silver
radiation one would have to make the ionization chamber longer than
for Nolybdenum radiation.

Tube and Scatterer., A specially desicned metal x-rey tube waslused

at 50 KV and 10 to 15 MA to exeite a graphite scatterinz block placed
so that its froat face was'S/a" from the focal spot and outside of
the x-ray tube vacuum. The x-ray tube was fitted with two‘very thin

(.,003") aluminum windows., Both the filament and target could be



N
GUSS 1001055 ground o/ e
J1GiT Wit aeHonrinshy cemen.

Showing Jocaton of waler coolig
auct. This avet made by arilling
holes From oursige and ten solierig
10 brass plugs Where required..

LONGITUDINAL SECTION SLCTTON ALONG A-B
SCATTERER FFENOVED

SCATTERER IN FLACE

conecrion

Glass and metal joined fere. | (voling warer enters rrough s
Wity de Hotnishy cement Hymgmgaa%wvmmmm ket ard aullel o water cooliy el
3 Ned] interimediare Spoce.

EXTERNAL VIEW WITH WATER COMUECTIONS

—

METAL XTAY TUBE

Designed fo permit clase qgoraoch (Y’ minimim)

o focal spor. A Hoytt & S W Dutorid.
o v ko HT ++aray e A 13 -
Metal ray tube and scat er l to study the
o +4 a7y P
scatterl al .
antnad . s T .~ e e A
pectral fig. 12 and 13, were obtained




10

easily removed and the target and all the wex - joints were water
cooled. The tube was operated on the pumps and DeKohtinsky high
temperature wax was used to seal the various parts of the tube
together., One will have no trouble in operating an x-ray tube

"on the pumps" as long as two conditions are fulfilled, (1) Large
size vecuum connections to the mercury diffusion pumps. (2) A
high speed pumping system. (The size of the vacuum connéction is
a mofe important factor than the absence of bends). The scatterer
used was a cylinder of Acheson Graphite 1" in diameter and 2" high,
It was inclosed in a close fitting lead box to prevent leakage of
x-rays through the scatterer into the room. A diagram of the x-ray
.tube and scatterer ié shown in Figure 1.

The x-rays which get to the spectrograph must have traversed
the thin aluminum windows 3 times. The loss by absorption entailed
in this triple transit amounts to 30% for the wavelength of Molybde-
num X o(‘ « The ;emaining 70% was found sufficient for measurement.

Attempts werenmade to get results with two commercial x—fay
tubes but were unsuccessful because of absorption in the glass of the
tubes and because of the great distance from the focal spot to the
séatterer. In three experimental tubes whiéh had a large scattering
block inside the vacuum, @&ifficulty was encountered because it was
not possible to properly beke out the scattering materials (Carbon
and Beryllium) and the pumping system was not quite fast enough to
bhandle the gas that was given off, This condition made the experi-
mental curves so jagged they could not be interpreted with certainty.

All of the tubes made could be operated with moderate. power but in
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Only the symmetrical ray-is reflected.

A and B are Calcite Crystals.
ab is a symmetrical ray.

Double Crystal Spectrometer, providing equal
and opposite rotation for both erystals with
respect to the line joining the pivot centers.

B and C are part of the bed bioek.

A and A are the rotating tables on which
crystals are mounted.

Crystal lountings L, K slide, perpendicular
to the rotation axes, in the grooves H.

G is a spring to teske up any backlash,
E is a thrust bearing for the right and left

hand screw D,

F is & drum calibrated in 10" divisiocngwith 1!

of arc corresponding to a complete revolu-
i
10,



@
L’
|

5

studying scattered radiation x-ray tubes must be run very severely
in order tc meke the scattered intensity sufficient to measure.

Spectrometer. The special design of Double Crystal spectrometer

parallel position. ((n,n) in the notation of Allison and Williems )

used is shown in perspective in figure 2. When used as'an instru-
ment for analysing spectra the instrument is used in the anti-
(20)

The nature of bi-crystalline reflection is such that only the
symmetrical ray is reflected. The Bragg angle which determines the
wavelength reflected is 1/2 the supplement of the angle between thg
érystal faces., (See Fig. 3)

If we neglect the phenomena of "vertical divergence" or cross-
fire for the moment, since only the symmetrical ray is reflected, it
follows that the radiation that gets through the spectrometer is
both very nearly parallel and very nearly monochromatic. This very
high resolution obtained is a resolution in direction, not a resolu-
tion in space. And further, since the emergent beam is parallel and
has suffered two successive cerystalline reflections, its cross-sec-
tion is equivalent to the projected area of the last reflecting
crystal face (1/4" e | 1/4" approx.). Hence from an extended x-ray
source such as & scattering body, one can and does gain intensity by
using large crystals in the spectrometer., There is ndthing about the
spectrometer whieh requires fine slitse All that is necessary is a

judicious disposition of large sfops, edges, and dbaffles.

(20) 4Allison and Williems. Phys. Rev. 35, 149. 1930.
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The Spectrometer &s a Band Pass Filter. The "filter band" which the

spectrometer passes (neglecting crossfire) is a very narrow waves
length band with an infinite ordinate. When the effect of "cross-
fire" is considered the band broadens on the short wavelength side,
the ordinate falling off approximately as a parabola and terminatiﬁg
ebruptly at the limit of the "vertical divergence". As a function of
wavelength this is shown in Figure 4. The widfh (at the base) of this
"P{lter band" can be got as a function of the angle of cross fire in
several ways. It cen be found quite generally as in & publication by
Schwarzschild(zl) or in a simple way . ' as outlined below(zz). In
Figure 5 the geometry of the bicrystalline reflection is shown. &g

is the meximum Bragg angle, Gd is the minimum Bragg angle due to
"eross fire" of a vertical divergence angle K ,

From Figure 5 we have

sin 9,‘ = sin o, cos A

bu ’)12 sy Me
t n—a

this gives )q:' )a cv9 X

R A) 20 d)=Nyli- )= Ry 2l 3 == 2 A,_;(‘_”
or AN £

which gives the width with good approximetion (< 1.%4) as long as &
is less than 10° of are.

This "filter band" is displaced bodily to longer wavelengilgas
the angle between the crystals is increased. When this band passes

over a sharp spectral line the shape of the line obtained is roughly

(21) Schwarzschild, Phys. Rev, 32, Aug. 1928.

(22) Duliond and Hoyt, Phys. Rev. 36, Dec. 15, 1930.
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spectral line'on the vertical divergence.
(Abscissae are glancing angles from Calcite

in minutes of arc + & constant.)
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the reverse of the shape of the filter band which the spectrometer
transmits. If the vertical divergence is limited with suitable
-stops the width AA of the filter band can be made as narrow as we
please so that the spectral lines obtained gxperimentally will be-
come symmetrical. This is shown in Fig. 6.

To insure that all the radiation which actually gets to the
ionization chamber has suffered two successive crystal reflectiong
all other possible paths which radiation might take are carefully
bloéked off by stops, baffles, edzes, shields, snouts, ete., all
made of lead or leaded rubber, The x-ray tube itself is carefully
wrapped up in lesded rubber in case any x-ray leakage appears to
come through the sides and ends of the tube, Figure 7 shows the
distribution of x-ray shielding in a particular case.

The details of the initial adjustment of the spectrometer are
described quite fully in the literature (23).

Ionization Chamber and Electrometer - Since the monochromatic beam

of radiation passed by the spectrometer has a large extended cross
section it is necessary to measure this x-ray intensity by meéns of
an ionization chamber, The complete assembly of the ionization
chamber and electrometer is showa in Figure 8, The ion chamber is
filled with dry Methyl Bromide gas at a pressure of one atmosphere.
This gas is used because it is & gas, not a saturated vapor, so that

it can surely be kept dry with a phosphorous pentoxide desicator,.

(23)  Dullond and Hoyt, Phys. Rev. 36, Dec. 1930.



A further reason for using Methyl Bromide is that the K absorp-
tion edge of Bromine is near and on the long wavelength side of
the spectral region of interest. This gas will absorb 97% of

(‘) = 708 X.,U.) the x-rays used in 17 cm of path at 1 a?mosphere
pressuré. (To accomplish the same result with an air filled
chamber would require one 24 meters long!) The ionization cham-
ber has a large paraffin impregnated balsa wood window (2" x 3%?)
stuck onto the front brass plate with beeswax and coaited on the
inside with a very thin (.0002") sheet of Berylium Aluminum Alloy
to render it conducting. It is extremely important that the
whole interior of the ion chamber be conducting so that the sensi-
tive element will be -electrically shielded, since stray varying
charges collect on the glass side tubes and induce other varying
charges on their ends which projeet into the inside of the ion
chamber. Internzl nickel screens were spot welded over all the
openings in the”i5n chamber that connected to such things outside
as pumps, menometer, desicator, ete, Inside the large shell of
the ion chember was placed a grid of very fine wires which defined
the volume from which the ions were collected. The main purpose
of this was to cut down the effect of alpha particles from the
walls of the ion chamber (so as to reduce the natural leak) by
cutting down on the actual well area. The distance from the out-
side wall to the internal grid was greater than the o particle

ranze in the gas. The collector was set to one side of the chamber

14
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so as not to be in the main x-ray beam. The grid was held at
+120 volts so that the positive ions were collected. The ion-
{zation chamber was always used at saturation current because
experiment showed that saturation first occurred at about 45
volts, The ion chamber was connected directly to the electro-
meter by en evacuated shield, and everything near the ion cham-
ber end electrometer was carefully grounded to a shielded
grouﬁd wire of large size.

(24) was used.

A Hoffmenn vacuum, binent, Electrometer
The capacity of the elecirometer was measured, with the aid of
an auxiliary known cepacity, to be 3 e.s.u. fhen the ion cham-
ber was added the capacity of the insulated system was agaih
measured and found to be about 12 e.s.u. The small capacity,
and extremely good insulation of the electrometer makes the
instrument very sensitive to small charges. The sensitivity
to charge is duite unrelated to the voltage sensitivity; since
the electrometer needle is insuléted while it is deflecting;
and as charges accumulate, the needle deflects more and more
over one of the.permanently tharged "binants" so that the
charges on the needle are continually redistributing themselves,
During this redistribution it is difficult to say what the po-
tentisl does, while in measuring the voltage sensitivity the
needle ie always connected to a battery so that the potentieal

{s held constent. In case the charge redistribution can be

(24) Hoffmann, Ann. der Physik. 52.7 p. 665, Aug. 16, 1917.



neglected (which of course it can't) the capacity would be the
factor which would relate the voltage sensitivity to the charge
sensitivity. However, in this particular research the voltage
sensitivity was about 700 mm/volt. This sensitivity could be in-
creased by introducing a weaeker suspension®, In the set up as
used it was found possible to detect 1018 amps, and hence to
measure 10”14 amps. with a precision of 1% in a single reading of
a time duration epproximately 2 minutes, The Hoffmann Electro-
meter was found to be an extremely satisfactory instrument with a
Auniform scale and a stable zero. Sometimes there is difficulty
with the initlsl adjustment but once set ﬁp it requires no atten-
tion over long pefiods of time (1 - 2 yrs.). The ionization eur-
rents of course are measured in terms of the rate of drift of the
electrometer needle, care being teken to eliminate any effects due

to the natural period of the suspension,

The suspension used has a free mechanicel period of oscillation of

7 sec. A period of say 30 sec or more would be desirable in case

the electrometer were to be used to collect negatives or positives
in a vacuum. (Such & suspension would be critically damped at a

few mm pressure in the electromegter.) Such a suspension is possi-
ble but in the present case is out of place because the natural

lesk due to cosmic rays, ete., makes a large limiting background
leak in the tonichamber which it is not easy to eliminate completely.
In par'hicularé if residual radiation makes 10 ions{sc/sec4 inla
chamber of }8 cc, this is a current of 4.77 x 10 x 10 x

= 1.6 x 107~ amps. for a basic background leak in a 1 liter
ion chamber. This could be made smaller by a factor of 10 by reduc-
ing the volume of the chamber. It can be balanced out by such things
as a photo electric lesk, ‘ete,, ete,; but these devices usually
increase the capacity of the system.

x 107°
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Fig. 11. Showing method of aligning x-ray source.
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CABD is the path of the specular radiation.



liscellaneous adjustments. Ther-erystals were turned egually and in

opposite directions with respect to the spectrometer frame by means of
e right and left hand screw and a thrust bearing fixed to the frame.
A similer mechanism geared to the spectrometer screw by a 2:1 gear and
universal joints kept the slits, tubing, ionization chamber and spectro-
meter. always in line as the glancing angle was varied. This mechanism
is shown in Tig. 9, which is & picture of an actual set up. The way
that the mechenism works in conjunction with the two false rotatable
table tops is shown in Fig. 10. The reason for this somewhat elaborate
mechanism is that,in order to reduce the capacity of the detecting
system, the ionizgtion chamber was mounted directly on the electrometer.
Obviously it was not convenient to move the electrometer and so all the
rest of the set up had to be moved (at proper speeds) to eliminate the
following sources of uncertainty -

(1) X-ray beam walking across the crystal face as the angle was
changed and hence being reflected from a different part of
the‘crystal at different times.

(28) ZX-ray beam walking across the ion chamber window (which
might conceivably vary in transmission).

(3) X-ray beam %alking across the focel spot of the x-ray tube
while the spectrum was being explored.

In the relatively rough alignment required to place the focal

spot or scattering source, the angles were set approximately by means
of a bristol board template. The pr§cess is shown in Figure 1l.

Direct radiation was used at first to locate the spectral line

A7



Lo

500

.s200

.00

|.ra00

|.os00

| oze0

o max orclre 1785 Much o
Thi5 IrensTly 15 cdiised by el

Phe Mo pderiny fis dogesiied an 4%
indons Conpbuiog oo searird
by greminte shown by remal o amEn e,

o ax onore 1338, At

S remrks aopy e a5

— o m
Trewerzl P For 10" ScaEring

CTTRNY o L) BN

S
TADATION SATTEIED AT

LATTGE ANELLS S GTAVIITE
witn

Do cpsaycatite sieonerr
Dispersin /.75 K oo

Moy 7076000 oceurs ot 676"

Zray mp 29 XGRS O LTS

Tate cperating at sy k. 16 ma
Dmensions of eyinarri Scarkerer L dvim 20
Scanrz ang /550/75"

Pt fase troadening from cooe 214Ul

Hottimanss electrometer ong inrernolgris
Je chomper. Capocsy of system 12 ESU.

630" s 50" ‘00’ 710 70 730
B e F ey D e R e
Glanoiry angles.

Marures ioon agsort)

Trom coklpe(+a constamt)




S'ey n
—-0

ot mox. ordinate 2218 . el of
| TS 17 Ly 1S5 Coused by 70

| ScamErIg From 10e o wirdon A

i sl angles ad by Fluorescence o

i Jhe Moy e filns oeposired o Ko
windows . Lannbulion 1o o Scarered
Dy graphire Shown Ly remony A pgpe

o max_orainaie JSEED. Abore

| remarks qpay fere 280,
i

Theorefidy

PEIXY -
ST LW 1B ST Ao
#BEXY——

o=

SHLTITNT o« LY BOEMANY

FADIATION SATTEIED AT

LAFGL ANGLLS & GIAVTHTE
with

Dovble coysial colele Specrramerer i

Dispersion .75 AU Somin of are.

Moo, 707.80XL. occurs ar £°36°5 "

Zrer P#29X0 occrs or ' 19507
Dimensions of gylindrica/scatierer |darn, 2°/ong
Jube operatiz @ 60AKcpac. /0.6 ma.
Scarterirg arigle 155° fo 175°°
Maximuiry #lse braadening fram obove 2./ XU,
Hoffnaann Elecrameler and in7ernd grid ©0n
clamber. capacity of skstem /R ESU.

° 7S QOTEIHET WITR QIO e
block removed. (Lower curve)
~FUITES QOTOIT Wirt ragone
Vlock 1n-prze . [Lpoer curve)
L8100 CF 2V (IS 6.
szfm/)r conpre) experinenr
Zroy) Zrog

| o7 |
o{)'D b /]
c?‘) n, A
| 06 .
\"\/‘/ é\\\ y ©
\\“g—'"’/gsﬂ-a‘_- T :‘\'
B T VS T S A A A e
ST ST (6 T I T 0 TV 0 0V ) o o [0 0 00 O 8 W ) 6 o o M O U U I T o <
=3 1 o - ’ - id o e N Y 2
g. 12, S I, 1t aphite
1



i8

and meke sure that the spectrograph was in adjustment.  This verified,
the primary source was replaced by a seattering source.

The dispersion of the spectrometer was measured as 1.75 VULE, pe”
minufe- of arc, This agrees with the value published by'Sieg\bahn(za).
The method used to obtain this dispersion was to calculate'it from tﬁe
obse?ved positions of Mo ch)a‘(bbth direct and scattered) and of
ar. Eielha(Eluorescent) and the known wavelengths of these iines. The
agreement of the dispersion of the spectrometer with the known disper-
sion for calcite is a good check ofAthesaccuracy of the calibrated

angle scele marked on the'spectrometer serew drum,
! EXPERIMENTAL RESULTS

The spectral curves shown in Figﬁres ;2 and 13 represent the
scattered spectrum of Molybdenum Ko ;ando, in the first order. Acheson
Graphite was used as a scatterer and the scattering angle was 155° to
175°. The x-ray tube was operated at about 60 KV e¢,p.d.c. and 10 lA.
The time required to obtain one of these curves was from 6 - 8 hours,
The work had to be’done at night when the transiient demands on the
power line were at a minimum. The ordinates represent x-ray intensity
on an arbitrary scale.and the abséissae represent the glancing angle
with the calcite crystal in minutes of are (which is near;y proportion-
al to wavelength).

In obtaining the spectral curves shown several readings were

(25) Sieg\bahn, Spectroscopy of X-Rays, p, 251.
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teken at each angle setting of the spectrometer crystals. fhis
method of observation strikes an average at the time the observations
are made and gives a very definite idea of the reliability of the
data. In the curves plotied all the observations are plotted and no
averages are taken. The daté is apparently reproducible to sbout

1/6 of the quantity of interest and the average would be somewhat
better than this.

As a check to make sure that the spectral curve obtained was
really produced by the presence of the scatterer, the scatterer alone
was removed (absolutely everything else about the set up was left un-
chenged) and further points were taken throughout this spectral region
and the part of the curve which is due to carbon scattering was hence
definitely established. The background in the check run (scatterer
removed) was due to amorphous background which arises from fluores-
cence Iin the crystals, scattering in the crystals, direct lesksge,
scattering from stops and windows, natural leak of the electrometer
(residual rays), fluorescence from Molybdenum films sputtered on the
windows,and air scattering.

As an exemple of a series of curves that were too jagged to inter-
pret with sufficient accuracy we have Tig. 14. This curve was obtained
using a special x-ray tube which had the scatterer in the vacuum. Of
course in the light of more recent work some weicht can be aseribed to

the breadth of the modified line shown in Figz. 14.

INTERPRETATION OF EXPERIMENTAL RESULTS

In hnalysing the experimental curves more closely one must consid-
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er several things. Plotting a continuous speetral curve of & group of
readings extending over & hours time, presupposes & constant initial
x-ray intensity over the whole time of operation. To obtain this,
manual adjustment of the current and voltage was used. With an open
scale milliameter and a telescope the x-ray tube current was easily
held to .1l ma in a totel current measured of 10 ma or more; hence the
tube current was held steady to 1%4. The dependence of x-ray line
intensity on voltage goes‘as the 3/2 power of the voltage (instead of
as the lst power, in the cese of the current). The total energy of
the continuous spectrum varies as the sguare of the voltage and there-
fore the background ordinate due to an element of continuous spectrum
OAXLyould be proportionel to the lst power. So the voltage applied
to the x-ray tube is the more essential thing to hold constant. Con-
siderable difficulty arose with this factor because all sources of
A. C. power available showed 2% variation during the day. The simplest
and cheapest soluti&ﬁnwas to work at night when the transient demands
on the power line were a minimum, It was found that at night from 12
to 6 A.M. the voltage could be masintained constant %o 2/3% of the
chosen value., These sources of uncertainty are something under 37,

The resolution of the spectrometer affects the shape of the exper-
imental curve espetially in the neicghborhood of sharp pesks. The reso-

lution of the spectrometer is of the order of

Resolufion = ‘51/ = 1
+ 1500

where z}1/is the width of a spectral line at half maximum. This reso-



lution is much better than that of the usual x-ray spectrograph so no
corrections need be applied to the experimental curves.

In the modified spectrum there enters a false broadening due to
the inhomogeneity of scattering angle causing a'. spurious uncertainty
in shift. The effect of this inhomogeneity in scattering engle on the
shift is a minimum at 0 and 180 degrees as can be seen from'the deriva-
tive of Compton's equation. It is not convenient to work near 0° scat-
tering as there-is no way to separate the direct transmitted primary
beam from the scattered-beémuand besides there is no shift (and no
breadth is expected). If the scattering occurs near 180° the experimen-
tal arrangement can -be very nicely effected. In the present experiment
the inhomogeneity was caused by & variation in scattering angle from
él = 155° to ﬁz = 1759 for ihe extreme possible limits. The maximum

possible false broadening that this can give is

'Q)p’ ._.A)‘#a =\%9° (1 - cos gy -1+ cos @) z'mi;'é' (cos ge - cos g )

= 24,2 (.9962 - .9062) = 2,3 X.U. false broadening.
This is roughly half of the separation of the Ke«{doublet and should not
conceal any separation of this doublet in the modified region if it
should exist. As a matter of fact the effective false broadening is apt
to be soméwhat less than this meximum false broadening calculated, since
the scattering from the extreme limits of the scattéring block is weaker
because of the geometrical restrictions of the set up. An estimate of
of the probable effective false broadening is about 1.5 X.U, and this

quantity can be subkracted from the observed breadth of the mbdified line.

It would appear desirable to reduce this inhomogeneity of scstter-



ing anglej; but the consequenée of reducing this is a loss of inten-

gity of the scattered radiation to be measured.‘ Since the modified
scatteréd intensity is glready rather small compared with back-
ground intensity, it is not wise to reduce this scattering.angle
inhomogeneity too far.

In getting useful experimental data contrast is the all impor-
tant requisite. In this case it is necessary to mske the spectral
lines steand out by themselves as much as péssible. This means i%
is necessary to reduce the background. Although the spectrel lines
stand on top of whatever background there is, each reading of the
ionization current includes the background as well as the line.
Hence it is obvious that & weak line would be lost against a large
background since it would show in the ionization currents dbserved
as small fluctuation in a large quéntity; The causes of background
are - |

(1) Continuous spectrum

(2) Natural leak of electrometer and ion chamber

(3) Amorphous or non-selective crystal scattering and fluor-

escence

(4) X-ray leakage in which x-rays reach the chamber without

. suffering bicrystalline reflection in the prescribed orders.

The methods of eliminasting the background due to these causes are -
(1) Regulation of the vertical divergence
(8) _Internal grid, crass volume of ion chamber, dry shielded

insulators, evacuated lead connections

22
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(3) Selective filtration of the x-ray beam so as to cut out
the wavelengths which are harder than the region being
studied. (For Mo Keha Zr filter of the proper thickness
is used. TFor Cu Ke{a Ni filter of the proper thickness
is used.)

(4) Lead shields, stops, knife edges, and, most important of

all, a snout af the ion chamber window.

In this particular experiment it was thought best not to use
a Zr filter as the fluorescent zirconium & lines come rather close
to the shifted scattered 1o & lines and thus might distort the back-
ground in an undesirable way. With judicious shielding it was possi-
ble to reduce the background until it was about 4 times the heigth
of the modified line.for one of the best curves,and 7 times this for
the ‘other, As can.be séen from Figures 12 and 13 this is not too
disparste.

Another source of uncertainty in backgréund arises in the
faintness of the radiation measured. The ionization currents measur-
ed were of the order of 10 times the ionization due to cosmic rays
(in the valume of the ion chamber). The natural leak of the eiectro—
meter is about twice the effect of cosmic rays alone, the excess
being due to Y rays from radioactive substances in the sarth's
crust, and « and /3 perticles from the wells of the ion chamber.

The wall effecf has been reduced by a special chamber design (inter-
nal grid), but there is aﬁ uncertainty of about 3% in the messure-

ment of the remainder of the netural leak., This would be an uncer-



tainty of 17 in the total ionization current usually measured in a
spectral curve., This uncertainty is unavoidable and must be reckon-
ed with the other uncertaintjes. Altogether the various uncertain-
ties add'up to about 4% end to do better than this one has to take
several readings at each crystel setting of the spectrometer and :
hope that the average will be‘about twice as good as the individual
observations. Referring fo the curves one can see that 47 is the
order.of the observetional uncertainties.

In the special design of tube used tﬁere was unmodified scat-
tering from the thin aluminum wigddws and Molybdenum fluorescent
radiation fﬁdm a spubttered f%lm on the windows., These united with
the true ﬁnmodified scattering from the graphite to reer up éxces—
sively high pesks at the position of the unmodified line. Siace

! .
there were readings taken with the. scatterer removed, this can be
corrected for., To determine what proportion of the actual pesk is
unmodified scattering from carbon, when the crystals were set to
reflect the peak of K «, the scatterer glggg was removed without
disturbing the crystals,” The amount by which the peai tas'veiuqed
#hem; represents how much of the observed pesk in ?he region of

unmodified scattering was due to the presence of the graphite

scatterer. This quantity is shown in Pigures 12 end 13,

CONCLUSIONS
The order of reliabiiity of -the data is apparent in the-dis-

' {
persion of points plotted., In case the average points were used it



is obvious that the curves would pass quibe smoothly thru these

points, However, even by drawing the most uafavorable curve thru

the experimental points shown, the following conclusions will still

remain:

(1)

(2)

(3)

(4)

The Compton llodified 1line ( Mo Ko{“a) scattered from
graphite at 155-1'75o scattering angle is very broad,of
the order of 21X,U. at half maximum,

There is no discernible separation of the two components
&, q&in the modified spectrum since the lines are so
broadened by the scattering at large angles.

No fine structure exists in the scattered spectrum of
intensity » 1/6 the modified radiation.

The ratio of intensity of modified to unmodified radia-
tion can be determined by measuring the proper aress
under the curves. This ratio is sbout 7.3:1

Viewed in the light of the Theory of Duldond Lan) for the
dependence of the modified line breadth on scattering
angle, the great breadth of the modified line observed
can be interpreted as experimental evidence for a dyna-
mic atom,

There appears to be no eseential difference in the re-

sults obtained with the single end double crystal methods

of studying the spectrum.

(2¢) Simplified theory in Appendix,--- Complete theory, Phys. Rev. o7

Jen, 15,1931,



AGREEVENT WITH OTHER WORKERS
The work reported here is in complete sgreement with the

(27)

work of Duliond and Kirkpatrick using the lmlti-crystal Spectro-

graph, It is in gqualitative agreement with the work of Bearden(zs) .

It 1s in diségreement with the work reported by Davis(‘?'g) and

Collaborators*., It is also in disagreement with the work of Gingrié%?)
Further work can be' done with the double crystal spectromster

in this field in attempting to study the sca@tering from other scatter-

ing materials such as Berylium, Aluminum, Lithium, and Paraffine; and

other wave lengths than Lie K & can be used. However the studies will

be limited to the region near 180° scettering angle, so perhaps this

work can be done more thorouzhly with the multicrystal spectrograph

as it is not restricted in this way.

*¥ In a letter from Davis received by Dullond recently, Davis states

that they have been unable to verify their published experiments.

(27) Duliond and Kirkpatrick, Phys. Rev. 37, Jan. 15, 1931.
(28) Bearden, Phys. Rev. 791, 1930. .

(2¢) Davis, Phys. Rev. 32, 331. 1928,

(30) Gingrich, Phys. Rev. 36, 1050, 1930.
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