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'i BSTRACT • 

.An experir'.lental investigation of the 

scattering of hard, monochromatic x-rays was urdertaken 

to test the validity of the Compton, Dirac- Gordon, and 

Klein-Jashina formulas. X-rays from a tube excited 

bJ voltages up to 1,000 ~c.v. were monochro rc19. tizea. 

bJ means of a crystal spectrometer. A mo nochromatic 

beam of x-rays of wave-length 24 x-u. was passed 

through a c.r~' .R. Hlson exnansion chamber. Stereosco·oic 

Y) ictures were t ar;:en of the Compton recoil e lectrons 

orig inating in the ilto ms o f the gas in the exp,ms ion 

chamber. '.i'hnse nt.otogr 1piis were i:n.·111-zed, and the 

snatial distr:lbution o f t l,c r ._:"coil electrons wi::. s 

The mat.temg,t ical tran sforma t ior: s necessary 

to r -3 0.nc c th3 sc ':1 ttering :formulas to a form more 

easily tested by Gxparirnent, is presented. 

It was co1cluded that the Klein-Nishina 

formula, which is based upon "D irac's relativistic 

interpr etation of the ¼uantum mechanics, was the 

one most nearly in a ccord 0ith the experimental 

re sults. Small systematic differences were observed. 

hoWev er, which were thoucht to exceed the exp erimental 

error. The Dirac-Gordon formula, b R. sed. on the 

Schroedingar wave-mechanics, was shown to be in bad 

disagreement. 



THE SCATTERING OF HARD X-RAYS 

Introduction 

The phenomenon of the scattering of x-rays by 

matter was observed~ very soon after the discovery of x-rays. 

That such scattering should exist may readily be explained on 

the basis of the electromagnetic theory of x-rays, for the 

electrons in matter will be set into vibration by the electro

magnetic field. These electrons will then radiate x-rays of 

the same frequency as the incident radiation, according to 

the classical formula for the radiation from a vibrating 

charge. 

It was upon this basis that Thompson2 derived 

the well-known scattering formula 
~ - e-, / z , l 
L - ., i-1 cl+u-o 1l; 

0 ~}n C. 

which gives the ratio of the intensity of x-rays scattered 

per unit solid angle at an angle Pwith respect to the in

cident beam to the intensity of the incident beam. e and 

mare the charge and mass of the electron responsible for 

the scattering; o is the velocity of light. This formula 

was experimentally confirmed in the region of soft x-rays~ 

In the region of hard x-rays and Y-rays, the 

experimental results were greatly at variance with the 
m 4.S.-6. .Lhompson formula. The total amount of scattering was 

found to be much less than that predicted, and the angular 

dependence of the scattered intensity was very different 

from the (l+GQ.)"L..f) Law. In addition it was found that the 

radiation scattered at large angles was of much longer wave

length than that of the primary beam. These anamalous results 

received no explanation until 1922 when Compton7 showed that 
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the observed softening of scattered x-rays is in accord with 

the theory that x-rays are quanta of energy hV. He later 

showed8 that due to the Doppler effect due to the recoil of 

the electrons responsible for the scattering, the intensity 

of scattered x-rays should be~ 
<# /-I-~ ZfJ+ .?of(i+ot}U-e.v.,Z/J) Iq,/ - e - _ ___.;:...-:-~--.....-~.;..__;;;.;....;..--- ( 2 ) 

7. -:l ·»r1· c.,. [Ir o< (/- Gfr.> f )ls- • 

where «= -'¼ ,... , V being the frequency of the primary beam. 

Many other formulas were advanced at this time, 

but these were all superseded upon the development of wave 

mechanics. Using the Schroedinger wave equation as a basis, 
9 ~ • Dirao, and later Gordon, derived the following expression. 

( 3.) 

The most recent formula is that obtained by 

Klein and Nishina'( At present this formula is considered 

to have the soundest theoretical foundation, for it is de

rived from the relativistically correct equations of Dirac. 

The expression given by Klein and Nishina is 

Ltf! - e,, lr<-v:J zrp { o/{I-~ '])Jz ] 
Io -t-~• [1+o1(1-4r.,,)Js I+ ti+'-nf.e/>)[/r-<(l-~f))] (4.) 

A plot of these formulas is given in figure 1. 

It is to be noted that equations (2.), (3.), and (4.) ap

proach the value given by the classical formula as c;t ap

proaches zero; i.e., in the region of long wavelengths. This 

is in agreement with the correspondence principle. 

The remainder of this paper will be concerned 

with the experimental methods of measuring the scattered in

tensity of x-radiation and the correlation of the results 

with the several formulas. 
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Methods of Investigation of the Scattering Law 

There are three general methods of testing the 

validity of the scattering formulas, as follows: 

1. Measurement of scattered intensity at various angles 

2. Absorption measurements 

3. Measurements of the spatial distribution of the 
Compton recoil electrons. 

In all of these methods it is important to use 

monochromatic x-rays of short wavelength, for it is in the 

region of hard-radiation that the differences among the scat

tering formulas become most pronounced. If the second or the 

third method be used., it is imperative that the photoelectric 

effect be negligible, as it will be only if hard x-rays and 

scatterers of small atomic number be employed. 

The first method is the most direct and is the 

one whioh has been used by Kohlrausoh, Compton, and others 

for showing the incorrectness of the Thomson formula (1.) in 

the region of short wavelength x-rays. The experimental pro

cedure is briefly as follows. A beam of x-rays is allowed to 

fall on a scatterer, such as a block of carbon. The scabtered 

x-rays are detected by a small ionization chamber which is 

fastened to an arm free to move about an axis through the 

scatterer. This arrangement permits of varying the angle <f' 

in the scattering formulas from zero to 180 degrees. This 

method is open to four objections. First, it is difficult 

to get a monochromatic beam of sufficiently high intensity. 

Second, inasmuch as the wavelength of the scattered beam is 

a function of the angle, it is necessary to know the ion-

ization funotion of the ionization chamber. As a rule this 

can be only approximately determined. Third, part of the 
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scattered radiation will be absorbed in the scatterer. This 

is particularly true at large angles. Fourth, the fact that 

the measurements at large angles are particularly inaccurate 

is unfortunate, for, as can be seen from Figure 1., the region 

of large angles is the one where the discrepancies among the 

various formulas are most prominent. 

The second method, that of measuring absorption 

coefficients, is the one most generally used because it is 

capable of high accuracy without too ela~orate an experimen

tal arrangement. This method is only capable of measuring 

the integrated value of the scattering formulas and hence it 

tells nothing at all about the angular distribution of the 

scattered x-rays. It is, however, possible to distinguish 

between the various formulas by this method for wavelengths 

shorter than 100 x-units. Absorption measurements in this 

range are in definite agreement with the Klein and Nishina 
12 

formula. 

The third method, that of determining the spatial 

distribution of the scattered electrons produced by Compton 

recoil, is the one used in the investigation here reported. 

No information as to the absolute values of the inteBsities 

has been obtained by this method, nor is this necessary since 

the absorption method gives such excellent results in this 

connection. One can, however, determine the-ratios of in

tensities of x-rays scattered in the various angular inter

vals. The theory of this method is, briefly, as follows. 

The scattering formulas predict the intensity, and, what is 

the same thing, the number of quanta scattered at any angle f. 
For every quantum scattered at an angle fthere is an elec-

tron scattered at an angle J, where Pand .J.are connected 
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by the Compton relation: 

~1= -(l+o()fA.t_.,f. ( 5.) 

Hence, one can calculate from the scattering formula the 

number of electrons to be expected in the interval from 

-:za: J to J-1-ct-,9. 
This method was first used by Skobelzyn • 

A fil tared beam of '(-rays from Radium (B + O), after col

limation by lead slits, was allowed to pass through a 

Wilson cloud chamber. The recoil electron tracks were 

bent in a magnetic field. Both the angle made with the 

incident ¥-ray beam and the radius of curvature of each 

track were measured, so that it was possible to calculate 

the wavelength of the incident quantum by means of the 

relation 

( 6. ) 

where, as before, v(-= l,v
2 

and E is the energy of the 
79(~ 

recoil electron as measured by its curvature in the known 

magnetic field. Skobelzyn obtained about 1000 tracks in 

all, of which 900 were obtained with radiation filtered 

through 3 mm of lead and 400 with radiation which had been 

filtered through 11.3 mm of lead. He concluded that the 

Klein and Nishina formula more nearly fitted the observed 

results than either the Dirac-Gordon or the Compton for

nmla. He also found, however, large deviations in certain 

angular intervals from·the number predicted by the Klein 

and Nishina formula, these deviations being too large to 

be explained as experimental wrrors or statistical fluc

tuations. He points out in particular that the experimen

tal distribution has a minimum not predicted, he says, by 
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any of the scattering formulas. This may be explained by 

the fact that he did not plot the Klein-Nishina distribu

tion carefully enough, for as shown in Figure 6, a mini

mum actually exists. 

In his paper 13 Skobelzyn himself regrets that 

no source of hard monochromatic radiation is available, and 

that for this reason it was necessary to bend the tracks in 

a magnetic field. This magnetic deflection of the electrons 

introduces not only the errors of measurement of the curva

ture of the tracks but also gives rise to the more important 

difficulty that it makes extremely uncertain the measurement 

of the angle that the tangent to the path of the electron 

makes at the point of ejection with the direction of the beam 

of incident radiation. Sometimes the exact point of origin 

of the tracks is not clearly shown in the photographs, while 

the scattering of the slow electrons ejected at large angles 

with the direction of the beam complicates both the measure

ment of curvature and the measurement of angles. 
ilt 

TheAhomogeneity of the incident radiation also 

.greatly complicates the calculations. Skobelzyn resorted 

to the scheme of dividing the radiation spectrum into frequen

cy intervals and determining the realtive intensity and ef

fective wavelength in each interval. 

As a consequence of these objections, it was 

decided to repeat the experiment, using a monochromatic 

beam of hard x-rays. Under these conditions the necessity 

of using a magnetic field and the resulting difficulty of 

measuring radii of curvature and determining direction of 

tangents is avoided, and also one need not deal with "ef-
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fective wavelengths", as did Skobelzyn. 

Experimental Arrangement 

The arrangement of the apparatus is shown in 

Figure 2. 

X·RAY TUBE 
A 

s· 

Figure 2. 

IONIZATION 
CHAMBER 

L M N 

The source of radiation was the x-ray tube A, which could be 

excited by voltages up to 1, 000 kilovolts. At this voltage, 

the tube current could be raised to 8 milliamperes without 

overheating the gold target. This furnished a very intense 

source of hard x-rays. Slits in the lead blocks Band C de

fined a plane horizontal x-ray beam, which was incident on 

the rock salt crystal D, set at such an angle that radiation 

of the desired wavelength was reflected from the ;, internal 

atom planes. The slit in the lead block E was so placed that 

the monochromatic reflected beam was transmitted, while the 

unreflected beam was absorbed in the block. The monochromatic 

radiation then passed through the slits H, K, and L into the 

cloud chamber N. M was a vertical slit of adjustable width 

for ~ limiting the breadth of the beam, the thickness in the 

vertical direction having been defined by the previous slits. 

The shutter J was operated by an electromagnet so anranged 

that the shutter opened just at the time of expansion of the 

chamber. 
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The c. T. R. Wilson expansion chamber em-

ployed in this investigation was essentially that described 

by Simon and Loughridge 14 • The expansion was made by remov

ing the air under the piston, the air flowing out through a 

magnetically operated valve. The tracks were illuminated 

with parallel light from a carbon arc, the arc being flashed 

at the time of expansion by passing a current of 400 amperes 

through it. A magnetically operated shutter, placed in the 

path of the light beam, was opened only at the time of ex

pansion, thus preventing undue heating of the gas in the 

expansion chamber. Thirty volts, applied between the floor 

and the roof of the expansion chamber, served to sweep out 

stray ions. This voltage was not cut off at the time of the 

expansion. The cycle of operations was carried out by means 

of electrical contacts on rotating disks. 

Two plane face-silvered mirrors were placed per

pendicular to the roof o~ the expansion chamber, as shown in 

figure 2. It was found that an evaporated aluminum coating15 

on the mirror was much superior to a s~lver coating, the lat

ter tending to tarnish very rapidly. The camera was placed 

midway between the two mirrors at a distance of 57 cm from 

the chamber, and stereoscopic pictures were obtained by photo

graphing the chamber and the images of the chamber in the 

two mirrors. The pictures so obtained are in triplicate, as 

isshown in figure 3. The line down the center of each pic

ture indicates the position and direction of the x-ray beam 

and is of great aid in the analysis of the photographs. 

A "Leioa" camera, having a lens of 50mm focal 

length and a focal ratio of 3.5 was used for photographing 
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the tracks. It was loaded with 36mm super-sensitive pan

chromatic motion picture film. 

;" ·'. ·1· .. :,. ·1··· 
.1 /"· • •\ 

.. . ! . 

)> ' ",\. .• • 

Figure 3. 

Experimental Procedure 

Due to the fact that the x-ray tube was being 

uaed for medical work it was necessary to replace the appar

atus in position each time a set of measurements were made. 

This was facilitated by mounting the spectrograph and the 

cloud chamber on frames equipped with casters. The spec

trograph was first rolled into position and adjusted for 

maximum intensity of x-rays through the slits A and B. The 

crystal was then adjusted to the proper angle for obtaining 

the desired wavelength (24 x u for this work) by taking 

photographs of the direct and reflected beams at J with the 

slits E and H removed. The separation of the direct and the 

reflected beams at J (169 cm from the crystal) is about 14mm, 

and can be clearly seen from figure 4. The crystal could be 

approximately adjusted by observing the direct and reflected 

beams with a fluoroscope ; reflected beams as short as 50 x u 
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could be observed by this means. Inasmuch as the radiation 

was taken at a very small angle with the target, it came 

effectively from a Iine source. The geometry of the slits 

was such that the arrangement used gave a reflected beam of 
,2 

about 5 x u width. This was borne out by the spectrograms 

taken at J (of. figure 4.). 

PHOTOGRAPH OF DIRECT ANO REFLECTED 

X-RAY BEAMS AT ''J II 

Figure 4. 

The slits X and L were next adjusted, first by 

geometrical means and finally by plotting the position of 

the slits against the rate of discharge of the ionization 

chambers and then setting the slits at the point at which 

the maximum ionization had been observed. The cloud chamber 

was then rolled into position. It was adjusted by removing 

the ionization chambers and sending a beam of visible light 

through the slits and the cloud chamber, making sure that 

it passed through the center of the latter. It was impor

tant that this be properly done, for if the x-ray beam was 

too near one side of the chamber, either top or bottom, the 

electron tracks going either up or down would be so short 
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as to make measurements uncertain. This unfortunately hap

pened on two occasions in the present work and both sets of 

data had to be discarded. Two other sets of data were never 

analyzed for the reason that the intensity of the reflected 

beam was small • 

.Af'ter the cloud chamber had been placed in pos

ition, the sheet of light from the arc was directed so as to 

fill the cloud chamber as completely as possible without 

allowing any light to hit the floor or the roof of the cloud 

chamber, as this would fog the photograph. 

The operations outlined above usually required 

about 12 hours. The remainder of the time during which work 

could be carried on was employed in taking photographs, about 

a hundred being taken before removing the apparatus. 

Expansions were made at l½ minute intervals, 

this much time being allowed for the chamber to reach tem

perature equilibrium. The fact that this time is large 

compared to that allowed by other cloud chamber workers is 

due to -the fact that the cloud chamber used in the present 

investigation is large in comparison with other chambers. 

Analysis of Photographs 

The photographs having been developed, the film 

was placed behind the same lens that was used in the photo

graphy. A strong light source was placed behind the film, 

and the light projected on to two mirrors, the geometry of 

the film, lens, and mirrors being the same as that used in 

originally photographing the tracks. The tracks were pro

jected on a ground glass screen held near the bottom end of 

the mirrors. In general, the image of any track was seen to 
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be triple on the ground glass, but by holding the screen at 

the proper angle and in the proper position the three images 

could be made to coincide. The position of this single im~ 

age is then the same as that of the track in the cloud cham

ber at the time it was photographed. It was upon this prin

ciple that the measureme~ts of angle were based. 

The lens and mirror system was placed in a hor

izontal position so that the image of a line parallel to the 

x-ray beam (the dark line along the middle of each photograph) 

was vertical. It is then merely necessary to measure the 

angle that the projected image of each track makes with the 

vertical. This was done by the use of a rectangular piece 

of ground glass with a line drawn on it parallel to one edge. 

A protractor was fastened by means of hinges to this edge and 

a plumb bob swung from the center of the protractor. Then, 

to measure the angle of a track it was necessary simply to 

bring the line on the ground glass plate into coincidence 

with the position of the track in space, the angle being read 

directly by observing the position of the plumb bob along the 

circular scale of the protractor. 

The best tracks could be measured with an ac

curacy of 1 or 2 degrees. The tracks making large angles 

with the floor of the chamber were the most difficult jo 

measure, and the error on these tracks might occasionally 

be as large as 8 degrees. The number of tracks so unfavor

ably placed is small, however, and the errors tend to average 

out. The electrons ejected at large angles are slow, and 

hence badly scattered and difficult to measure; it was there

fore decided to include in the results no tracks making an 
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angle greater than 70 degrees. 

In spite of the fact that the x-ray tube was 

shielded by 2 inches of lead and the cloud chamber was placed 

in a room shielded from the tube room by 10 inches of cement, 

there still existed an appreciable amount of scattered ra

diation in the vicinity of the cloud chamber. This resulted 

in quite a number of spurious tracks in the photographs; most 

of wmich, however, originated in the walls of the chamber, so 

that by counting only those tracks which originated in the 

well-defined x-ray beam, the number ofspurious tracks included 

would be negligibly small. The variation of emergy and range 

with the angle of ejection also provides a criterion for selec

ting tracks, but it is almost never necessary to use this 

criterion. 

The method of projecting the tracks which was 

employed is particularly suitable for stereoscopic viewing. 

On placing a large ground glass plate flat against the end 

of the mirrors, three images of each track can be seen. Due 

to the fact that ground glass scatters most of the light in 

the forward direction it is possible to place one's head in 

such a position that one of the images completely vanishes. 

Of the remaining two, one appears very intense to the right 

eye, while the other appears very intense to the left eye. 

This is just the condition necessary for good stereoscopic 

vision, and with a little pr~ctice the single tracks can be 

made to stand out in space. This procedure is sometimes very 

useful when several tracks are close together, and frequently 

serves as an aid to measuring. 

Before the data can be compared with the scat

tering formulas it is necessary to transform the formulas. 
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~lectron Distribution Predicted by 
Scattering '-i"ormulas. 

e 
I 

.!:t'igure 5. 

X 

Consider a g_uantum of energy t.'11o progressing in the 

direction of the x axis. What is the probability that an 

electron at Q will scatter the quantum inside the 

conical shell 1 to cp-rdy>? According to the Klein-Nishina 

formula the energy scattered at 

I+ C-.r.>'-f 

~+ o<. (1- (if.> <j>)J3 

To find the number of quanta N1 scattered in the 

direction f we must divide this energy by the energy 

of the quanta,£;, scattered at this angle. 

That is, N <Ji ~ ~ • 
Ef 

Similarly the number of incident quanta,N 0 , is 

The -probability of a quantum being scatt ered in unit 

so lid angle between the d ir e ct ions ¢ and f+rl/will 

then be 

'!.1 - ( 'I) 
No 

The quantity L/ /r
0 

is to be ta~;:en from the scattering 

f ormula, while E1c,can be obtained from the Compton 

..L - -{ scatt ering r elation, 



- 15 -

Multi~lying by -Vo , 

~ -1 v~ 
or 

where 

= 

o( :: 

Substituting in 

-t.. -v 0 
-=---"\. 

"""'(, 

the probabilit.1 

( 8) 

equation, 

TTe 4 I+ ~ 2 cf 
,_1..c. '-t [t+-o<. (1- l.A 1)]1 

ft.,. "'-'r I - /..p tl l' ' /,.;. ,j,d t 
l (It ~~f )( H i><.Q~ ~ f 1) \ (1) 

'f is taken 

as essentially negative, since 8 is positive.) 

Now for every photon scattered at an angle <f 

there is an electron scattered at an angle e 
where e and tf> are related by the ec1uation 

4r-) Cf -= a- I 
CA rt (10) 

where 

11his e~uat ion is derived from the energy and momentum 

relations. Differentiating e quation (10) 

2. cl C\ 

(c-<.+I )1. 

SubstitutiLg these values into equation (9) 

Pd~= Pede- 2Tle~ I [1+ (c.-,)L + /+IJ(\. ( (ll) 
If - M1.C. Y .(v1-+-I+ 2t>()"- ttA.+-t)''" t~1-•)(Ctt I+ 2~ tfrA 

Pe~e is the probability that a quantum will project 

the electron at an angle e . Pe de is set equal to 

Pt r/..¢ since for every quantum scattered at an angle 

q; there is an electron projected at an angle e 
To find the number of electrons per quantum scattered 

between 8, and B~ we need onlJ integrate the above 

formula between the c orresponding limits a, and C\'" • 

This is done by splitting the 0 _
31
ation into partial 
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fractions. The details of the int egration will be 

omitted. The integr3ted result is 

L
- J 

- + 
2.co<,) 

+ ..L. +- --- I I J l "2"' ,. 2o(. 3 4-e< ~ 
( I{( .. ' + )..( ) L-J. +J_ 

"2. o(. 
• \ ] · I 
+~,. l~+,.,. 

Cl. .... 

-L o< 
+ 

. 2~ "I,. (?;.-+-1) l(c-.t-f T 1..o() ~. (12) 

This is the Klein-Nishina expression for the number of 

electrons between ~. and 4\. • The accuracy of this 

result can be tested by integnating between O and 90 

degrees, since for every el ectron that is propelled 

there is a quantum scattered; hence the total number of 

electrons scattered per incident ~uantum should give 

the total absorption coefficient. 1t1or 8= 0, el= O; 

for 0-= 90, a.::. oO. Substituting these limits into 

equation f12) we obta in 

'lo 
7fc'i f I+ P( 

~( v+ i~D No e<·r-i.)-== l l ( Ito<'. ) _ _L 

'- l..c. '-t (?( 1.. ,.,.. 1..o< e,(, 

(13) 
-1- -1. -tr; e (11- l.,<) -

I+ jo( 

1 2o( l I+- 2.,.(. y2.. 

which is the usual expression for the total absorption 

For long wave-lengths (o(:::. 0) this converges to the 

classical expression (. Tre " 
3 """" L C. "f 

,o<) 



- 17 -

1l1he exuression for the Dirac-Gordon formula 

is simply obtained by omit t ing the last term in 

equation (9), the integrated r esult being 

- /1 .l. 4 ....1- \ 
\ + ~ 2ot..l../ C,...+ It 1..o( 

(14) 

The corresponding result for the Compton 

formula is obtained by substituting into eq_uation (7) 

the value of ¾
0 

given by eq_uation (2). .A.gain 

transforming from rj> to t.\. by eg_u,:1t ion ( 10 J we find 

the Compton expression for the probability of ejection 

of a recoil electron in an interval d~ is given by 

Upon integrating between the limits O', and Ct\.. 

this expression becomes 

\-
+ /-r lo<. 

l ~ + 1-t- L,,I._) '\. 
tt \.. 

z... 
'\.. 

( Ir ~-<) 

3 

(15) 

(16) 

L(A+-1 + l,<) 3 
4, 

Equations (11) and (15) ex-pr ess the number of r ecoil 

electrons per unit interval d~. In order to obtqin 

the exuression for the number of electron tracks 

-per degree dtA must be repl aced by its e quivalent 

expr ession in 

CA = ~+- ~) \. t,,c,,. i... f) 

t(c,,. = U.,. ")i... (,;::;,. e fu L~ t,<. e 
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The substitution of the above expression for ?1{).. 

into e~uation (11) gives the Kl ein-b ishina expr assion 

for the nrobability that a g iv en quantum wil l s catt er 

a 5 iv en el 0ctron inside a conica l shell, the elec ents 

of ·,vhich make an angle Ct. and 0t-d8 with th ::; dir •-.:; ction 

of the quantum. It is 

2.iie. '-t -""" '-c.. '-t 

~Let+ ~+,,()1-J 
(t+-< X ~ +- I + 1,-() \. 

Th~ corresnonding expression for the Dirac-Gord on 

2o r mn l n :L s obtained merely by omitting the l ast t erm 

in the above expres s ion. 

Pae .... b 
21/C '4 

'- \...c, ... 

G. [ "'-+ ~1--<J1·] 
(tr-{)( C.. .,_ I t lx ) '-

~r oin 0 .y ,·:t i on { 15 ) •;-Je f i nd that t he Compton formula 

predicts the :'ollo\7 Lr,_o: d i st ribut i on . 

Pb de ::. 211 c. ½ . ri: C Ci\.+-~-+--'-) ... ] 

""""l. <-.., ~+-o<X C-\+, ... l.oc' ya-

· de 

( 1 7 ) 

(18) 

~qu ~tions (17), (18), 3nd (19) h2v e boen Dlotted in 

figure 6 , '<¥here o( h ::-:,s be en g iven the V!:llue 1. This 

corre s ponds to a wav e-l ength of about 24 x-u., or 

510 k . v . x-rays . The ordinat es of each curve have been 

qd just ed so a s to make the total area between O and 70 

degree s the same. The j{l ein- lHshina formula pred icts 
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a great deal more recoil electrons at small angles to 

the beam than either of the other two formulas. 

This will be more clearly seen from the integrated 

values. 

Results. 

As was ureviously stated, two sets of 

photograuhs were taken, each set containing about 

100 pictures. In each case x-rays of about 24 x-u. 

were used. In the first set a beam of x-rays l½ cm 

in width wa s used, which afforded a total of 265 tracRs 

between O and 70 degrees. In the second set a bee.m 

width of ol cm was used, and 430 trac~.:s were obtained. 

Hereafter these will be referred to as set 1 and set 2. 

It will first be shown that the two sets are 

consistent with each other. Thenceforward it will be 

permissible to deal with the total 695 tracks. 

The first row in table 1 shows the observed distribution 

of 265 tracks. The second row shows the distribution of 

the 430 tr~cks of set 2, reduced in the ratio 265:430. 

'.l.1he agreement is surprisingly good. 

Angular intervHl 

Set 1 

Set 2 

Table 1. 
0 - 20 20 - 40 

57 

55 

87 

92 

4-0 - 60 

95 

95 

60 - 70 

26 

23 

Table 2 is the same as table 1, except that the interval 

from Oto 70 degrees is divided in a different manner. 

Table 2. 
Angular interval 0 - I5 , 15 .... DO ~o - 50 50 - 70 

Set 1 40 60 92 69 

Set 2 6::5 67 94 71 
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Tha agreement is again good, except in th~ first 

column, and here the di f"ference is just eq_ual to the 

probable statistical error. 

~g_uations (12), (14), and (16) each exnress 

the probability that an electron will be scattered 

betwe E)n the angular lir'.,its c/, and 12.. Hence for a 

given value of cX, , if 695 tracks are observed between 

0 and 70 degrees, these e quations predict how the tracks 

should be divided among the various subintervals ■ This 

calculation has been made, arid the results are compared 

with experiment in table 3. 

Table :5. 
.ingular interval 0 - 15 15 - 30 60 - 50 50 - 70 

Observed 93 172 242 185 

Klein-Nishina 108 167 223 196 

n irac-Gordon 79 13J 241 242 

Compton 96 181 214 204 

The observed v~lues are given in the first r ow, the values 

calculated from the Klein-Nishina, Dirac-Gordon, and 

Compton formulas in rows 2, b, and 4 respectively. ':!.1he 

agreement with any one of the formulas is not very good• 

The probable statistical error is exceeded in the case 

of the Klein-Nishina formnla in two columns, in the case 

of the -O irac-Gordon in three. On the whole the Klein-lHshin,.3. 

formula is, perhaps, in closest agre ,9ment. 
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Division of the range Oto 70 degrees into the int ervals 

shown in table 4 does not change matters a1)preciably. 

Table 4. 
... \ngular interval 0 - 20 20 - 40 40 - 60 60 - 70 

Observed 146 236 249 64. 

Klein-!; i shin a 163 220 ·220 94 

Dirac-Gordon 121 200 262 111 

Compton 154 2~4 210 98 

In this table there is a startling disagre .;ment in the 

interval 60 to 70 degrees. Can this be accountect for'!' 

It has already been stated that this is the region in 

which the measurements were most unr eliable, first becaus e 

man; of the tracks were pointed. nearly towards the 

camera , s econd bi:3cause tracks nearly vertical soon leave 

the light beam and are therefore short, and third because 

the recoill electrons h8ve low energy and are therefore 

badly scattered. Electrons emitted at an angle of 70 

degrees have but l ¼ cm range. In addition it should 

be pointed out that errors in the other angular intervals 

are compensated for by errors in the neighbouring 

intarvals. Since, however, track s making an angle greater 

than 70 degrees with the x-ray beam were not measured, 

there is less comnensating eff ect in the 60 to 70 

degree interval. These conclusions are furth•2! r 

substantiated bi figure 6, wherein the number of tracks 

per degree is plotted against the angle of the tracks. 

If the right limb of the curve through the experimental 

points is extended dovmwards it will cut the axis at 
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75 degrees. 'l'his could be accounted for b~i assuming 

that the curv e would have a foot on it, but this would 

be in entire disagreement with all of the scattering 

formul as. 

As a consequence of these considerations it 

was decided to leave out of the data all tracks at angles 

greater than 60 degrees. The remaining 632 trncks were 

then divided a s shown in table 5. 

Table 5. 
Angular Observed. Klein- Dirac- Compton. 
interv ':l l. llishina. Gordon. 

0 - 10 50 56 42 47 

10 - 20 97 115 87 112 

20 - 30 120 116 98 127 

30 - 40 120 115 120 114 

40 - 50 127 128 141 107 

50 - 60 120 112 143 109 

Total difference 4- 2 77 62 

The agr ::;ement with the Klein-Nishina formula can be 

se en to be very good in all intervals except the second. 

However it must be stated that set 1 and set 2 agre e in 

i:; iving lov,rer values than predicted by the Klein-Nishina 

fornmla in both the first two intervals. 

In figure 6 is plotted the r ecoil# electron 

distribution as predicted bJ the thr ee scattering formulas. 

The total area under each curve, between O and 70 

degrees has been made equal to 695. The double circles 

represent the number of tracks per degree, using 
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overlapping intervals of 10 degr ees. The single circles 

represent ov erlapping interva ls of five degrees; hence 

the statistical fluctuations ar ::.: much l ::i rger than in 

the previous case. The red line is a smooth curve 

through the e:x:parimental points. Two facts should be 

note d . First, the exµeri ~:1ental curve has a minimum 

at exactly the same point as the Klein-Nishina curve. 

Second, the exuerimental curve has the same general 

outline as the Kl e in-Nishina curve. The agreement 

would be still better if the experimental curve were 

plotted on the basi s of 6i 2 tracks between O and 60 

degr ees, for this would shift all of the theoretical 

curves upward, leaving· the exverimental curve unch.:::. nged. 

It is concluded from this investigation 

that the Klein-.N ish i:na f ormula is in closer agreement 

with the experi ~ental results than either of the other 

two formulas. ~{o',:v ever certain d.iscrepanc ies ap;>ear 

which seem to be outside of experimental error. 

:i.'he Dirac-Gord.on f or mula is in comDlete disagreement, 

the o l der Compton formula fitting bett er t han it does. 



In conclusion I wish to express my 

aPT>reciation to :. r. C.C. Lauritsen for suggesting 

this problem, and for valuable sug§'. est ions which 

were used in analyzing the data. 
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prapRration of this thesis. 
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