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ABSTRACT

A Cs Te R. Wilson expansion-chamber was used to study
the space-distribution of photoelectrons ejected from a gas by
monochromatic x-rays., Distribution curves were cobtained for
electrons ejected from both the K and the L atomic energy-levels.
A more isotropic space~distribution was found for electrons
ejected from the T energy-levels than for those from the
K energy-levele The distribution of the electrons from the
L energy~levels became less isotropic with an inerease in
the freguency of the incident radiation. For a glven radiation,
the average forward momentum of the electrons from the K energy-
level was found to decrease with an increase in the binding
energy of the parent atome Within experimental error, how=
ever, for electrons from the K energy-level, even for different
binding energies, the average forward momentum remained the
same for a given velocity of ejection of the electron. The
average forward momentum of electrons ejected from the L energy-
levels was greater than that for electrons from the K energy-
level for a given velocity of ejection. The average forward
momentum of the electrons ejected from the K shell was in fair
accord with recent results of quantum mechanics. The observed
values of the average forward momentum of the electrons ejected
from the 1 energy-levels were slightly greater than those

given by the theory.



The longitudinal space-distribution of photoslectrons
ejected from a gas by x-rays has been extensively studied by
means of the C, T. R. Wilson expansion-chamber by several
investigators. The general shape of the distribution curve
for electirons ejected from the K energy~level and the
dependence on the frecuency of the incident radiation has
been determined, and are in approximate agreement with the
recent gquanbtum mechanical expressions. Results so far
obtained for the gpace~digstritmtion of electrons ejected
from the L energy—-levels are rather meager. It has been
shown, however, that a more isoiropic space~distribution
exigts in this case, In the present work, the distribution
of electrons ejected from the L energy-levels is found to
become less isotropic as the frequency of the incident radia-
tion is increased.

The C. Te R, Wilson expansion-chamber employed in
this investigation was essentially that described by Simon
and Loughridge, Only minor refinements were effected to
insure greater accuracy in the data obtained,

Simple filtering of the general radiation from
an xz-ray tube wog found to produce radiation not sufficiently
monochromatic. leasurements made of the lengths of photo-
electron tracks formed by simple filtered radiation showed
the track-lengths to vary by a factor of ten, indicating a

variation in the initial kinetic energy of the photoelectrons
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of about 300%s It was necessary therefore %o employ other
means of monochromatizing the z-rays, lLonochromatism wag ine
sured, Iin one instance, by the selection of the ¥ line of
molybdemum by means of a calcite crystal spsctrometer. For
the other freguencies, the secondary fluorescence radiation
from a metal plate, irradiated by primary
tungsten~target Coclidge type tube operated at a potential
Just insufficient to excite the tungsten X lines, was
collimated tc a parrow beam and passed inte the expansion-
charber {Fig. I}. A. H. Compton has shown the fluorescence
radiation obtained in this manner to be very homogeneous,

having 99 per cent of its energy in the characheristic ¥

ling~radiation of the netal radiator. Since the radiation

o

obtained in this manner is of very low intensity, it was
necesgary to nperate the tube at a space current of 35-40
milVamperes., It was possible then to obtain 25 to 30 photo~
electron tracks per expansion. Upon removing the nmelal
radiator, but otherwise leaving conditions unchanged, only
one to two tracks were obtained per expansion. The effect
therefore of stray, scattered radiation was smalle Both

crilied above

iz

of the means of monochromatizing the x-rays des

» » 3 - 2 =7

gave tracks uniform in length, variations seldom exceeding 3Che
The wave-lengths of the x-rays used in this

investization are given in Table I together with the metal

radiator employed in three cases.

E



TABLE I
Source Monochromatizer M:ﬁ;"
o fé;;ggmtube Calcite spectrometer «71 A
W " " Silver radiator 56 A
w " " Palladium radiator +59 4
W " " Tin radiator 49 A

The relatively faint K,g lines of palladium were
filtered out by means of a ruthenium filter. The filter
consisted of a 3 mm. thickness of crystalized ruthenium
nitrate supported between two vertical pieces of thin
cardboard. The presence of the KJP lines in the other
cases was not objectionable.

In the interests of increased accuracy in the
measurements of the tracks some changes in the stereow
comparator previously described were found advantageous.
The scale and vernier for measuring displacements of the
carriage containing the cross-hairs were replaced by a
micrometer screw and scale calibrated to read to .001 cm.
Very rmuch finer cross-hairs and higher power lenses were
employed throughout, and a Irame and cross-hair were
gubstituted for the simple pointer previously employed.
Careful alignment of the two photographic plates in the
comparator before attempliing measurements was found to ve

an essential step in the procedure of measurement. Usually



either the surface of the piston in the expansion-charber
cr the glass plate covering the chamber will appear on the
rhotographs due to the scattering of light by various
small proJjecting points on these surfaces. It is then
imperative that one rotate slightly one of the photographic
plates in the comparator so that the cross-hairs as seen
stereoscopically lie parallel to the plane of these sur-
faces, If this apparently trivial adjustment is not made
large errors in measurement will result from only a very
slight displacement of one of the two photographic plates,
After these precautions were taken random errors were
redvced five fold and track measurements could be repeated
within limits of 2°,

4 brief discussion of the errors in measurement
may net be out of place at: this point. \They may be clas-~
gified into three groups, random errors, systematic errors
and statistical fluctuations,

The random errors include (1) the natural
variations which occur in setting a cross-hair upon a
point, and (2) the effcet of scattering by nuelei and
electrons of the gas in changing the initial direction
of track, as well as producing deflections along the path.
Wnile the effect of these random errors will cancel out
to some extent for a large number of measurements, their

final effect will, in general, be to broaden the distribution



curve and decrease its asymmetry. Also of course any fine
structure, minor maxima and minima will tend to be ironed out,

Systematic errors are more injurious to the final
result. A systematic error inherent to the stereoscopie
method smployed for measurement arises due to the Tact that
for the depth measurements one cross-hair is moved and the
other remains fixed to the frame of the carriage. This
nhoo the ¢ffeet, Tor instance, conwsidering a track in the
expansion-chamber directed upward towsrd the camera, of
decreasing its forward component if it occurs in one guarter-
part of the chamber, and incressing its forward component
if it occurs in the remaining three-quarter-part of the
chamber. The final effect then is to give a forward Dbias
to the average forward component of a number of tracks,
This error may be corrected by taking two measurements
on each track, reversing the photographic plates in the
comparator for the second measurement. If, however, ap~-
proximately an equal mumber of tracks are directed upward
as downward in the expansion-chamber, this error will
balance out leaving only a very small second order effect.
By a careful allignment of the x-ray beam this condition
can readily be brought about making only a single measure-
ment necessarys

Statistical variations are always present but
may be reduced to any degree il a sufficiently large number

of measurements are made,



The ultimate accuracy of the data obtained is
rather hard to estimate, It 13 to be noted that the average
forward component of the forward momentum as evaluated later
is particularly sensitive to error in measurement. An
error in measurement of only 2° in the region where the
majority of tracks occur, i.e. C058==BO°, will mean an
error of 20% in cos @ . For this reason the value of
cos O {obs.) listed below may be in error by 20%. The
other data, however, should be considerably more accurate,

A comparison of the relative merits of the
stereoscopic methed as compared to that in which two
cameras are employed having their focal axes perpendicular
to one another, is hard ‘o make since the care and pre-
cision used in the construction of the apparatus iz the
determining factor. The latter method, however, requires
fewer readings to be itaken for each track and can be used

therefore in measuring readily a large number of tracks.

EXPERTENTAL RESULTS

The longitudinal space-distribution curves,
representing the density of emission per unit angle of
the photoelectrons as a function of the angle between the
direction of ejection and the forward direction of the

x-ray beam, were plotted in a nmumber of cases tc show the
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effect of the energy level from which the electron is
taken, and also the effect of a change in the frequency
of the incident radiation.

In Figs. II and III are plotted the results
obtained respectively from measurements on 272 tracks in
alr produced by radlalion of 71 A and on 200 lracks in
air produced by radiation of .56 A, Eﬁch small circle
represents the number of electrons ejected in a 150
interval the point being plotted at an angle corresponding
to the center of the interval. Points are plotted every
5° and therefore represent overlapping intervals. In
order to study the distribution where the binding energy
was of appreciable magnitude, GEHéBr wag introduced into
the expansion~chamber in an atmosphere of hydrogen. The
photoelectrons were produced by radiation of .59 A, most
of them being ejected from the X shell of the bromine atom.
Aboutl 64 per cent of the energy of the incident radiation
was required to remove the electron from the atom, the
remaining 36 per cent appearing as kinetic energy. The
secondary and tertiary photoelectrons could be easily
distinguished from one another due to the difference in
path length. Photoelectrons ejected from levels other

than the X level of bromine or from light atoms could be

distinguished by their long path length and hence omitted
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in the measurements®. Thus, only the photoelectrons
having their origin in the X shell of bromine were inciuded.
Pig. IV represents the distribution curve plotted as before
for 233 tracks of electrons ejected from the X level of
bromine by radiation of .59 A.

For the study of the distribution of electrons
gjected from the L energy levels, CH31 was introduced into
the chamber in an atmosphere of hydrogen and photoelectrons
produced by radiation of .71 A and 49 A emission being’
from the L levels of iodine. The results of measurements
on 200 tracks formed by radiation of .71 A are shown in
Fige V. In agreement with the work of Auger the curve
is broader than that found for the X electrons indicating
a more isotropic distribution. The small circles as before
represent the experimental pointse. Fig. VI represents
the distribution of 264 photoelectrons ejected from the
L levels of iodine by radiation of .49 A. The curve
here is narrower than in Fig. V, indicating a decrease in
the isotropy of the distribution with an increase in the
frequency of the incident radiation. Watson and
Van den Akker have shown that photoelectrons ejected
from the Lll and Llll energy levels have a space-distribu-~
tion more isotropic than those from the X and Ll energy

levels and Bobinson and Cassie have found the relative

* The ratio of the mmber of secondary to tertiary photo-
electrons was found to be Z2.5.
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mimber of Ll electrons ejected to increase with an increase
in the freguency of the incident radiation. The narrower
distribution curve of Fige. VI may then be explained by the
presence of a greater proportion of Ll electrons than is the
case for the curve of Fig. Ve

A theoretical expression derived recently by

Wentzel on the basis of guantum mechanics,

Py o 7 0
C

gives the probability of ejection per unit angle of a photo-
electron from the K energy level as a function of the angle,

g , between the direction of ejection and the forward
direction of the z-ray beam, where v represents the velocity
of ejection, Y the freguency of the incident rediation,
and h, m and ¢ are the customary physical constants.

The solid-line curves of‘Figs. IT, ITY and IV
represent P{€@ )} with the proper values of v and Y inserted,
the curves being plotted on a scale to conform to the
experimental points.

The observed asymmetry of the distribution about
a plane normal to theix~ray beam may be compared with the
theory in several ways. The value of cos & averaged over
all the photoelectron fracks, a quantity proportional to

the average forward momentum of the photoelectrons may be



11

computed (see Appendix A} giving
- R 4'“41." + o m e (Z)
Cos 6 = Fc

if only first order terms in é[' are retained, Table II

gives the values of cos @ (obs.) and cos @ {culc.).

TABLE II
Energy Level Gas A cos & (obs.) Tos @ (calc.)
K Air «71 A «182 210
K Air «56 A #2210 #2350
X CZESBT +59 A «133 138
L CHBI «71 A «230
L CHSI +49 A «25b5

The everage forward momentum of the X electrons for a
given radiation decreases with an increase of the binding
energy of the parent atom. Within experimental error, however,
K electrons of the same initial velccity have the same average
forward momentum. It is to be noted, moreover, that in accord
with the results of Auger, and Watson and Van den Akker for
a given velocity of ejection, the L electrons have an average
forwerd momentum greater than that of the X electrons. The
difference in behavior of the K and L electrons is more

marked for the lower frequencies,
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The bi-partition angle, 6& » the half-angle
at the apex of a cone which divides the photoelectrons
into two groups of egual numbers, is defined by Ece (3]
Calculation of cos € shows it to be ecual to -g» to a
first approximation (Appendix A).

é& VA
/ b e = Fle) e (z)
0 &
Table III gives the values of cos &y(obs.) and

cos g (cale.).

TABLE 11T
Eneggy Level Gas /) cosg €§{obs.} cos & (cale.)
K Alr «71 A o242 «262
K Air «56 A 0292 «294
K CZHBBr «59 A 191 «173
L CH31 «71 A o174
L Cﬁsx «49 A « 242

. v s
For a given value of Y the bi~-partition angle for
electrons ejected from the L energy-levels seems to occur
) ” ‘ .
nearer 907 than for those from the X energy-level, in

agreement with the conclusions of Auger.

Phe ratio of the number of electrons ejected

forward of the plane normal to the x-ray beam, to the number
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ejected backward, ~F {Appendix 4) is given by Eqg. (4):

}j - ,szwf:ﬁizi; +.~ - - (:‘)

The values of }? {obs.) and S? {calc.) are given in Table IV,

TABLE IV
megy o g A plow) ploue
K Air o71 A 2417 2430
X Air «56 4 2.39 2.58
K 02H5Br «59 A ~ 1.74 1,70
L CHsI 71 A 2400
L CHEI 049 A 2«30

It is to be noted that no marked difference was
found in the behavior of “P for the K and 1 electronse

Calculations made recently by G. Schur on the
basis of quantum mechanics gives the following expression
for the space-distribution of photoelecirons ejected from

the L energy-levels of an atom:

—

: - | ’ —Ll i
Q) o sin’8 + %![J/nje cose (/— oy

y
I[_ 5//79 ,{! / -+ ,,é_,:'z;_, J/h19+,2{60J9
;;”/%34%

(1 +%am e+ 24 )/,[

)f§ ,/
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where ,Zz represents the mean value of the binding energy
of the L enargﬁ;levels, and the other quantities remain
as before,

The solid-line curves of Figs. V and VI represent
Q(6) with the proper values of v, v , and I, inserted,
the curves being plotted on a scale to conform to the
observed pointse.

Calculation of the average value of cos € Tfor

L electrons (Appendix B), in the manner carried out for

K electrons, leads to the following results,

TABLE V
morgylevil  Gas A TE (obe.) TEE (calon]
L CHSI Os71 A 23 017
L CHZI 0.49 A 25 «22

The agreement here is not satisfactory, the observaw
tions seeming to indicate a greater average forward momentum
of the vhotoelectrons than the theorye.

Calculation of 53 , defined as above, leads to

the following results,



Energy Level

R s

L

L

TABLE VI
s A

‘ CH,T 0u71 A
CE,T 0449 A

§ {obs.)
260

2ed

{9 (calc.)

1.9

2ed

Tith regard to 5} , experiment and theory are in

fair accord.

A decrease in the isotropy of the longitudinal

space~distribution curve for L electrons, with an increase

in the frequency of the incident radistion, as was found

above, is also to be expected from the theory.

The ratio

of the‘nnmber of L and L electrons to the L. electrons
11 111 1

is given Dby

I

41;

L,

//% I,

— S
—

which for this case, leads to

Energy Gas
Level
L CHEI
L CH I

———

| v
g+ &=

7V

)

TABLE VII
Relative proportion of
/% - L% Lll and L
Electrons Electrons
0.71 A 67 4 33 %
049 A 72 % 28 %
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For the harder radiation, due to the greater
proportion of Ll electrons ejected, a slightly narrower

space-distribution curve is to be expected.
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APPENDIX A

SPACE DISTRIBUTION CF K ELECTRONS

On the basis of guantum mechanics several
expressions have been derived recently for the space-
distribution of X photoelectrons as a function of the
frecquency of the incident radiation and the binding
energy of the parent atom. For electrons of not too

great a velocity the expressions given by several authors

agree to first order terms in-% but may differ in the
higher order terms. We shall consider that relation
derived by G. Wentzel, and communicated in a series of
lectures at the Norman Bridge Laboratory in January
1930

He finds for the probability of ejection

of a photoelectron from the X energy-level of an atom

Sirce cos 7 B («)

Pled) = 2

¥ -+
[/ Ccms& Zmc?®

where ¢ iz the angle measured between dircction of
ejection of the electron and the electric vector of the
incident radiation, & the angle between the direction
of ejection and the forward direction of the x-ray beam,
v the velocity of ejection, v/ the freguency of the
incident radiation, and h, m and ¢ are the customary

physical constants,
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If the incident radiation is unpolarized, and
if we consider the longitudinal space distribution, the

probability of ejection per unit angle is given by,

P(é/ < 1/ V"cm} LAY j

L CE

SirT e e (z )

MEAN VALUE OF C0Sé&

The mean value of cos @ averaged over all the
photoelectrons ejected, a guantity proportional to the
average nmomentum of the photoelsctrons in the direction
of the propogation of the radiation, may be calculated

ag follows:
77““‘

Fb) cos & a6

05 & = =T
C é =

/ ) ¢ —Z,z

Congider first the integral in the numerator:

5/;4‘?9 cos & e
I -éc:asﬁj

where a= [/ # %/.a
A7 C

and

s
b= £
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laking the substitution,

U= C0J &
S Vas
7o [foan
(a ~4 )
substituting 2 A -bu s

47%

—a 424,& MZZ/’(d Z/

substituting the limits of integration and simplifying,

)/ —éa f/ﬂwf B A’f
[ B (Wf'/ Yo-4)"

d/%j

ab
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Consider now the integral in the denominator

-of Bg. {(5):

Z

5 77——
/ NN/ 78 /
_ v - 4 _/ &

"] (e-scose
substituting U = oS8

Z

2

substituting Vs “féé T &

),
S @sus”

/ f 7 f!? ‘J{z
/ 5; PR i W‘_‘{é‘_ ’z’d ;;’ mﬁy\ >
— g9/ < J <
4/
(

v A
A
- W‘é 2 g Z < e

s/ -



Hence L oy
) P - 2 Radidhol
£, —bah riPa b # ST TEY 2% 70
! - T OISR S . ’
Cos & ~ [ P
2 pe
where o = / 7 _,,J /: and é - E:M
LG

Since in the derivation of expression (1), electron
spin and relativity terms were not considered and various
other aporoximations made the expression above is significant
only to first order terms in -Z.. Expanding in terms of :;. ,

we find
5

- ﬁL‘ﬁéf A . < e
cos 6 = Fo T ss le™/

Neglecting the third and higher order terms,

Cos & = 45 ¢ (+/

BI-PARTITION ANNGLE

The bi-partition angle tgé s the half-angle at
the apex of a cone which divides the photoslectrons into two
groups of ecual number is defined by Eqe (5)

&y p 7

e e - | L &

4
4
/ /

f
Y “E,

7



As we saw previously

where « : .

Hence
‘ by
G ’

Yo

dz',é zw U«éﬁé o058 n.fé) );(,‘_,6’95 269

< & (d beos G 10
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/ | P > cal oS8 4 b cwstE
J e f;é;ﬁ ( g — & o &, d

&
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; ' -y 2 % T g T
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Simplifying and neglecting third and higher order
v
terms in — s
c

Sa*f + @ cos & = 0

2
/ e
where g = [/ + 2 . and 4= o
o A
e
il . Y

RATIC OF NUMBER OF PHCTOELECTRONS
EJECTED FORVWARD OF THE PLANE NORMAL TO THE

X-RAY BEAM TO THE NUMBER EJECTED BACKVWARD.

The ratio of the number of electrons ejected
forward of the plane normal to the x~ray beam to the rnumber

ejected backward, , is given by Eqg. (7)
’

27[_"
_/ L&) Je
0

- -
f L Fe J¢
=z

As shown in previous section,
/ a . & 2

f i A o “_Q A ';
| Fe)de = 5 ) L5~ — + 5/

/ éd’(/ Gz

where

()

(7
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%?F 2 = < = <

{ﬁ e =4 o b T —Bat + 34

_ 5 e —

vé? “ (- é%/f‘j
and
. a .2 : ;2 2
gl e at FE JE=4

e =

/ PP )
e de- 40T
Jr (@4 “

After simplifications
. 3
PYE IS DA
= 7
-P ,'243-—- 5474 — 4

Substituting for a and b and neglecting third

)
and higher order terms 1n—c- H

. 2
2 *Jc

J = 5 &
2= &
DIRECTION OF GREATEST ELISSION

The position of the maximum of the longitudinal

space-distribution curve is given by

NG - 0

mt;};#ﬂ
9"’9»7

(
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] = J omb, (OS5 &, (Ao“/wéaﬂjé?,,,/ —

A | om’€ ] y
A0 | (u—beose)®

( g
4 b osm Tl (- écosé’,.) =0

-

Iéwslé’m v G cos B, —Fb&b =0

o ) 7ot 18 5"
2 4



APPENDIX B

SPACE DISTRIBUTION OF L ELECTRONS

G. Schur has recently published a theoretical

expression for the space~distribution of photoelectrons

ejected from the L energy-levels of an atom. He finds

for the probability of ejection of a photoelectron from

the L energy-levels:
2 LV %0 ¢ mzyf cos & //“‘
S5in 6 cOSF + e & »

Qle? =

/ . 2y, A
Z, )+ {22“- cim'e cos P + g w8

e

L
(/ + A S/ 29 L OJ ¢ ( !+ "‘2,‘/5“)//

where IL represents the mean value of the binding energy of

the L eleciron~levels, and the other quantities remained as

previcusly defined.

If the incident radiation is unpolarized, and if
we consider the longitudinal space-distribution, the

probability of ejection per unit angle is given by,
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4 Z,
| : S _ f
({)(9/ o«  om’e + Vosm’é cosé (/ //

Ly 07 {4 e e+

%[q;/%dzl( qv

MEAN VALUE OF COS &

The mean value of cos & , for L electrons, is

given by,

T
r
Ja G (8) cos & /8 J, ”
Cos & = e C= _y__” ('~
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i 77-— 7] 77_-
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s

4

'%77" Y

L C ] JmEcos s Jé 4 74 / o5/ ’8 cos e /o
L 0

0
” /? 7 %
. P / - J N 2 3 /
[24 Sin & cos5 & S +~ ge | 5/né cw”é’c/csj
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And /p‘?/’ yan ,
- ) s/me cos & /8
I = | s/n’°6 Jo + at ‘/’f o1’
2 J 4
0 Y
7 " s nlede
Logm
) J f’f smedé + d ) o/
+ C ] J /o
7
( a |
v ;’9 , I
/ ] syl cose S8 f
o | sme covE S F 5"7//
" ; ../
+ 7 .
0
o= A0+ T cd
s I
Therefore, |
r Pl R A
S A
Chs B = —— = me | |
. T o £ C “?fTCTCI
J, 5 o

where &, b, ¢, 4, and e are defined by Hgs. (13).

RATIO OF NUMBER OF PHOTOELECTRCES
EJECTED FCRVARD OF THE PLANE NCRIIAL TCO THE

Z~RAY BEAN TO THE INULBEZR BJECTED BACKVARD

The ratio of the number of electrons ejected
forward of the plane normal to the x-ray beam to the number

ejected backward, f , is given by Eqg. (15).

o
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. o (757

For 1L electrons, as previously shown

P
, Y Sin-E Ccosé JS&

o

f - ; 'y
11@; Je = \/ o/m &

-+ s o JSe + g e

£ {;i ) _,/
(

;;13

o i 3‘/.‘1’?&(‘:(95 & l,/g + 7€ ,J‘/;]Jﬁ Cﬁ"tﬁé’d&

ro z @t Lo rEcod - 45 - 2
/ N s i

J u){;:’v’/é/é’ = 3 £ J e A
g
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Hence
4 ; . P C
2, @b o +Fcd £ L5 L5

/¢)

Z_ a4 pEed— E5 o 2EC
3+ S = =

where a, b, ¢, 4, and e are defined by Egs. (13).
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APPENDIX C

NULKERICAL TABLES

Values of 463 Tor Radiation HEmployed

o
Radiation 7
Ue7l A 1287
0456 A 1621
0.59 4 1556
049 A 1871

y;f(( -
Binding Energies in Terms of //{

Atom /’f
0, ¥ (air] Small
Br - K level 993
/ L " 356
1
i
% L1 -
I 5 Lll A58
(L 393
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Velocities of Bjection of Electrons

Radiation Atonm Energy-level Velocity
0471 A 0, ¥ (air) 6262 ¢
0,56 A 0, I {Air) 0294 ¢
0.59 A Br X 173 ¢
071 A I L o221 ¢

0.49 A I L 282 ¢
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