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I. INTRODUCTION

The study of raciztion resulting when fast moving
electrons strike matter has provided the physicist with
invsluable data from widch bssic laws governing atomic
collision phenomena have been deduced, Moreover, from
a theoretical standpoint, the underlying phenomena of
nature hzve often been most eacsily predicted from a
consideration of energy relations between impinging
electrons and resultant radistion., As measurements
became more refined, theories based upon clessical
mecroscopic mechanics were seen to be rough @pproximations
only. The advent of the new mechanics enabled the
theorist to give a more exeact picture of the workings of
nature, However, due to the difficulties of the mathe-
metics involvea, approximations hzd to be employed,the
valldity of which could be determined only by comparison
with experimental results.

The intensity of the continuous x-re&y radiation
produced by an electron colliding with a nucleus is a
function of severzl factors., These may briefLy”?iated as
thaet due to azimuthal angle of observation with respect to
the direction of the cathode ray beam, the energy of the
bombarding catnode rays, the atomic number of the bombarded
atom, and the wave length of the emitted radiation. The
investigation was undertaken to experimentclly determine
the absolute intensity of the continuous radiation of

wave length 474 XU as & function of bombsrding electron



energy, znd to compare this data with the results

predicted by the most recent theory of this problem.

II.
Historical Discussion of Theories and Experiments Concerning

the Continuous X-recy Spectrum

As early as 1898, Stokes and Thompson (1) proposed
en explanation of the continuous radiation process as
irreguler electromagnetic pulses due to acceleration of
the bombarding cathode rays by the atoms of the target.
Sommerfeld, (2) in 1909, using classical electromagnetic
theory, presented a more complete explanation of this
phenomena. It w as not until 1928 that reliable experi-
mental data on the intensity of emission of the continuous
x-rays were made available by Kulenksmpff (3). In these
results the earlier theories were shown to be in error,
principally as regards the spatial distribution of the
emitted x-ray energy. In the meantime Kramers, utilizing
early quentum mechanics principles, presented & theory
which compared favorably with data of Nicholas (5),
particularly as regerds the short wave length limit. The
theory failed to predict Kulenkampff's results of azimuthal
distribution hovever.

With the development of the wave mechanics, Sommer-
feld ,(6) in 1931 developed a theory in which he represented

an electron by its rigorous eigenfunction. The treatment

was nonrelativistic, Because of this and other necessary
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restrictions imposed in order to obtein a solution of
the problem, results were obtained winich differed con-
siderably with Kulenkampff's experiments,

Scherzer (7) in 1932 using a relativistic treatment
of the wzve mechanics and employing Dirac wave functions,
cslculated the intensity distribution at the short wave
length limit. ©Since the short wave length limit
restriction reduces the usefulness of the theory and
beczuse & more recent work by Sauter (8) is more
inclusive, no attempt has been made in this thesis to
make a compiricson of experimentsl results with Scherzer's
theory. .

Sautert's first paper (8), dealing with this subject,
employed a wave mechanical treatment, simplified by repre-
senting the retarded electron as a modified plane wave.
That is, he employed Born approximations which are valid
only when the initial kinetic energy of the incident
electron is much greéter than the energy reauired for K
shell ionization. The wave function is considered in
such a menner that the wave 1s plane at infinity; when
actually, the wave front is affected by the nucleus at
infinity.

Seuter's second paper (9) is a reletivistic treatment
of the problem, In this development, he otteinrs a
formula for the resultent continuous x-ray energy, which,
to date, furnishes the most complete recsults of theory

with which to make exp.rimental comperisons. The
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resultant expression for the energy, J,dv, of a particular
frequency in the frequerncy range dv, stated as equation
11 in hies pezper (9), is reproduced in tuls thesis as
equation 1 below., If po and p represent the initial
and final momentum of the bombarding electron and mc2
the rest mass energy of the electron, then the non-
relativistic approximation is valid when p,, p<< mcz.
Upon making this approximation, equation 1 simplifies
to the earlier expression he obtcined in the non-
relativistic treatment (8) of this problem.

Sauter's nonrelativistic approximation differs from
Sommerfeld's equation by only a frequéncy dependent, not
a direction dependent, factor. This factor is approxi-
mately unity except at the short wave length limit where
Born's approximation is no longer valid. Now, by multi-
plying the nonrelativistic approximation by this frequency
dependent factor, Sommerfeld's corresponding rigorously
valid equation is obtsined., Sauter's results also agree
with those of Scherzer to within the seme frequency
dependent factor. 1In view of these considerations,
Sauter assumes th:it the relativistic equation 1, multi-
plied by the correction factor, given as formula 13 of
ris paper .(9), and as formula 2 below, results in a valid
approximation for the entire spectral range, It is this

resulting equation 1, multiplied by the correction factor,

formula 2, which is used for theoretical computations in
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this thesis.

Due to the mathematical difficulties, all of the
theories have been developed on the basis of the retarda-
tion of one electron by an isolated nucleus, without
taking account of the screening action of the externzl
electrons,

Recent experimentsl data have been obtained by H.

R. Kelly (10) for absolute intensities of the continuous
x-ray radiation from thin aluminﬁm targets as a function
of azimuthal angle, using a bombarding electron energy
of 31.7 kev. This data was normalized at the azimuthal
engle of 90° to coincide with the relative intensities
as plotted by Bohlm (11) from Scherzer's equation; The
agreement is quite good, the maximum intensity from
Kelly's data falling at @ = 57°, while the maximum as
calculeated by BOhm occurs at o = 55°, The agreement 1is
not as good at large and small values of © where the
intensity of radiation is much smallér and the consequent
errors of observetion greater.

Clark and Kelly (12) report absolute intensity
measurements of wave length 474 XU from thin aluminum
targets, using the bombarding electron energy of 31.7 kev,
Their results are greater than those predicted by Sauter's
theory.

Smick and Kirkpatrick (13) report measurements of
absolute intensities from Nickel targets, bombarded with
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electrons of 15 kev energy, of a wave length 1,431 R

and an azimuthal angle of 88°, Their results are in
agreement with Sauter's theory after 1t has been slightly
modified to more fully approximete the conditions of the
experiment.

Harworth and Kirkpatrick (14) announce relative
intensity measurements of the continuous spectrum from
Nickel targets bombarded with electrons of energy 10 to
180 kev., The authors state only partial agreement with
theory. The results are given in abstract form; and at
this time no discussion can be made of the nature of the

discrepancies between data and theory.

I1I.
Theoretical Equations due to Sauter and their Evaluation

for Conditions of this Experiment

A, Theoretical Equations:

The following three equations given by Sauter (9)
as formulas 11, 13, and 14 respectively,are those which
are evaluzted for the conditions of this experiment.
Henceforth in this report they will be referred to as

formulas 1, 2, and 3.
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The following formula 2 is what Sauter designates as the
"Correction Factor" which must be applied to equation 1
to obtain the "Corrected" formula 3, valid in the whole

spectral renge.
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The f inal equation used for computations of Sauter's

theory is given in the final equation 3, which is
22

corn dv = o dur- y7 2l
chleore) 82 = b N ) ’

The quantity (J,d») corrected gives the energy per

unit area, per electron, per second, per atom, per unit
area of target, where observations are made at a distance
R f rom the target and at an azimuthz1l angie of @.

The quantities entering these equations are as follows:

Planck's constant

Charge on electron

rest mass of electron

velocity of light

distance of defining aperture from the x-ray
target.

mos oYy
(I T T
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Z = Atomic number of bombarded nucleus.

E,= Initial Total Energy of bombaraing electron.

E « Total energy of electron after collision.

Po= Initial momentum of bombarding electron.

P - Momentum of electron after collision.

a = Momentum of queantum.

0 = Angle at wnhich quantum is emitted with respect
to incident electron direction.

F’: Ratio of velocity of incident electron to the

[

velocity of light.
= Ratio of velocity of electron after collision
to that of light.

™
[}

U = Eo(1 - focos 9)
o = _2meR - the fine structure constant.
he

‘Referring to the following vector dlagram representing
the momenta and energies of the type of collision con-

sidered here,

o
%)

it is seen that the momentum §>of the incident electron is
Transposing:

5+P= _p—o"q
Sauter defines the quentity P, as

2 - — - —
Po = (p + P)2 = (po - q)2
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which by the vector diagrzm is

> 2 -
P, = pod + qQ - Z2Rpqcos @

Sauter neglects the energy aecuired by the nucleus during
the collision process, so thst
E =z E, - hv.

The initial energy is obtained from the relation:
B, = (KE)o + mc® .
Using the relativistic kinetic energy, total energy is
given by
5 = me® [(l -/93)-é - 1] + mcz,
Thus /B and /éi mey be solved for, using the initisl
and final total energies.
o

2 _ 71 _ mRa4
4 -1 mEc

The momenta of the electron before and after collision
msy be evaluated from the expressions involving their
total energies.

p =mv (1 —/Bz)-‘l¢ where v =gc.
Utilizing the value Ofﬁ & above,
p2 - Ea/cz - mRc®
Likewicse

p02: E02/C2~ m e

B. Quantities Used in the Computations

To evaluate the expressions 1 end 2, the vzlues of the
physical constants e, m, and h used were those given by

DuMond (15), and are:
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-28

m = 9.11780 x 10 gm
-10

e = 4.,80650 x 10 esu
=27

h = 6.63428 x 10 erg-sec.

c = 2.99776 cm/sec.

Other quaentities entering into the calculctions are as

follows:
Z = 13 for Aluminum
R = 34.0 cm = distance of defining aperture from
target.
8 = 60° = Azimuthsal angle of observation.

The wave lengths of the K absorption 1limits of Cd and of
Ag which were used were taken from the tables given by
Compton &nd Allison (16). These are

Aog(K 1imit) = 463,13 XU

Apg(K limit) = 484.48 XU,

From these we get
18 -1
6.4728 x 10 sec

Vg (K 1imit)

18 -1
6.1876 x 10 sec

VAg(K 1limit) .
The constant facfors which enter equations 1 and 2 have been
calculated on the basis of the above constants. They are

as follow s:

Mean frequency between ebsorption limits of the Ross

balanced folls.
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18 -1
Vo= Vog - Vg = 6.3502 x 10  sec
2
17 =1
AV = Vg - Vpg = 2.85244 x 10  sec
-8
hv - 4,19963 x 10 ergs
-12
lev = 1.60336 x 10 ergs
-18
q = h?V_ - 1.40092 x 10 gm cm
c sec
and the expression which we arbitrarily pluce equal to A,
6 2 =71
A = 2e 7Z = 4.81752 x 10
25

R C
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IV. Experimentsl Apparatus

A. General Discussion of Experimentel Conditions to be
Sutisfied:

The theory with which the experimentel results of
this work are to be compared concerns the collision
process between a bombarding electron of known total energy
and an isolated atomj which process mey result in the
emiscsion of a quantum of continuous x-ray energy of
specified frequency &t a definite azimuth:l angle. The
energy of the bombarding electron must be controlled, and
the number of these electrons collidaing with a nucleus
per unit target area should be kept as smgll as possible
and yet be accurately determined. These two requirements
are fulfilled by controlling the x-reay tube voltage and
current closely. The next importent item is to hzve as
few atoms jer unit area of the target as feasible and still
determine their number, This involves using a very thin
target (of Aluminum in this case) and knowing its thickness.
4s implied above, it is also necesszry to meke measure-
ments on a known frequency range of guanta emitted at a
knovn ezimuthil angle; boti of which are fulfilled in
this experiment. Finzlly, the number of cuanta produced
per unit of time under the given conditions must be
measured. The procedure involvea in determining all of
these factors is treated below,

B. Production of X-rays.

l, The High Voltage Eource:

The power supply used in this work hzs been described
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by Pettitt (17). It consists of a voltage doubler
circuit employing two "Kenotron" rectifier tubes, an
electrostuatic voltmeten and a special circult end
equipment used for controlling &nd messuring the emission
of electrons in the x-rzy tube. The voltage doubler
circuit uses a 500 cycle source of power, and the
electricel constants of the circuit sare such that the
ripple voltage 1s approximeately 20 volts per milli-
ampere, The celibration of the electrostatic voltmeter
is eccomplished by snort wave length limit measurements
made with the Bragg scpectrometer. A schematic overall
dizgrem of the apperatus 1s shown in figure 1.

In order to rezd the very snali current used in the
x-ray tube (of the order of 0.1 microampere), it is
necessury that the entire cathnode system,from the point
where the current 1s measured,be electrostatically
shielded so th:t no corona currents interfere with the
measurement. The microammeter is connected between the
shield and cathode current source and must read the actual
space current in the tube, The instrument used for
mezsuring the current is a Genercl Electric reflecting
type g&élvsnometer, number $2C, «26Gl. It hes a current
sensitivity of .0U8 pa. per division, znd is critically
damped with an external resistance of 46,000 ohms. The
instrument was shunted so &s to have & sencitivity of

0.01 microszmpere per civision.
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2. The Y-Ray Tube

The tube shovn dicgrameticalliy in figure 2 1is miae
of & steel cylinder 2% inches deep, 8 inch diasmeter. The
top plate 1s removable. A two inch diameter pyrex glass
tube lzids from tne center of tne bottom plate to the
oil diffusion pump. 4 spiral tungsten cathode is mounted
by the wsll of the tube. At the opposite end of the
diameter pacscing through the cathiode is mounted the
aluminum snode cup of 1% inch diumeter. Focusing of the
electron beum is accomplished by & emall steel disk placed
behind the cathode., The aluminum anode 1is mounted on a
brass rod wliich extends upward in a pyrex tube of 2%
inch diameter and 1is fcstened to a brass cap at the tube's
top. The targets ¢re pleaced one inch off center in the
direction of the cathode, The thin film tirgets are
mounted on & recterngulir steel wire freme, 1 inch by 1%
inches., This freme fustens in a breass rod which extends
upverd in & pyrex tube of 13 inch diemeter ¢nd fastens to
a removeble bress plate at the top of the pyrex tube,

The &node and target ere thus well insulsted from the
metal tunk of tlhie tube wnich is at the same.potential as
the cathode. The only positive potenticls in the tube
are on the terget anda anode, essuring tinet gll spece
current is actually collected a«t these points. The tube
must then be insulazted from ground for one-hzlf the tube
voltsge. £ horizontazl slot three-fourths inch wide is
cut in the tube wall end covered with e¢n aluminum winaow

of .0193 cm., thickness. The entire tube m¢y be rotated
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about an axis through the target, thus enabling
azimuthnel determinations of intensity to be mude,

3. Thin Film Targets

The theory deals with rudietion resulting from the
retaraation of & single electron by an isoleted nucleus.
This, of course, is not possible to obta«in experimentally;
nor woula the intensity be perceptible were the condition
obteinable. In order to fulfill this condition as well
as to eliminate the possibility of the electron losing
energy by minor collisions before the mejor retardation
occurs, it is requisite theot the target be s thin as
possible concomitant with & reasonable intensity. A
typical target 1s given in figure 3, showing the well
defined focel spot. Not orly does the smull catnode
current of 0.15 microcmpere increecse the life of a
terget; but also, the theoreticel conditions sre, thereby,
more closely wzpproximated,

‘The terget bscking is commercial cellophazne, clesned
with alcohol., Measuremernts with cellophsne targets alone
in the tube shoved no measurable intensity from them.
Thus no correction has been applied to the backing
material, The aluminum is evazporated on the tzrgets in
a specielly constructed evuporetion chamber, Four
targets, along with a liichelson interferometer mirror,
were mounted in the eveporation chamber and costed
simulteneously. The mirror weas then used to mezsure the

target thickness, a subject treated separwtely below,
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4, Ross! Baleénced Filters

To isolate & narrow region dv of the continuous
x-ray spectrum, & method devised by Ross ana discﬁssed
by Kirkpatrick (18) is employed. This method uses two
adjacent elements in the atomic teble. The filter
thicknesses ecre such tihet their absorptions are the same:
for the x-ray radiztion, except in the narrow band
between their K absorption limits. By interposing first
one filter end then the other in the path of the X-ray
beam, the intensity of radiztion within this band that
is meausured, 3§ _ proportional to the difference in
magnitudes of the gelvanometer aeflections for the
respective filters. The narrower the band between the
K absorption limits, the more strictly monochromatic
will be the measurements. However, the bend width must
be sufficient to produce mewusurcble differences in
intensity. |

The discussion of Rose filters by Kirkpatrick (18)
shows thet there is @ preferred thickness for which
the meximum intensity difference will be obtecined from
the filters., The filters used are of Cd z¢nd Ag and the
velues of thickness ere werked out by H. R. Kelly (10).
This allows a band £1.35 XU wide at the meun wave length
of 475,80 XU.

5. Standerd Ionization Chember

The x-rays pass through a defining lead wperture of
2 .
0.912 cm cross section into the stendard ionization
chamber. The cylindrical chember is of brass with mica

windovie at either end. The collector pletes &re of
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aluminum, Guard rings assure & uniform electric field
over the collector plate wnere ions are collected for
measurement. The chzmber is filled with CHzBr gas at
68 cm pressure. The abcorption of x-rays within the chamber
takes plece principally by photoelectric absorption.

In the photoelectric absorption process, the
guanta interact with the bromine &tom, ejecting an electron
from one of its shells. The energy used in ejecting an
electron from a carbon atom is negligibly small compared
with the energy reqguired for the bromine atom. The ions
formed in the electric field are then drewn over to the
collector electrodes, which churge is transmitted to the
electrometer,

C. Electrostatic Capacity of Electrometer Circuit

In order to convert electrometer deflections to the
corresponding voltege on the collector plates of the
ionization chsuwber and thence to units of charge, it is
necessary to know the capacitance of th- electrometer
system. The circult for determining this capacitcnce

is given in figure 4 below.

22%yv
| ﬁhh
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C = Capacity of Electrometer System.
K = Capacity of Stunduard Condenser.

v = Volts appliad directly on gquadrants
of electrometer.

V = Volts applied to standard condenser.
When the charge collected in tune ionization chamber
is Q, the potsntiai v, trensmitted to the electrometer
guadrants 1s given by
Q = Cv
This potentiezl gives the electrometer a definite deflection
S . By applying known voltuges direct to the electrometer
circuit, and noting the corresponding rezdings of the
instrument, curves relating electrometer deflections to
apvlied voltage mey be drawn. Then «ll that is recuired
to determine the charge collected, causing a given
electrometer deflection, is the capacity C of the
electrometer circuit., For the particular instrument used,
the relationship of voltage to electrometer deflection was
a stralght line. 1In determining the capacitance of the
system, known voltages were applied to a standard condenser
(General Radio Co. type 222, serial 660) placed in series
with the electrometer circuit, and the deflection of the
instrument recorded. This data geve a straight line
relating electrometer deflection to applied voltage with
a known capacltance in series with the electrometer
circuit's unknown capacitance, If now a voltage, v,
applied directly to the electrometer circuit gives a

deflecthn15, then, as we noted, the charge on the



electromeater is given by

G = Cv 4

And if & voltage, V, applied to the stendard condenser

of capacitance K, gives thie sume d-flection of the
electrom:ter, then the cherge on the electrometer is &gain
Qe This tiwe Q 1s given by

Q= __1 .V 5
ry

i +1
K ¢C

fouating 4 and 5 &na solving for C gives

c=1-1)K. 6
v

Now, let "a" be the slope of the streight line obtained
from a plot of v against3, and "b" the slope of the

straight line obtained from a plot of V aguinst$ .

a=§_ b=.§
v \')

Eguation 6 becomes
c:(g-l)K, 7
b

wnich is the expression used for determining the
capacitance of tne system., However, there exists the
difficulty thzt the slope b, and conseauently the experi-
mentally determined value of C, changes materially with a
chenge in K. The proper value of K to use for determining
C must be chosen.

For any given experimental value of C, consider the

error dC &as detzrmined from equation 7. Thnis is
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2 2 & 2 2 TN
(6C) = (a/b - 1) (dK) + (K/b) (da) + (<K/b°) (db)

The values of da and db are calculsated from their
respective equations,
d= av end § = bV |

Thus:

da = dé - éz dav .

1
v V
Sinc e the voltuge applied wit.. ana witnhout K in the
circuit is the same, and since the error dv and dV in
determining the applied voltage is the same in both
instunces.
da = db

Knowing from many determinstions of electrometer deflections
that the calibrstion curve was linear, the mean of
many deflectlons for an applied voltage of 0.09 was used
to obtain the curve of figure 5, From this data

a = 98.7/.09 = 1096.7 mm per volt.
The data below was used for the determinction of
capecitunce, using a vilue of K = 58lpyu £,

volts time during whnich § mm
voltage is applied

0.90 15 sec, 88.8
9.3
o4
9l.9
88..1
94.2
9.4

me&an 91.4
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The meen deflection was 91.,4mm. Tne number, n,
of readings weas 73 and the sum of the squares of the
mean deviations from the mecn ecuals 28,55, The exprecssion

for probuble error is

-
0.6745 (mean devictions from the mean)
n(n-1)

ad - o0.6745 /28.55/7.6 = 0.55 mm

The voltazge could be determined to within .0001 volt.

Then
< 2 2 2 5 2
(¢g) = (dp) = (1/.09) (U.55) + (91.4/(.09)~(L0O0L)
- 38,67
da = db = 6.2 mm per volt.

Now, the error, dC, from expression 8 mey be calculated.
Ihe probeble error dK in the czpacitance of the standard
condenser was taken as lppf. Data tecken using a value of
K = 58.0(yf.,yielded a mean electrometer deflection of
56.8 mm, Then

b = S/V = 56.8/.09 = 651.1 mm per volt
Voltage &ppliea airect to eiectrometer geve a - 1097

mmn per volt. Using the value found before for da and db,

)

© 2
(98.7/56.8 - 1) +(58/631) 38.67
. 2
¢ (L097.58/(631)<) 48.67
aC = 1.35 f.

we get

(ac)”

Severel vilues of dC for corresponding velues of the
standurd capacity K were found in this manner and plotted

in figure 6., This curve shows thet a minimum error will
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be mede in determining the unknown cepacitence by using
e velue of K between S5puf and 1UOppf. The mean
capucity found using sever:¢l values of K within this

renge gave C = 59.64ppf.

V.

The Vorking tquation Used to Reduce the Experimentusl Data

A, Fraction of x-reys mecsured in the ionization chamber

to those produced at target.

For this analysis, reference will be mwde to the
f ollowing figure 7 wnich shows the arrengement of

appearatus in the path of the meesured Xx-ray béam.

/700

K puf

F';’ 5 FI56
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Here,
Io = Original intensity of x-rays‘produced et
terget,
I = Intensity of x-rays pussing the x-ray tube
window.

Io = Intensity of x-reys puassing the Ross filter.

13 = Intensity of x-rays passing the mica window
of ionization chamber,

14 = Intensity of rays reaching front end of
colliecting electroce of ionizsation cheamber.

Is = Intensity of rays leaving rewr end of
collecting electrode,

t] = Thickness of il window of x-ray tube.

t.. = Thickness of Ag or Cd filter,

t3 = Thickness of mica window,

t4 = Distence from mica window to front end of
collector eiectroae,

ty = Length of collecting electroce.

#1 = Linear absorption coefficient of Al window,
# e = Linewr ausorption coefficient for £g or Cd.

(depending on which is beiny considered)
Uz = Lineecr &bsorption coefficient of mica.

¥4 = Linear absorption coefficient of methyl
bromide in cheamber,

The fraction of the original intensity of radiation
produced that is absorbed in the useful part of the
chamber 1is theﬁ given by

f =14 - Ig
I,
¥ith the Cd filter in the path, & aeflection of the

electrometer is obtained which is proportionzl to f.
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Likewise, for the Ag filter, and we may represent this

$ca = (14- 15 ,5p_g: Ig - Ig
I Cd I Ag

o o

asS:

The verious intensities are rzlsted to cuch other as
follows:

I; = Io exp(-¢1ty)

Iy = I) exp(-pgta) = Iy exp(-prti-¢ ty)
end similarly; so thet fénally

Iy - Io exp(;z‘;y 1ti)
and <I4 - 15> = [l - exp(-p5t5)} eXP(‘éeiti)

~ Io J cCa i=T

T 4
fhen 6Cd _@;gws = 0.90 [l—exp((‘5t5)][eXP('i'§é‘ 1t1)cg

4
-exp (1):=:19 itl)Ag } 9

The constant 0.90 which appears above is now
discussed. The assumption ncs been mwae in this discussion
that all the ions formed were coliected before recombining.
To test whether this were actually true or not, a
continuous source of x-rays were procuced at least three
tines as intense as those to be measured., Electrometer
deflections were then plotted uguinst voltage spplied
to the collector electrodes from "B" batteries. The
curve indicatea thut at 370 volts applied voltzge, the
ions were sw ept out of the chember to witnin one percent,
This correction his been applied to the ecuation relating

electrometer deflection to I,.
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The quant: abrorbed pnotoclectrically in the
ionizatioun cunumber produce photoelectrons and positive
bromine ions. VYhen & photoelectron is produced by
ejecting en electron from an inner level of the bromine
atom, this pearticulacr electronic lavel is left incomplete,
inotner electron may fell into this ievel with &« conse-
guent rzdiation of a bromineA~uentum, if the K shell
haopens to be the particulir level in question, Not all
of the relatively sanort fluorescent bromine K rays will
be ubsorbed before they reach the wells or ends of the
cnsmber, Practically ell of the L &énd M cuents so
produced wil. be abcorbed however, Furthermore, by the
same process, there will be produced in the front and
back guard plete regions, cuznta whicin are not p:rt of

original inlensily,
the ehtmber)\and there produce ions., This correction
was mede by J. C. Clark (19) for the gerticulcr ionization
chamber used. The solution of this problem involves a
metnemzticel formulation of the zbove considerations,
heving regura of the geometry of the ilonization chember,
sand nececssitates gre,hicel integration.

In order to eviiuate the exponentieals in ecuation
9, the thicknesses and ebsorption ccefficicents of the
aluminum, balanced filters, mica window, and methyl

bromide must be known., These are given below,
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t] = O0.1%3mm U1 = 4.6 cm

-1
t.Cd= 0.0U.7 cm # Cd=51.0 cm

-1
t.ig= 0.0U33 cm (’zAg=626 cm

-1
tz = 0.0048 cm #s5 = 4.658 cm
t4 - 7.3 cm t—‘4 - 0.070i at €8.9
cm Hg

tg = 1u.0 cm

Tne linear wbesorption velues are from Compton and

kllison (:0) enu ere for a wave length of

0.474 K.

Substituting tne zbove vzlues in ecuation 9, we get

mn

= 0.146
This eguation represernts the ratio of the

mezn frecuency V= measured

ved - Vrg
2
proauced &t the target.

B. Absolute Intencsity Formula.

As was pointed out, the electrometer

so that a given deflection coiresponds to

10
raaiation of

to thet

was cealibreted

& known voltage;

ond this in turn to an amount of cherge given by ¢ = Cv.

Diviaing by
of ions collected.
second = CAV/et, where

c -

av =
Cd -

the ciirge on the electron gives the number

Or, number of ions collected per

ccpecitance of electrometer system.

vo%tdge difference corresponding to

AV = 1/a( %ca - dtg) = 1/1097(8Cd-dng);
and 1s then the produced voltage on

the electrometer dus to the quenta
definea by the freaquency limits of

the caedmium ana silver
Chtrge

Time the radiction is
chember,

on the electron.

filters.

clloved to eunter
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Vericus mecsurements hove been made to aetermine the
ennergy reguired to produce e pair of ions in géces by
thne wbesorption of x-reys. Stockieyer (L1l) his sumrerized
the results concerning tnis censtant, eéna, togetier with
determinalicns of his own, gives, for methyl bromide,

€ = 5.4 elecilron volts per ion pair,
-1le
Thic is €x 1.6 x 1lu erge per ion peir.
Thus, tne erergy mec.cured per scecona passing tarough &n
aperture of unit areez «t &« distence ?(from tne tirget =
i W

clAvel.6 x 10 11
aet

YVhere "a" ic the aree of the cefining cperture uced in
the experiment,

In thnis equation, theav term is directly proportional
to the difference between the eiectrometer deflections
witn Ca ana Lg filters in the path; tuet is,

BCd - (Sf.g ~ AvV.
The encrgy tius prdduced et the turget per secornd of
meen frequency is equal to that measured (given by
formula 11) aivided by ths: ratio of taat meisured to
thet produced (given bty formulas 9 and 10). e may

express tnis as:

Energy produced per second at 1o
the target per unit zrea distont = CAX‘}‘g i 10

n"R" from th: terget
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The number of =2lectrons grouucea in the time
intzrvel "t" is given by
it , "here is 1is the spece current
e .
in the x-rey tube.

The number of atoms per unit creu of the terget 1s

N pxo , wiiere
A

N = Avogadro's number,e = dencity, x5 = target
thickness end A = Atomic wveight of target metericl,
Ve thur see tikt tne enerygy procuceua at the target per
cecond, per electron, per atom, »ner unit srea of the
target, per unit crec 2t tne dictence R from the target, is
-12
ceav 1.c ¥ 10 [/ it

s & e t e
N pXo/A

Thnis 1¢ more comdactiy written in ecustion 12, uced for

evulustin: the exyperimentally determined deta.

12
J, dv= _Ceav & 1.6 x 10 12
z
Sat N x5 1
- 1.60 x 10 cen . AV,
Calpxy 1 t

The units aszociatea witi eacn of tne terwms used in
exprescion 12 may well be steted here. These are given

on the following puge.
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electrometer system cepacity (Ferads)
encrgy per ion pair (electron volts)

potential difference corresponding to
electrometer defiections 8¢q _dsig (volts)

ztonic weight of target (Lms/gm atom)
re.tio defined by equation 10

erew. of defining cperture (cm~)
expocsure time (sec)

tvogadro's number (atoms/gm &tom)
Terget tnickness (cm)

x-riy tube current (coulombs/sec.)

units of Jydp ere

Jyav - ergs per cm® ot & snecified distence from

the topget per cec per electron per atom
per cm® of target.

VI.

Measurements

A, Target Tnicknescs liessurements.

An interferometer plate, wiic: has greviously had a

reflecting surfuce eveporated on it, is placed in the

center of

& sctuwre, the four tergets ¢t the corners. &

portion of the plate through the center is blockea off by

@ 1/8 inch strip of mice, In this menner, & film of

the thickness of the torgets is evwaporated on the two

expoged portions ezcn side of the center strip. Vhen

tae plete

1s placed in & Micnelson interferometer, the

interference fringes of the center portion wili be

dispieced with resgect to thoce ¢t the edges by an
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amount proportional to the optical pzth difference
introduced by the deposited film. The distance between
2 adjacent fringes of the same set corresponds to an
optical pith difference of A/2. The fraction of a
fringe shift, then, corresponds to the actual thickness
of the deposited film; eand this thickness is the same
fraction of A/2. The photogreph, figure 8, is of =

fringe system produced &s described above.

Fig 8

Calling the fringe displacement d' and the distance
between fringes of the same set d, the equation for
celculating the thickness of the deposited film is

x,= dr/d Mg 13
We see thet the smaller A is, the greater will be the
relative displacement. All photographs were mcde with
the interferometer adjusted for white light fringes, in
order that eny components adjacent to the principle line
used for phnotogrephing should give an interference fringe
in practically the szme position as that produced by the

principel component; and thet there should be & maximum
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contrest bestween light enu derk portions of the field,
Lines used were those of mercury zt A= 5461 & snd

A= 5654 K. Compzrator reaGings wvere teken of the
fringe shift for the calculction of thickness. The
following Teble II shows & typicel set of mewcsurements
to determine terget thickness.

Table II
Al 262, Photograyhic Plote E, A= 5654 A

Distences between Fringes Fringe Pisplacement
min I

=4
<0
21
w4 1

£

obhoubhuobibhbobhOoibhbhoObhOoOROOIOO

AR AR R AV IR R AV IEAV AW AR AV IR O IR AV I OV}
NVDNOPRKFOVDWHDDOWD N

meen = £iz.2 mm, mein = 5.1 mm

Mean fractionel displecement = 5.1/272.%

Target thickness = % = 5.1/28.2 x 3654 & - 411 2,
2
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Teble ITI summerizes the mecsurem=znts msde on

torget thnickness for all the tergets used.

Table IIT
Veignt Humber Thickness

Interferonmneter Lembda Tnickness of Fringes X
Plate Number Used Yelght of
Observa-
tion.
o)
Al Z26E 5461 A &44 & 18 6192
o}
£l Z6E o654 L 580 A 15 5700
o}
Al 26E 5654 & 41l X £3 9455
o

Weighted meen thickness = 681 4

B. ibsolute X-Pey Intensities

Plzecing the appropriate values of the constents in
ecuction 12 results in &n equetion for intencgity of

rediction in terms of v alone., Tnis 1s herewith shown:
-1c ~-12
Jv dv = 1.6 x 10 x 59.64 x 10 X 25,4 x 26,96 . AV
0.1l46 x 9 912 x 6.Oz§8x 10<0o X £.70 x

88l x 10  x 15 x 10 x 900 (ell &s denominator)

b

vhere for the conuitions of the experiment

&

1]

£6.56 gm/gram stom
b9
0.921% cm

Q
[}

23
= 6,028 x 10 . atoms per gram stom

2.70 gm/cm®

ON - =
1}

= cBi x 10-8 cm,

[N
1

-8
15 x 10 amperes

t = 30 sec.



~35-
The remeining cunstents nave elready veen given, This
ecuztion reduces to 13, trne one used in celculating
the dete of thnis experiment.
, =44 =

Jy dv = £.896 x 10 AV 13
where J, dV wil: be expresced in ergs per cgec per cmz,
at distence R from target, per electron per atom per
cm2 of turget, when av ics expressec in volts,

The experimentel deta to te presented in this

thesis was obteined from obecervetions using four thin
ecluminum tergete on ceilophine backing films, These
four targets vere eveporeted &t the séme time &= the
interferometer plete Al #26 E was mude., The mecsurements
covering the thickness of the tergets, ano mece on this
interferometer plate, are thocse precented cbove uncer
cection 4 of Pert VI of this thesis., These four tergets
have been cesignuted AL £6 A, B, C, D. A complete cet
of cate for tearget A1 £6 C is given in tne following
Teble IV, The dete chown in tsble V are the meen velues
of 0Cd - JAg for eacu X-rey tube voltage used on targets
2l €6 4, E, and D, Curves snowing the veriation of
Jy d? ¢c ¢ function of btomberding electron energy wre
shovr in figure 9, ALlso shown in figure 9 is & curve
letled "mewn" vhich is the meen values of J,d»Y of all
date coliected throughout the voltage renge &1.7 to

44,0 kev,
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Table IV
o
Al terget No. 26 C. 6 = €60 , exposure time 30 sec,
Tube current 0.15 microamperes.

Tube

Voltuge 6Cd(mm) SAg(mm) 6Cd —5Ag av(voits) J, dV(ergs, ete.)
KY x 10° ¥ 106
44,0C 89.5 Bl 7.3
44,00 88.x 61.0 7.2
44,00 38.% 80.0 8.3
44,00 83.9 835.6 0.5
ieun 7.08 6.75 £.63
41.40 74,0 69.u 5.0
41.40 74.0 €3.& 5.8
41,40 74,9 63.5 6.4
41.40 76.0 71.0 5.0
Me:n 9.55 S.04 2.08
38,45 59.5 55.0 4.5
8.4 60.8 55,7 5.1
38,46 61l.0 55.3 5.7
4$8.458 6U.0U 55.6 4.4
Mean 4,92 4,73 1.84
34,77 44,3 40,8 b5.95
s4.,77 43.1 40.5 “.6
da.77 45,2 40,6 2.6
04,77 44,0 40.8 De
Mean 2.98 2.6 1.12
31.75 ol.4 ©9.9 2.1
S51.75 Ooled £9.0 Lol
51,75 ol.4 9.2 2.2
41,75 ou.3 238.9 1.9
Mean £.10 2.02 0.79
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Teble V

8 = 609, exposure time 30 sec., tube current 0.15 micro-
amperes,

Al #26 Tube Mean

Targets Voltage 6(2,-5Ag 4v volts I, dﬁ(erg$56et c.)
KV mn x 109 x 10
A 51,75 £.60 =90 0.97
B 81.75 1.46 1.40 0.5
D 31.75 £.00 1.92 .75
B 34,77 .68 2.58 1.00
A 35.75 4,46 4,29 1.67
D 35.75 Z,98 w87 1.12
A 38.495 5.54 5.33 2.08
B 58.44 4.z 4.09 1.59
D 58.43 4,30 4.13 1.61
B 41,40 S5.1% 4,92 1.92
A 42,950 7.87 7.57 £.95
D 2450 6.235 6.09 2.37
B 44,00 6.5 6.30 2.45
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VII.
Comparison of Experiments witin Theory

A, Intencity verecus electron enzrpy curves,

In figure 10 the results of the computations of
Jvdv(corrected) and the mesn values of J,dvdetermined
exparimentally are csnovn plotted &s & function of tne
energy of the bomburding electron. As i1s seen, the com-
putation for tne theoreticul vilues heve been carried out
for a voltage renge from 30 to 80 KV, while the
experimental results extend over a renge from 31.75 to
44,0 KV. In these curves, the ablsolute values of x-ray
intensity are expressea in the ugits used throughout this
works nemely ergs per sec per cmé at a dista?ce of &4 cm
from the target per electron per atom per cm‘a of the

target.

B. Liscussion of Results.

As is seen in figure 10, the results of these
experiments are in «greement with the tneory only in tne
order of msgnitude of the avsolute velues of x-ruay
intensities, Many errors exist in the various meuasure-
ments, as well as in such quantities not measured, but
used from the literature, such as energy required to
produce a p&ir of ions ana the censity of the very thnin
aluminum targets proauced by the evuporwtion process,
These errors are ail involved in tne final vilues of
J,d7, so a aiscrepancy between theory ana experiment of
the absolute velue of J,dv would not be surprieing,
assuming the tneory correct. The aiove mentioned errors

remain practically the cewe for &ll bombarding electron
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energies, enu the aiscrepency between the experiments
ana tneory in tnis respect is more disturbing. o other
similar experiments have as yet been reported., Indeed

only one other expzeriment (13) is reported whnich allows

[

comparison witn this to be mede is reported. These

zuthors

m

now an agreement between thneory and experiment
for absolute values of intensity for Nickel tzrgets at
electron energiec of 15 Kev., More experimental results
than those rcported here are obviously required before

definite conclusions cen be drawvn,
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