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Introduction

The difficulties inherent in any experimentel technique
known to date for determining the absolute values of the
intensities of continuous x-ray emission (Bremsstrahlung)
have influenced rost early investigators in this field to
make only theoretical studies of ttre probleml, and of the
later experimental studies made, most of the measurements of
intensity have been measurerments only of relative intensityz.
It is the purpose of this paper to present an experimental
study of the Bremsstrahlung by the measurement of the abso-
lute intensities under specific conditions and to compare
the results obtasined with the theoretical intemsities calcu-
lated for the same conditions according to one of the later

theoretical studies of the subject.

H. R. Kelly3 and A, F. Reno? have each given a rather
conplete review of the work done, in this field. It is
sufficient therefore to remerk here that of the later
theories proposed sone agreement of experimental data and
theoretical calculations has been obtaired for a relativis-
tic equation developed by F. Sauter5. The experimental data
mentioned was obtz2ined from studies of the energy Jy,d7 as a
function of the azimuthal angle of emission6 or as a function
of the energy of the incident electron7.

In this report a comparison between experinmental and

theoretical values of J,dv as a function of wavelength will be

presented.
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rheory

In the quantun theory of the radiation processes the
probability function w , of the transition rrobability for a
process in which n quanta are emitted or ebsorbed, will be
proportional to 92n where e is the -electronic chargeB. It
nay also be shown that if we eonsider the Coulomb interaction
between two free particles as a srall perturbation causing a
deflection of the varticles, this deflection is equivalent in
the power of e involved to the emission or absorption of two
light quanta. Then if we clas.ify tie radiation processes

n

according to the values of e“? we have:

1st order--wavez; one light quantum is involved in the
interaction.

2nd order-—w~fe4; two lisht quanta are involved.

3rd order--a»ve6; three light quanta, or one quantum and a
Coulomb deflection are involved.

The Bremsstrahlung is a particular examnle of third order

precesses. It is the case of the interaction between a

free electron and a free nucleus. In this case the Coulomb

interaction is proportional to ezz so that the expansion

mentioned above is really an exvansion in terms of eZ. The

first term of this approximation represents Born's apvoroxi-

retion.

lost of the theories written for the usremsstrehlung have

been based on Born's approximation end are, in that respect,
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only valid for the lishter elements and high primary veloc-
ities of the bombarding electron since it may be shown that

Born's approximation gives correct results only if

2..2 2., .2
49~ Ze L1 and 4= Ze

hvo hv

«K1

where v, and v represent the velocities of the electron

o

before and after collision. TFrom these conditions we

would expect the theory to break down for high atomie

nurbers even thoursh the vprimary energy were hich. Tor example,
24 .2

4 "2e

9
c = 3.76 .

for lead, 2 . 82, the value of

Sauter's (loc. cit) early work resulted in a non-relativ-
istic expression for J,4dv , the intensity in a frequency range
dv , per electron, per atom, per unit area of target for
observations made at a distance R from the terget and at an
azimuthal angle of 6. IIis later work resulted in a relativis-
tic expression for Jy,dz/ . Both of these expressions were
developed using Born's approximation and consequently were
limited in their range of validity. ke pointed out, however,
that Sommerfeld's (loc. cit.) rigorously valid formula could
be obtained by multipvlication of tne earlier non relativistic

exoression by

(2g«8)2
BoB
— Tra® l_e,zrmx)
(”E3 Po ) ( P (1)
2
where ot = —%g3i— = the fine structure constent,
& = the atomic number of the nucleus,
v
B=—<



the velocity of the electron after collision,

<
"

Vo, ™= the velocity of the electron before collision,

the velocity of light,

Q
1]

€ = the Naperian base
and concluded it would seem reasonable that multiplication of
tha later relativistic expression by this same factor would
yeild an expression for J,dv which would be valid over the
entire spectral range. This assumption he judged to be
correct on trhe basis of some calculation made by laue, which
though then unpublished, were confided to Cauter.

For high values of ﬁo’ (i.e., for high primary velocities),
the correction fuctor (equation 1) deviates from unity
chiefly at tne short waveleneth limit. Yor small values of
Po the value of equation 1 becomes smaller than unity except
in the immediate neighborhood of the short wavelength limit.
In this study we are interested in the latter situation as
may be seen by the theoretical calculations on page 20.
There, the value of the correction fector approaches unity
only near tne short wavelength limit.

Some mention should be made of the screening of the pure
Coulomb field by the charge distribution surrounding the
nucleus., Sauter's work does not taxke into account this
screening effect -- not because the effect is negligible but
probably because the mathematics which account for the
screening are too unwieldly to handle. Heitlerlo gives a
brief discussion of the effect for high energy quanta but we

have no information regarding the magnitude of the effect for



the experimental enercies wnich we shall use. ror lack of
information, therefore, tie effect of screening shall of
necessity be neglected in this study.

The relativistic expression developned by Sauter is

J do = Ze‘Z _E'J_y (3E, _C:P.z)mch',,'nte— ZL.l'ctl"o" [eLcoae
b4

ﬁz 3 «* u?*
_SPt ) Etep  cp(hycos@=-cp.) "'“‘
Zpu. /nf cp * f:‘ z t 2ut*
 hy - cPecos B)
— (ln/) {2”1 P/: 0 ) /” tp (2)
c P>
l E,E-m*c*+c pop [(2E.hvmPc?~£ Ec *p,?) mc 23in’O
£, F - m"c‘-—c/b. Zf./uu.‘
E e ? Pt 4E humtets cApipt (£ Etcp, )Iwc.tej
Ac? r.lpu 4efu.

where e = the electronic charge,
Z = the atomic number of the nucleus,
R = the distance to the defining averature from the
target,
¢ = the velocity of light,

P = the momentum of the electron after collision,

Do = the momentum of the electron before collision,

Q
"

the frequency of the emitted quantum,

the initial total enercy of the bombarding electron,

B =
"

= the total energy of the electron after collision,

B
n

the rest mass of the electron,

© = the angle, with respect to the v, direction, at

(o)

which the quantum 1s emitted,
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Ey(1-Acos @),

Plank's constant,

the momentum of a quantum,
[
o = [p.2#d® -Z’Hcos@]/z.

Upon multivlication of eq. 2 by eq. 1 we have

b o = S <
(]

(=mre Z) *

5.
e
(63%?5,/)//— - ‘)

which is assumed to be valid in the whole spectral rance.

%&"dﬂz~ﬁzdﬂ (3)

This equation (eq. 3) is the one in which we are most interest-
ed since the experimental results obtained shall be compared
with theoretical values of J,, calculated by eq. 3 for the

waveleneths used in the experimental study.



EXperimental Requirements

The ideal method of experimentally checking any theory of
the Bremsstrahlung would be to make studies of the quanta
produced simultaneously with the Joulomb deflection of a
single electron in the field of a sinsle nucleus. To exper-
imentelly isolate a single electron and a sincle nucleus as
free particles is of course difficult. Possibly the required
conditions could be obtained with a cloud chamber but it is
doubtful whether the guantum associated with a eiven Coulomb
deflection could be studied with any such apparatus. To
approximate these ideal exverinental conditions we rnust have
a constant elasctron source suvplying electrons at a constant
rate, all of these electrons having equal initial energies.
These electrons must then be made to pass through a screen
of atoms and the quanta emitted in a known time are the
quanta studied. This screen of atoms should be thin enouch
that all the electron-nucleus interactions approximate the
ideal conditions. The thickness of the screen of atoms
should therefore be only sufficient to produce an accurately
measureable number oI quanta.

When the foregoing conditions are satisfied as nearly as
possible it is necessary to have the quanta-measuring
apparatus as sensitive z2s vossible in order that the quanta

from the very thin atomic screens may be accurately measured.
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Experimental Apparatus

The Constent Electron Scource:

The actual electron source was a spiral tungsten filament
made of 8 mil wire, and was electrostetically shielded so
that the electrons given off were collirated into a beam
which had an elliptical cross section of about 1.2 square
cm., at the target of the experimental x-ray tube (the atomic
screen). As nay be seen from the complete wiring diagram of
the apvaratus (firurel) the constant hish voltage was
supplied by a voltage-doubler circuit and hizh-voltage 500+~
transformer. This voltage supply was controlled by adjust-
ing the current through the field coils of a 500~ alternator
which was connected to the primary of the high-voltage
transformer. ‘i'his particular voltage supply has been des-
crib:d by Pettittll.

To sunply electrons at a constant rate the space current
throush the exverimental tube must be accurately controlled.
This was done by means of a rheostat, manually operated, in
series with the filanent, while the entire current-control
unit was electrostaticeally shielded to eliminate corona
loses from the measured current. 't'his arrangement has been
described by Kelly and seno (loc. cit.) except that the
me ter which they used has been replaced with a General
Electric galvanore ter ;# 32C236Gl shunted to read 9.3 x lO-9

amperes per divisdion.






Whenever measurements were made to obtain data for this
study two operators were required, one to control the vol-
tage and current, to keep them constant, and one to make

measurements on the x-radiation studied.

The Screen of Atoms:

The targets used in the experimental x-ray tube were
formed by evaporating antimony onto a cellophane backing in
the manner described by Kelly and Reno. ‘he thicknesses of

12 andk

the targets rere measured by the interferometer method
were of the order of magnitude of 150A to 250 A. It will be
observed from the sample target shown below that the thin
targets used were transparent., Little is known about the
atomic arrangement in these very thin films, so, in order to
reduce the exverimental data we snall have to assume a
uniform distribution of the atoms throushout the thin film.
Kelly and Reno made intensity measurements on targets of
plain cellophane, with no metallic filﬁ evaporated onto them,
and decided that the intensity of x-
radiation from the cellophane back-

ing was negligible. Consequently,

no correction in their reports was

made for the backing material.

Frit213 later made measurements on the

effect of the backing material By using different thicknesses
of backing material and determining the corresponding inten-

sities of x-radiation from the targets. :is work indicates
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that for the cellovhane backing used in this work (thick-
ness .002 cm.) the backing efiectively increases the true
intensity of radiation by about 325. The fact that the
cellophane glone gives a neglizible amount of radiation
whereas the cellovhane in conjunction with a metallic film
contributes avpreciably to the number of quanta radiated is
possibly explained by a rediffusion of the electrons through
the metallic foil thus causing extra collisions and yielding
extra quanta. As the thickness of the backing is increased
the number of electrons slowed down and rediffused through
the metallic film would be increased.

In this revort the figure developed by Fritz will be used

as a correction factor to take account of the tareget backing.

The fxperimental X-Ray Tube:

The filament and thin target were used in the experimental
x-ray tube described by Kelly and were arranged as shown in
ficure 2. The tube is essentially a short steel cylinder
which has an inside diameter of 8 inches and an inside heicht
of 2.5 inches. The target suvport and anode are insulated
from the steel tank by means of heavy pyrex tubes so that the
tank may be kept at a negative potential. [his zrrangement
eliminates the production of x-ray by electrons bombarding
the wells of the tank eand thus all the radiation studied
comes from the target. (The series of defining aperatures
prevent radiation from the anode from entering the ionization

chamber.) The window through which the x-rays leave the tube

- )]0 -



is made of aluminum, .04 mm. thick, and is large enough to

permit the study of radiawtenerszy at all angles between 12°

and 1600 with resvect to the direction of the incident elec-
tron. The tube was evacuated by means of a ’enco-Hyvac fore

pump in conjunction with an o0il diffusion pump.

The quanta-measuring Apparatus:

The variables in Sauter's theory are Jy, dv, v , Eo’ Z,
and ©® . In this revort J, was studied as a function of
Y alone. 1t was necessary, therefore, to have some experi-
mental means of effectively monochromatizing the radiation
to be studied and it was decided that Ross filtersl4a would
serve the purpose well. ‘lhese filters give effectively
monochromatic reésults without absorbing so much of the
energy that they makxe the accurate readings difficult,

Ross filters are a combination of two filters made of
elements near each other, preferably adjacent, in the period-
ic table. The thickness of these filters are adjusted so that
both filters have the same absorption in all parts of the
spectrum except between the K absorption limits of the two
elements. A monochroratizine effect is produced by allowing
the filters to alternately intercept a beam of non-monochrom-
atic radiation while measurements are nade of the Intensity
of unabsorbed radiation. Any difference in the effect of
the two filters must then be due to the unbslanced region
between the two K absorption limits. For elements adjacent

in the periodic table this "pass band" is quite narrow (.0184,

-/ -



.021A, and .034A for the filters used in this work). The
mean wavelength of each pass beand 1s considered to be the
wavelencgth of the monochromatic radiation studied.

There is an optimum thickness for the foils used in Ross

filters. The expression for transmitted band intensity has

a maximum value when the filter thickness is 14b
& log r
o = Tp (r-1]

where 1 the optimum filter thickness,

M. = the linear absorption coefficient on the long

wavelength side of the pass band,
)
/"

Ms = the linear absorption coefficient on the shorg

r

wevelength side of the pass band.
This expression is obtained in the following manner:
Using the well known exrression for the absorption of x-

radiation,

1= 1e
(0]

where Io = the inten-
sity of the radiation

incident on the filter,

I = the intensity of

the radlation passed

by the filter, M = the
linear absorption coefficient for wavelength A , and t = the

thickness of the absorbing foil we may write:

-/2-



_ o =Pt - Mt
I, I e/ and I =1’

Now the pass band intensity is »rorortional to the area of
the pass band (see firure 3) which in turn is vprorvortional
to

arax=1,(e*'- e )a

Then to find the optimum thickness,

d—°i—(AIA)) = .Z;A)(/(,e"l’t—p‘_e'/‘d) =0

whence
- { - Ltv
/1,6 F‘ Y =/lLe/l
We define
r=e(’l’.ﬂ5)t.= ﬁ!
Ma
Then

/OJ r = (/l; ’f‘l.) t;
= pu( R 1)
= /U,.(r‘-/)t.

or t.= /ozr‘
/ll,_(l‘-l)

It is preferable, though not nesessary, that the filters
used be of optimum thickness. 1In practice the two filters
are mounted in a carrier frame and a condition of "balance"
obtained by rotatinz one of the filters slishtly with res-
pect to the other in order to adjust the effective thickness

of the rotated filter.
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Kirkpatrick (loc. cit.) had discussed Ross filters in
detail ard voints out that it is sometimes advisable to use
a third element irn coanjunction with one of the two bacic
filters as a ceans of obtaining a better balarnce than would
otherwise be pocsible. This was done with one of the filters
used in this work.

The filters used were:

Filter Mean A of pass Calculated t,
oand
Antirony
415 A mmeemee o o5
Tin 6.27 x 10 cm.,
- 15
Cadium 3.37 x 10 3 Chn.
Silver 3.35 x 10 cm.
MNolybdenum ) 2.5% x 10 ~ cm.
.635 A -3 16
Columbhium 2.90 x 10 [J

" A thin aluminum foil (.00l cm. thick) was used in conjunc-
tion with the molybdenum filter.

The wavelengths available through the use of Ross filters
are limited in number. The condition that the two filters
ina given filter svstem must be rear esch other, prefer-
ably adjacent in the periodic table rakes only a few
elements readily usuable as filters since only a few elements
available in foil form reet this condition. In an effort to
overcome this limiting characteristic of the filters ex-
perirenters have rade filters of metzllic salts evenly
distributed in a beeswax or other binder, but this technique

has the disadvantasze of introducing other elements into the

- /4 -



absorbing foil.

For the exverimental study renorted in this paner it
was decided that at least three filter systems should be used,
that is, that the theory should be checked at at least three
points. Only two Ross filters, however, were readily aveil-
able for a study in the region viere our equivnent made it
convenient to work. Cadium, silver, molybdenum, and colum-~
bium were readily available in foil form, rolled to the
desired thickness, from Baker and Comvany, Incorvorated. Tin
was also aveilable so it was observed that if an antimony
filter were prepared and balanced with the tin foil a third
wavelength would be aveailable. Antirony, however, was
brittle and could not be rolled into a foil ty any known
method. A new method was tnerefore developed of evaporating
the antimony onto cellovhane backing so as to form a foil of
the desired thickness. This method, discussed in the appen-
dix, produced & filter of vure antimony and was therefore con-
sidered to be better than a filter formed by distributing an
antimony salt in a binder.

The atsolute intensity of the quanta passecd by the Ross
filters was measured by determnining the number of ion pairs
forried in an ionizetion chamber. The charge produced, due
to the formation of tnese ion rairs, was recorded by a
Compton electrometer. The ilonization chamber used was the one
used and described by Kelly and Reno. It was made of brass
with mica windows at the ends and was filled with CH5Br at a

pressure of about 68 cm. The collector vlates were of thin



aluminum sheet and were equiped vith electrostatic guard
rings to eliminate end effects Bue to irregularities of the
field at the ends of the collector plztes. Sufficient volt-
age (450 volts) was avrplied across the collector plates to
obtain practically saturation current. It is estimrated from
previous work ( see Kelly, loc. cit., fig. 10) that 96% of
the ions formed were collected before recombination. A
small correction was 8lso made for the fluorescent effect
(see pp. 24).

The electromecter used was a new one made at the Stanford
University instrument shop by MNr. B. G, Stuart and had a
sensitivity of about 5700 mm. per volt. In using the elec-
trome ter the "strictly ballistic" method discussed by

17

Wiebster and Yeatman was enployed.
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Theoretical Calculations

The theoretical values of Jg with which the experi-
nental results of this work are corrared were calculated from
equation 3 after dividing equation 3 by dv . 'lhe values of
the various terms in the forrmula as well as the finel correct-
ed values of J, are listed on the following pages and the
theoretical values of J, are plotted as a function of A in

fisure 8 where they are compared with the exverimental re-

sults.

-IT -



Values of constants used in calculating J,
by Sauter's equation:
m= ©.11780 x 10 er.
30650 x 10 ‘esu
3

‘A -27
<38 x 10 erp-gsn

b
1]
vO R
(]
™

1”0 ,
WSCT76 x 10 zZri./sac,

Q
t

L,=E£.8351 x 10 " ergs

w = 7.1827 x 107 ergs

D, = 1.1024 x 10 "gr—cr/ses.
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Experimental Results

The working equation:
The gquantities neasured experirentally are not the values
of J,, dV but are related to J, 42 by a relationehip which

shall be termed as the Working equation".

To begin with, only a frsction of Lffective

portion of

the intensity of the x- Al win dow “"""""7
radiation leaving the I _¥ E—
_ S O S Y SR
target is measured. Be- faf’gef-? l’-uhh‘i? : : -

M 7
tween the target and the cu Windew

effective portion of the f75..4

ionization chamnber are several ahsorbing materials which dim-
inish the measured intensity. 7“he fuact trat the absorption
coefficients very with wavelenstn does not comnlicate tre
problem as it would seem at first, hecause, since we are
interested only in the radiation of wavelength equal to the
mean wavelensth of the pass ~and we may consider the absorp-
tion to be that of ronocaroratic radiation whose wavelength
is tie mean wavelength or tie vass band. Iore strictly, we
shall consider wnat hanpens to the intensity of radiation
having initial intensity 101) dz/ at tre tarcet where v is
the mean frequency o the pass band and d2/ ic the frequency
range of the pass band. ‘The srall variation of the linear
absorption coefficients shall be neslected over tie range of
tie vass tand. rirure 4 shows tlhie vositions of the absorb-
ing raterials which diminish the intensity of the mecsured

radistion.
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The aluminum window of the x-ray tube wcs .004 cm. thick
and the fraction of the intensity transmitted by tne window

.

at the wavelengths used in this vroblem was:
I',

- .415 474 « 635 A

I . 9874 . 9818 . 9582

Oy

The absorption of the silver and cadmium filters were

calculated according to Reno's work with these filters.
Since, nowever, thke vulues ©of the linear absorption coef-
ficients were not rezdily available for antimony and colum-
bium the fraction of initial intensity transmitted oy each

Pl

of tne antimony, tin, molybdenum, and columbium filters
was mcasured directly by placing eaci filter in the vath of
a vraegg srectroreter., The fractions transmitted by the

different filters are 1istsd telow:

Filter I,,/1, at wavelensth A
Sb «415 A .7010

Sn .415 A «1LE07

cd .474 A .7410

Ag 474 A .1280

Mo 635 A . 6800

Cb «635 A «1431

18 | . .
Compton and Allison give an exrression whereby one is
able to calculate ttie absorption of the .0043 c¢m. mica
window. Using tuils expression we find that the fractions

transmitted by the mica window are:

- Zl_.



A = .415 .474 035 A
I /I = L9862 . G804 . 9561
31' 2y

Next, between tine mica window and the effective rortion of
the ionization chamber, the radiation studied rasses through
7.8 cm., of CHSBr at a pres.ure of 638.3 cm. of Hg. A chamber
of known length conteining UHSBr having the szare density as
the CHSEr in the ionization cnamber was —laced in the path
of a Bragg spectrometer and the absorption measured. From

data thus obtained it waos found tiat the fractions of radia-

tion transnitted by the tirst part of the ionization chamber

were:
A = .415 474 635 A
I, /I,p = .666 .545 .279

How combining the effects of all the absorbers in the path
the frcction of the initial intensity arriving at tne front
of the collector plates with difrerent filters in the path

was calculated to be:

Filter ., / Lo,
5b .415 & .4546
sn 415 & L1172
ca .474 & 5887
ag 474 A .0671
10 635 & .1738
Cb .635 4 L0366

Finally, the radiation actually studied was that absorbed
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in the effective portion of the chamber. This portion was
10 cm. lonz so from the data previously taxen on the ab-
sorption of CHSBr we calculated the fraction absorbed in

this part of the chamber to be:

A = .415 474 .635 A
Iy, -1
‘i" S .406 .543 .806
4'1/
. . 14 -1 I4
and upon taking the product X Sw . Ld we get the

fraction of the initial intensity absorbed in the effective
part of the ionization chamber.

The deflection of the electrometer when any civen filter
is in place is provortional to tre amount of radiation
absorbed in tne effective portion oir tThe ionization chamber.
so, 1if 5. and J‘ represent the respective deflections of the
electrometer when the two foils of a Ross filter system are
placed in the path then (é. - 5, ) is provortional to the

measured intensity I, dI’.

(&-6) L, dv= (94)(0)4’[( )(-a)]( 4" )r dv

or é s =.07901, , dv
8cu Jooa l, dv

S, 5 =.0635I, dv

Where the figure .96 is the correction for the saturation
current (see page 15), thke figure .68 is the correction for
the target backing (see page 10) and K = .851 represents
the correction for the fraction of the incident radiation

lost in fluorescent radiation from excited Br ions in the
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ionization chamber. “hus:

K=1-=-k¢;
kf is the ratio of the averaze intensitv of incident radia-
tion. Clarklg, working with an identicel ionization chamber
found the value of ke to be .119 whence K = .881.

e nust next consider the relationshiv between the de-
flection of the electrometer and the number of ions foriced
in the ionization chamber. The electroreter 1s calibrated
to give a deflection tnat is linear with resvect to the
quantity of charge collected in trne chamber. The deflection
is then

S = ky = kCV
where $ = the deflection of the electrometer in mm.

k = the charge sensitivity of the electrometer in

nm.

coulorib
Q = the charge in coulombs
C = the capacity of the electronmeter system in farads
V = the potential difference in volts anvlied to the

electrometer svstem.

The difference in deflection fur a given Ross filter is

S, -8, = kC(va-v,)=kCAV

= CAV

6A- 5..
k

whence
Now, if the rizht hand side of the last equation is divided
by the product of the charge on an electron and the time

during which radiation is absorbed in tne chamber we obtain

the number, n, of ion pairs rroduced in the ionization
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chamber per second:

cav._ _ Sa- db
n = Tet - T TRt

where e = the electronic chearze in coulorbs,
t = +the exposure tims in seconds.

I'hen the enersy reasured by tne ionization charber per unit
of time is equal to the number of ion vairs multiplied by
the energy ver ion pair which is civen by Jtockmeyerz to
be 25.4 electron volts or 4.086 lO-ll eres.

1f the radiation entering the ionization'chamber enters
through an aperature of cross section a the energy measured

in the chamber per second per unit area at a distance R

from the target for the mean wavelensth of a civen pass band

is
4.06 x lO-ll _eres
I dv = ke ta (83‘6‘0) sec - cm.”

My

But the measured intensity I dv= BI dv
my Oy

where I 1
B= (.96)(.68)(.881) (I——’—’—) -(—ré-l—) ](14” -Is5,
so that
I _ 4.06 x 10711 (Sa - éb) erss
ol,dl" keta ) B sec-cm. “

Wwe wish, however, to obtain the intensity of radiation
f rom the interaction of a single electron and a sinele
Nucleus per unit area of target. Jo we nust take account
Of the number of electrons striking the target during the

exposure time and of the number of atoms ver unit area of
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target. During the exposure timetthe nunber of electrons

incident upon the target is

where 1 = the current through the x-ray tube in amperes,
e = the electronic charge in coulombs.

The number of atoms per square cmn. of target is

Npx atoms
A

N o= cm®

23
where N = Avogadro's number = 6.06 x 10

P = the density of the tarset in g/emd
x = the thickness of the target in cm.

A = the atomic weiecht of the target element in g/mole.

Applying these corrections to the expression for Io dv we
v

get
2.06 x 100 L ($a-8v) . e . A
J, a7 = keta B it NpX
4,064 x 10711 (8a -8v)

kitzawpx B

= 4.165 (Sa-Sv) /B x 10°%7

The units of Jy dv are ergs per second flowing through a
square cm. at a distance R and azimuthal angle 8 from the
terget, cenercted by a single electron incident uvon a

single atom per square cm, of target.
Determination of the charge sensitivity, k:

In order to evaluate the exvression for J, dv it is

necessary to know the charge sensitivity of the electrometer
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system, This wes deterrined by reasuring the capzcitance of

the system. ‘e know

8= ki;= kC.¥,

and if a known capacitance is placed in series with the

electrometer system (see figure 5)

CnCa
CSJ':: k(__@__b__) vj
CE*CS

Suppose V. = 2V., Then if 51 - JJ ’

CeCs

or CE = CS

A}
/

g Q

= eglectrometer
= std. condenser
= potentiometer

Fig. 5

Applying a potential difference directly to the electro-

meter system a certain deflection was obtained. Then the

stendard, variable condenser was put in series with the

electrometer system and the standard capacitance varied

until the same deflection was obtained with the votenticl

dif ference across the series system eqcual to twice the origin-
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al potential difference across the electrcreter system alone,
This rethod of resasurins the capacitance is considered to

be as accurcte as the rmethod used by Helly and Reno and hes
the advantage of reasuring CE directly. The velue of CE

obteined by this rethod was 94.Of9u1€
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EZxperimental data:

The technicel difficulties encountecred in obtaining the
exveriimental data made thne task a difficult one. The
greatest difficulty erose from the fragility of the targets
since sudden, largce surses of current cdue to gss bursts in
the exprerimental x-ray tube or to sudden discharging of the
condensers often destroyed targets before any data could be
obtained. The results here presented are calculated using
the data from antimony terecets II-3 and III-1, which data

is considered to be the mcst reliable obtained in this

study.
Target Sb 1I-3
Voltage: 40 kv. Current: 9.6 x lO-7 ampe.
Exposure: 5 sec. Thickness: 2.35 x 10°° cm.
Average égb— égh = 13,8 num.
Scq - 5,«, = 22,3 mm.
5M...ng = 20,0 mm.
The values of B and dv are:
<415 474 .0635 A
B : .0970 .1004 .0635
dv:  3.1082 2.8524 2.4622 x 10%7

so dividing the working equation for J,dv by dv we get
J, = 1.907 x 107°% at .415 A
J, = 3.243 x 107°% at .474 A

J, = 5.328 x 107°% at .635 A
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The data from target III-1 wes obtained at 33 kxv. and
only for wavelengths of ,415 A and .535 A,

Tarcet III-1
7

Voltace: 33 kv. Current: 9.6 x 10 ' amp.
Exposure: S sec. Thickness: 1.71 x lO-6 CIl,

Average 55‘~ 85. = 4,5 mm.

" SM,"SCb =12.7 mm.
The values of B and d¥ are as vpreviously listed so that
T, = .604 x 107°7 at .415 &

©
-52
Jy = 4.649 x 10 at .635 A

The cornstgnt factors used in evaluating the working

equation were:

121.71 g/mole.
k = 6.122 x 10%% mm./coulorb
a = .912 cm.2

)
6.06 x 10‘"3 atoms/mole

=
n

/o = 6.22 gfcn.”
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~Comvarison of exreriment with theory:

The exmerirmental results are plotted with the theoret-
ical curve in fig. 6.

Previous experinentors in this field have not obtained
exact agreement with theory. Comparitively good azreement
of experimental results with theory has been obtzined for
the spatial dictribution® but Reno4, studying J,47 eas a
function of voltage, agreed only roughly with the theory.
It will be observed from the resuits here presented that
(a) the experirental order of magnitude is greater, (b) the
experimental curves do not eppear to have a non-zero in-
tensity at the short wagelength limit. Indeed, the exver-
imental curves loox very much like intensity curves from
thick targets. Fossib'y, to anvroximate the ideal experi-
mental conditions it will be necessary to use even thinner
atomic screens than those used in this work. If, however,
that 1is necessary, a new rethod of determing target thick-
ness must be devised since the method used in this study
was limited to 150 Alz.(

On the other hand, it is wvposcsible that, while the theory
accounts for the svatial distribution fairly well, the
theory is not entirely accurate in other resnects &nd con-
sequently correlation bétween all theoretical calculations
and experimental results are not to be expected. In view

of the failure of other exverimental data to check the

theory except for the spatial distribution it would seem
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that this is the case. Before any definite statement can
be nade, however, with resvect to this particular study

some revision of apparatus is in order so that data can be
taken under the most nearly ideal exrerinental conditions

possitcle.
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Appendix

Preparation of the Antimony Filter

The Dinrensions of the Foil

An antimony foil of the prover thickness was prepared by
evaporating the metal onto a backing sheet which had a
negligible absorption in the wavelength region where the tin-
antimony filter was to be used. Since it was difficult to
obtain aluninum foil which was not only suffieiently tkin to
have an absorption comparable with that of commercial
cellophane but also free from small holes, cellophane was
used as a backing material. The cellophane used (approxi-
mately .002 em. thick) was tested and found to have a
negligible absorption in the wavelength recion where the
filter was to be used.

The optimum thickness of the tin foil to be used with the
prepared antimony foil was calculated/46 to be .006 cm.
(see pp. 14). Although no information was available re-
garding the density of tkin films of antimony deposited by
evaporation, the tabulated density of crystalline antimony
was close to that of tin so the desired thickness of the
antimony foll was therefore expected to be approximately
.006 cm. Considerable latitude in the thickness of one of
the foils is allowed since the final condition of equal
absorption by both foils is accomplished by roteting one of

them to adjust its effective thickness.

-34.-



JIIVIOJIVAI
ANOWIINY 4O {HDIIM
wb 09 Of 09 OC Oy O¢ 07 O]

1 L 1

o0

-
~TO
4

90 ¢O0 O ¢O gO 10

|

O

1iv13d

Ol

O1* SWOYLISONY NI SSINMDIHL

F'lg A-f



In order to obtain the desired thicxness of antimony
deposited by evaporation it was convenient to know the
relationsnip between the amount of metal evasvorated end the
corresponding thicx«ness of deposit. To determine this re-
lationship various amounts of pure antimony were evaporated
and the thicxkness of the corresponding films obtained were
determined. ror relatively thin films (2000A to 3500A) the
metal was powdered in a mortar and then evaporated from a
V-shapred trough formed frorm a .003 x .8 x 3.0 cm. piece of
molybdenum. This trough technique is in contrast to the
common practice of evaporating from a filament to which the
molten metal will adhere. It is desireable to use a trough
to which molten metal will not adhere. CaldwellZJ ,
evaporating different elernients from filaments of various
metals, furnishes data on the wetting properties of metals.
The thickness of the antimony foil formed in each case was
determined from interferometer measurements /% , using the
mercury green line isolated from a low pressure mercury arc
spectrum by suitable filters as the interferometer source
rather than the ultra violet lines mentioned in reference
/2 . Figure A-1 (detail), shows the results of the four
foils prepared in this region.

To prepare thicker foils it was necessary to evaporate
more antimony than could he held in a single trough. The
use of a large trough was prohibited by the current capacity
of the electrical system so an arrangement of three parallel

troughs was used (ficsure A-2). Each troush was controlled
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by a separate switch. This arrancement could be made to
handle about one gram of metal but was sormewhat awkward

to use. Good control was partially dependent uvon the
ability of tnhe operator to see thne metal in the troughs.

This was rather difficult, however, since the coating of
antimony on the inside of the evaporator jar became opaque
before all the metal was evaporated., IXevertheless, two foils
were prepared by this method and the data obtained showed
thet the curve definitely was not linear in the region 2000 A
to 10,000 A. It appeared, however, that the curve was
approaching linearity between 4,000 A snd 10,000 A.

By thils method sixty foils, each 10,000 A thick, would
have to be prepared in order to make the finished filter. A
new technique was therefore introduced with which it was
possible by four successive evaporations on the same cello-
phane backing to simultaneously prepare four foils, ecach
150,000 A thick. The finely ground antimony was placed in
a .75 ml. micro-analysis crucible wnich was nested in a
spiral filament mude of 15 mll tungsten wire (figure A-3).
This metnod would easily handle 2.0 crams of antimony for
each evaporation. The crucible containing the antimony weas
accurately weighted before and after each evaporation to
determine the amnount of metal evaporated. '[he sleight error
introduced by the deposit of tungsten on the outside of the
crucible was considered negligible.,

In order to prepare four foils simultcneously a piece of

‘cellophane large enough to be cut into four foils was mounted
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in a cylindrical frame of 13,5 cm. rudius. This disteance was
sufficiently larce to give a uniform devosit over the surface
to be coated but was still within the ranse of high speed
antimony atoms leaving the heated crucible. The crucibvle was
placed at the center of the cylinder.

Filrms prenared by this technigque were too thick to be con-
veniently measured by interferometsr methods since the fringe
shift would have been about 55 fringes for A= 5461 A, but
the derosit was heavy enougch to make possible the determina-
tion of thickness by weight-area measurerments. The density
of the antimony wcs taken to be 6.618 grams per cm®.

1t will be observed that for the relatively thick folils
the curve (firure A-1) is linear, thoush for tae thin foils
this was not true. 1f this effect is in any way due to a
potential barrier set up about the cellophane, either by ion
bombardnent when a high voltage is appliedbto the evaporator
chamber during the outgassing process or by some charge
carried by the evaporated particles, then this effect should
be eliminated by using aluminum foil or some other conductor
as a backing material for the evaporated foil. The final
single foil prepared was measured to be 154,000 A thnick,

2.5 cm., wide, and 20.5 cm. long.

The Uniformity of the Foil
It was necessary that the final four-fold foil vrrepared be
uniform over an areca at least &s great as that of the de-

fining aperature of the =-ray beam with which the filter
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system was to be later used. To test for uniformity the
single foil was wound around two vertical pins in such a
manner tnat four thicknesses of absorbing foil misht be pre-
sented to a narrow beam (less than 1.0 mu.) of x-rays. The
pins were firmly fixed on the travslline base of a micro-
meter screw which was placed between trne defining slits of a
Bragg spectrometer (figure A-4) so that the four thicknesses
were perpendicular to the beam. A4bsorption readings were
taken at points one millireter apart across the four-fold
foil, the absorntion being measured as a function of the
ionization produced in an ionization chamber. ‘'he x-ray
source was kent constant by manual control of x-ray tube
current and constant potential high voltage. It will be
observed (figure A-5) that the variations in electrometer
deflections are less than one millimeter over e section of
foil 1.4 cm. in lengtn. [he variation is within the accuracy
of the apparatus.

In its final form the filter nad to be at least .4 x 2.2cm.
This was easily prepared from the uniform portion of the four-
fold foil. Actually, the final foil was made 1.0 cm. wide so
that it might be rotated appreciably with out becoming effect-
ively narrower than the defining aperature with which it was
to be used. The pieces of foil were cut to size and cemented
to an aluminum frame which was then mounted with the tin foil
in the balanced filter hdlder,

If the four-fold had not been uniform over a sufficiently

large area the four foils could have been mounted separately
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and a condition of uniform absorption accomplished by dis-
placing one of them with respect to the others. That is,

if the non-uniformity of each foil had been wedge-like the
thickness would be changed by sliding the wedees with respect

to each other.

The Balanced Tin-Antimony Filter

Once the tin and antimony foils had been mounted together
in a balanced filter holder they were adjusted so that they
absorbed equally at all wavelengths except between their K
limits. This was accomplished by placing the foils alter-
nately in the x-ray path of a Bragg svectrometer and rotating
one of the foils until its effective absorbing thickness
matched that of the other foil. 1In this particular case the
antimony foil was perpendicular to the x-ray beam and the tin
foil was rotated about 4° from the pervendicular. The absorp-

tion curves are shown in figure A-6.
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