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Abstract

In order to investigate the causes of the discrepancy among
ithe measurabla/functions of the atomic constants é, h, and m, a

. redetermination of the ratio h/§ was undertaken by the method of the
determinsation of the short wavelength 1limit of the continuous
x-ray speotrum. The reliability df the measurements is increased

due to

1) The use of large primary intensity
2) Automatic voltege stebilization
3) Improved methods of voltage measurement

4) Improved monochromatization by the combined use of balanced
filters and a 2-crystal spectrometer of high resolving power

5) Cleaning of the target in vacuo

The results of the work indicate a wvalue of

h,6 = 1.3786 x 10~ 7 erg sec/esu

/2

The sources of error are discussed,



I. Introduction

_The fundamental atomic constants e, M, and h have in recent
years become the source of renewed interest, principally dus to
the fact that new determinations of various functions of these
quantities failed to be mutually consistent within expected

limits of error.

The functions of &, m,'and h which can be determined with a

precision sufficient for consideration here, are:

Funection Method of determinations References
1) @ absolute X-rey wavelengths - l1-6
0il drop method 7-9
2) o Deflection methods 10 - 13
m Zeemann effect 19 -~ 20
14 - 18
Index of refresction of X-rays 21
3) h 7 Shortwavelength limit: of the con-
€ tinuous X-ray spectrum auoi- i 22 - 31
Excitationl potentisls in gases 36 - 65
Photoelectric sffect 33 - 35
Excitation potentials of X-ray lines 30 .
4) h Rediation constent &, o 32
1/2 Electron wavelength vs. electron
(#n) voltage 66 - b7
4
5) am Roo 1
‘ hz
6) @/ Compton shift ' 59
m Elsotron wavelength vs. electron
velocity 60
2
7) @ Fine structure constant determination
;_ by the separation of X-ray doublets 61
8) & y Megnetic deflection of X-ray photo-
1/2 electrons 62
(mh)
9) &4 Stefan - Boltzman constant
;3

Table I

1,



For the details of these methods of determination the reader
js referred to the references quoted, or to the general discus~
sion by Birge(ss) (66), BuMond(67) (68)’ Dunnington(sg) end

Kirchnerczo).

The problem of the correlation between experimental results
as obtained by the methods named above has been attacked by

(66) (69)

several authors. Both purely statistical and geomefrical
‘ (67> (e8) methods have been used. By all these different methods
of analysis it becomes evident that there seems to exist a.ccn—
siderable disegreement of the various determinations. From these
analyses it becomes clear, however, that the h/g determinationé
play a special role among the measurements considered; all
dgtermipgtipps can be broﬁght into fairly satisfactory agree-
ment, provided the #/b determinations are omitted from the
eonsiderations. The discrepancy looked so serious at a time

that even flaws in the theory underlying the expériments were
suggested. The existence of this disagreement was first pointed
out by Birge,(71) in particular the special role played by * .
Eﬁbwms pointed out by him. At present the situation stands as

follows:

If the most probablg(66) values of'd/h, Avagadro's number

Ngs Roeo and the Faraday ere combined, one obtains

A 2{21?81?2 )}1/3 - (1.3793 x .0002) x 1077
Row Ny? (2/,) erg sec/esu

As compared to this,the values of h/i as measured directly by

the shortwavelength 1limit method are

Duane, Palmer and Yeh(zz) 1.3748, x 10-17 erg sec/esu

2e



Kirkpatrick and Ross (re-computed by DuMond)(zs) 1.37541 x 10717
‘ - erg sec¢/esu

‘Feder (re—computed'by DuMond)(24) 1.37538 x 10~
Scheitberger (re-computed by DuMond)(zl) 1.3775 x 1077

. DuMond and Boellmen (re-computed by DuMond)(25) 1.37645 x 10~17

Bearden and Sohwarz(30) 1.3772 x 10717
and 1,3778 x 10717
on1in(28) (28) (as corrected by Birge)(™?) 1.3800 x 10717
| | Table II |
It is seen, therefore, thaﬁlexeepting for the lew voltage work
(26) (28) |

9? thin all other direct b/g values are from .2% %o
«3% lower than the indirectly computed one. Due to these large
: 4§sg;epanoies a least square solution for a "most probeble®
value of h/% would be without significance at present. A good
view as to the atomic constants situation in general isxefféred
by the "Isometric Consistency Chart" of DuMond(67) (68), 1nis.
chart is constructed as follows: Consider the surfaces defined
by the function of @, h, and m be plotted on a C#rtesion,co—
Qrdinaté system with ¢, h, and m as the co-ordinate aces. Iet -

" us now take the interseection of these surfaces with the Rydberg =

constant surface é4m _oconstant end project these intersecp

P
. h
tions onto a plane normel to the I, I, I axis of the coordinate

system. Since the only values of &, h, and m elesé to a central
value ere of interest; the curves will be spproximated by

straight lines (Fig. I).

Anyﬂney dgtgrm%nation{gf the value of h/% must therefore
not be underteken for the purpose of lowering the probable error
of an already well established result, but raﬁher for the,puf-
pose of diseovering hitherto unsuspected sources of error; It
is with the latter goal in mind thet this re-determination was

undertaken.

Se
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Figure I Isometric Consistency Chart of the Atomie Constants

- The origin of the chart is arbitrarily chosen as

4.80650 x 10719 o.5.u.

30 =
m = 9.11780 x 10728 gran
h = 6.63428 x 10727 erg seo

e/, ~ 1.75850 x 10¥ o.m.u / grem

h/e, = 1.58028 x 10717 e.s.u,
hy/m ) < 7.27621 cegeseute
eoz/h°m°=-3.81921 x 104 e.s.ue -
1/2 _ -8
o/ (0om,) /2 . 1,00216 x 107° o.5.u,
R = 109,737 ou™t
&y = 7.29870 x 1073

The auxiliary constants used im the values plotted are

¢ = 2.99776 x 10'° om/sec

F - 9651.4 asbsolute e.m.u. x (physical gram equivalent)’l
p = 1.00048

g = +99986
pq = 1.00034

!

Ag /As = 1.00203
The values plotted are, reddipgiin all ocases from highest to
lowest values:

e ~ 4.8030 x 10710 Sodermen D

4.8026 Beanden -°°'%s

n 1
4,8021 Becklin

°/Qf:1'76110 x 10 Perry and Ghaffeelll
15-16 112
1.76048 Houston and Chu
1.76006 Bearden °1
1.76982 Dunningtonlo
113

1.75914 . C. Robinson

1.75913 Drinkwater, Richardson and Williams 114



" Fige I Isometric Consistency Chart of the Atomic Constants - B

. 11-12
e/ 1,76900 Kirchner
T /m
1
1.75870 Gaedicke 18
1,76820 Shawl3
17
1.75815 Shawe and Spedding
i8
1.75797 R, Ce Williams
19
1.75700 - Kinsl@r and Houston
n, 1.3800 x 10717 on1in?8-28
/e
1.3775 Sehwarz and Beardenso
1,3775 Sohaitberger31
1.37646 DulMond and Bollmen 35
1.3759 Feder 24
1.,3754 Kirkpatrick & Ross23
1.3749 Duene, Palmer, and kazz
o  3.82188 x 10°* Robinsan®?
uh
3.8203 . Robinson and Clews63
3.8194 Kretschmar 64
h/ﬁ Te255 Ross and Kirkpatrick59
72687 Gnanso
%‘x 136.95 Christy and Keller61

The values of e are those calculated by Biz:gells » but corrected

to oorrespond to the value of the Faraday given above,

58
The valus of e/& are those calculated by Birge

68
The values of h/; are those re-calcoulated by DuMond ,

excepting for the value of Ohlin, which is corrected for ths

72
cathode workfunction by Birge .

The wvalues of h/ are as corrected by Kirohner7o.
m

The values of ez/hh of Robinson were corrected here for the



Fig. I Isometric Consistency Chart of the Atomic Constants = C

changes in auxiliary constants.

The value of e2/uh of Kretsohmar: were corrected by Eretschmare



II The Isochromat Method
fi) Definition of an Ideal Isochromat

The method of locating the short ﬁavglength limit of the
continuous X-ray spectrum adepted in»the present investigation
as well as in the past work quoted in the method of "isochromats".
This ﬁethod ideally qonsists in perfectly monochromatizing an
E?;ay_beam and then mgasufing_ths X-rey intensity as a funotion
6f a controllable, but perfectly steady, applied X-ray tube .
: volfage. In practice neither a perfectly monochromatic X-ray
beam nor an elecfron bsan pérfectly homogensous as to veloeity
oan be realized; therefore the sffect of the deviation from the

idéal isochromat condition deserves specisl consideration.‘

For an ideal isochromat the value of h/%vwould be given by

B £ Wy = 20° )

é i cJ .

where X is the sbsolute wavelength in cmzof the ideally mono- -
ehrpmatic beam; Vi, is the limiting voltagérapplied to'tha X@iay,'

'tgbg‘mpasured in absolute Volts<below which the X-ray inténsity

venishes. In these units h/ will be measured in erg sec/e.5.u.

2) Energy level Relations in the X-ray Tube Circuit - the Work-
function Correction
The quantity V.. appearing in eq. (1) is strictly equal to
the threshhold voltage spplied to the tube only if the energy U
of an electron hittiﬁg the target when a voltage V is applied

across the tube, wers given exactly by

U=Vo : | (2)

. .
By "absolute volts" we mean the unit 108 times larger than the
e, m, & ~ c.g.8. unit of potential difference



6e
v;éhe voltage V we assume is measured by a voltmeter comnected to
the target and the filament leads. In order to investigate what
the energy of an electron would actdally be when hitting the anodé

" let us draw the schematie cireuit involved:

To Tl | To




:Thé sathode is at & high temperature Tl; the anode and the
*'fiiament leads are assumed to be approximately at room tempera-

ture To.

No current will flow through any conductor provided the
e@gQSf of the Fermk electron gas energy distribution are at the
same energy values at the two terminals of the conductor. The
véltage V measured by the voltmeter as shown corresponds, there-
fofe, to the difference in energy of the edges of the Fermis:
distribution at A end B. Hence let us draw an energy level dia-

gram of the circuit A-B(Fig. III).

* By the "edge" of the Fermi: distribution we mean the mean upper
energy limit of the electron distribution; if f (E) 4 E is the
number of electrons within the energy range extending from E
to E+d E then the energy corresponding to the "edge" is given
by

o0

uf £f (E)dE
[+
£ (0)

B

e -

7.



III 214




8.
~ The voltage measured by the voltmeter corresponds to the differ-
-;}éﬁée-in the mean upper edge of the Fermi: levels at A and B.

| Dué to the fact that the_cathode is at high temperature the
Fermis levels neér the surface of the cathode (at C) will be
Y;denad near the edge. Simultaneously, however, the mean edge
Qf the Fermi: levels at C will be raised. This is accounted
':fer by the fact that a temperature gradient exists from A to
- end that here a few electrons will be transferred from C to

4( raising the potential of C with respect_to A until the |
retarding field caused by this potential rise will just equalize
the ferward and backward diffusion rates between A and C.

This potential change corresponds to the ordinary Kelwin

effect. It is, however, impossible to evaluate the energy

shift from A to C by means of the ordinary EKelvin coeffieient
isince from thermocouple measurements only differences of

energy changes like these from A to C are known.

The energy given 6 an electron passing from C to P
corresponds to the difference between the top of the surface
potential energy barrier at P and the mean edge of the Eenma,
band at C, whieh is equal to the thermienie workfunotioh in
the T° Richardson equation. This is strictly true only if
1) we can neglect‘the lowering of the workfunction due to the
external field; i.e. we can use the zero field workfunetion
2) we can neglect the thermal energy of the slectron on leaving
the eathode surface. The latter restriction can be removed if
we add the mean Kinetie energy corresponding to its eleqtron

temperature to the energy of the electron.

The energy of the electron available for conversion into



..a quantun is therefore equal to

‘9£;V‘f Single metal Kelvin P.D. from 4 to C-isthermibnic

workfunetion
- Schottky's expression for the lowering of the workfunction

due to an external field + mean energy of a free electron at

its electron temperature.

For work at volteges AV =20 kV all terms but the thernionic
'workfunction term will be shown to be neglibable. We can,
however, obtain a direct estimate of the total correction ferm
(excepting for the field emission lowering of workfunctiqn) by
using data derived from calorimetric workfunction determina=-
tions. A dalorimetric measurement of workfunction is made by
measuring the extra power input required to maintain an emitter
atrconstant temperature if an emissidn current is drawn from
jt., The workfunction thus measured will give the total correc-
tion required, provided that the extra power is measured across
 the cold ends of the filament leads rather than across the hét

portion of the filament.

There is a considerable number of calorimetric:sdetermina-
tions of thermimmic workfunotion in the literature.(’ = 84)
The most accurate one of these is the one of Davisson and y'
Germer(sz - 83); unfortunately for our purposes the power
input to the filament in their experiments was measured by
attaching thin voltage leads to a hot portion of the filament;
hence the Kelvin worrection is not included in this work. The

other experiments quoted are not as reliable in pazticular due

to the poor vacuum conditions, never-the-less the result of

10,



" g1l these investigations gives results 'from. 2 - +4 Volts. --
" from the thermionic workfunetion. The mazgnitude of the Schottky

field correction can be estimated directly from the relation

Ab = 4.39 ’\!Qg (2)
2x

where bc is the workfunction in degrees.(as) For H_ilo';’ Volts
. : b_- -2 9x
/@nm this gives AP _10"" for Tantalum; this is a negligable
. N
[
_correction. From all this evidence it follows that for work
at voltages of the order of 104 Volts or higher the only cérrec-
tion to be mpplied from this source is the ordinary thermionie

workfunction, provided that en sccuracy of less than 1 Volt

is not aimed at.

A direct experimentel proof of the necessity of the work-
function correction is furnished by the early work of Cooke

and Richardson(75 - 76)

;3 in their work the power input into
the anode of a diode is measured as a function of anods vol-.
tage; if the power is extrapolated to zero applied anode volQ
tege the power axpended.zzproximately equal to the produdt of
the thermionic - .. workfunection énd the anode current.
Despite the approximate nature of these early experiments they
nevertheless demonstrate conclusively the necessity for such

8 correction to be made at sll, In particular for the low
voltage work of Oblin(26 - 28) this correction becomes of
considersble importance ( --.1% of the total voltage). The

results of Oplin therefore must be corrected as shown, before

correlating his results with those of other observers.
3) Analysis of a non-ideal isochromat

In addition to the workfunction correction other factors



12.
~ prevent a direct application of the ideal eq. (1). Three of
1th§se factors, namely

1) Lack of monochrometism

2) Voltage drop along the filament

3) Ripple voltage
tend to render the intercept of the isochromat with the voltage
axis asymptetic. Let us now consider the effect of a general
 ”smearing“ function on suoch an isochromat, without at first
.discussing the physical phenomgna responsible for the existence

of such a function.

The effect of voltege fluctuations, filement drop and ripple
is to meke the actual isochromat be a superposition of ideal

isochromatswith their voltage coordinates shifted.

The effect of lack of monochrometism is to make the actual
isochromat a superposition of ideal isochromats taken at differ-
ent wavelengths. If the wavelength at which a given isochromat
is observed is shifted by an amount/\), then the Voltage inter-
cept is shifted by an amownt AV - _h é‘-é, unless AAis very
large the shape of the isochromat w111 be very little cé;nged.

A small shift in wavelength is therefore equivalent to-a smell
shift in voltage of the amount given ab&ve. We can therefore
treat the entire problem of the imperfect isochromat by assum-
ing it to be composed of a set of peffect isochromats, the

voltage axes of which are slightly shifted.

Iet y=f (z) be the equation of an idesl isochromat. The
veriable z is thus the independent variable i.e. z is prbpor-
tional to the voltage coordinate: Iet F(z) be the experimen-

.tally observed function.
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.The variasble 'y therefore, is propertionel to the X-ray intensity.
“.The operstion of transforming f (z) into F (z) oan in general

terms be described as follows: F(z) is formed by a weighted
superposition of the walues f{)y; ewiluated at points neignbor-

ing to z . Let this weighting function be given by g (x)

where X represents the difference in the coordinate of the

f function to be weighted and in the coordinate of the point

_where F is to be evalusted. F(z) is then given by

* o0
F(g)=\2g(x £ (z-x) dax (3)
— oo + oo _
It is convenient to cho_ose_f g (x) d&x =1, In the ¢

- 0

. ideal case only the walues of f evaluated et the argu-

ment of F itself receives weight; in this case g (x) ==d J (x)

and Fz )= f(z),

Formally eqg. (3) oan be solved directly provided g (x) and
F (z) are known for 2ll walues of the wariable: Létf(t) be the
Eaple® or Fourier tranaform of F( 2)} r' ({;) be the transBorm

of g (x) end p (%) the transform of f (z);then (3) reduces to

o) =Flo o (¢)
Hence the solution of (3) is a omse of performing a Fourier or
Laplecse inve:sion. Praﬁtically this procedure is not'fea.a.sable,
however, principally beceuse of the fact that neither g (x)
nor F (z) are known well enough for velues of the variables
far removed from zerp; in performing a reversion of this type
the asymptetic behavier of all functions involved is of the
greatest importance. Hence though the problem is a formally
soluble one we are forced to adopt approximate methods adapted

to our special conditions.



14,
We can reduce eq. (3) to some extent by making use.of the

‘ { ‘special properties of en ideal isochromet. JIet us choose z — 0
'to be the position of the shortwavelength limit of the ideal

jsochromat. Then

£(z2)=o0 z<£ 0
X=z
F(z) = g(x) £ (z-x)ax (5)
s S

Again a solution of this eq. is formally possible and also ths
conversion of the integral into & sum provides a solutition by
means of simultaneous equations; either method (being essantially
the same) suffers from the difficulty of requiring e kmowledge

of the form of the "known" functiomns for large values of the

argument.

For the purpose of locating the threshhold eof the continuous
speotrum it is not necessary to be sble to solve eq. (5) for
the function £ {z) for all walues of z ; the position of the
intercept of the ideal isochromat is all that is of interest.
Note that we cannot expect any abrupt chenges in the actually
observed isochromat; we rather have to devise a method by which
we can infer as to tne intercept of the ideal iscchromat from
t_he continuogs veriation of the real isochromat. Two such

methods are aveilable:

1) assume a convenient analytical form of f (z)
and g (x) and compare the resultent expression of F (z) (or at
least some feature of it) to the actual isochromat.

2) examine certain properties of eg. (5) which ocen be
considered without restrioting the form of the functions ine

volved excessively.



Method 1 has been used by Bailey(zg) and DuMond(Be). They

" . use

g (x) = 1l 1
Ta (1+ Eg) (8)

for the "smearing" function (in agreemént with the theoretiocal
end practical asymptrtie behavior of crystal diffraction

petterns) and

f(x) = b x 0< x< Na
=0 -0 LX< 0
-0 Na <« x< +eo

A7)
This gives

z z ; -1
F () _ %F_ X;t n (

o[
——r

+
» =

- g fin Z@e}]
2W

1 | - (8)
 This expression is plotted in Fig. IV, together with the func=-
tionf (z). This figure shows that, provided the above assunp-
tions ere valid, the true intercept is given by the point of
maximum curveture of the observed isochromat. It also shows
that an extrapolation of the "linear" portions of the ocurves
will lead to erroneous result; in fact the choice of the poinf
whence the tangent is projected cen give any arbitrary value

to the measured limit.

let us now examine certain properties of eq. (5). Dif-

ferentiating twice:

P ()25 () £ (@ + [g@ 2 (z-%) ax

;o= f g (x) £ (z-x)dax (9)
since £({0) = O z"’"
F')=g () 2@ [ g )" (2 -x) ax (10)

—

15.
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16.

' Integrating by parts: ) X=2z _gz ~

-,':_FE“' (z) = & )£ ©) -¢ &) £ G- x)\ +ﬁl (x) £5(z - x) ax (11)
X=-co
= fgi (z -~ u) £ () du | (12)

(s

where uz- z-X

Now let us assume that the "real" isochromat can bs breken

up into a set of straight line segments; i.e. let

f-l(x)___ a) 0<x<x‘
£ (x)= a, X LX< X,
i | |
thx) - oy X, &X4X, (13)
then
PGz ) ey |6 (mx) -6 (o - ox)) en
iz}l
rearrenging: oo
P" (z) =g (z) a, + 2__ g (z-xi) (ai+1 - ai) (15)
i=1

" Phis is the finite difference equiwvalent of eq. (10) in the form

. oo ,
) = g () £0) + f g (2-u) " (u) (26)
o
Eq. 15 is the equivelent of the geometrical analysis of DulMond
(25)

and Bollman « It shows that the second derivative of the
observed isochromat is proportional to the "smearing curve"

g (x) excepting for a correction term

15_—:1 g (z-x;) (85,1 -8, ) (17

This term represents the influence of any changes in slope

on the curvature at the origin; unless a large change in slope
occurs only a small distance mway, as compared to the width of
the "smearing" function g (x) , from the point z= 0, this term

will be both small in magnitude and slowly varying. Hence



f;?yg (z) = g(z)a; will reach a maximum which we assumed to be atumero;
E&thnce the intercept of the "true" isochromat, to a very good
apprOXimation, coincides with the point of maximum 2nd derivetive
of the observed isochromst, In‘discussing our actual results

we will actually estimate the size of the correction given by

8q. (17). The form and width of the smearing function will be

discussed in connection with the analysis of the experimental

rasults.

17,



18,

III Bxperimental Arrangements‘

iy

%. '_ ~ The essential components constituting the apparatus for

the type of h/%‘determination described here are
1) H.T. D.C. Powersupply and controls
2) Filament powersupply and controlé
3) X-ray tube
- 4) Vbltage-ﬁsasuring devices
5) Monochfomator “

6)Ionchamber and associated instruments

The precision attainable in this experiment is esseﬁtially’
limited by two factors: first, the available intensity in the
neighbourhood of the shortwavelength limit as compared to‘the |
sensitivity and stability of the detecting device and‘séeondly
the precision to which the high tension d.e. Voltage applied to

the X-ray tube can be controlled snd measured.

The intensity near the limit is essentially determined by
three prineipal factors: First, the primary energy invthe
electron beam; secondly the anode material, end third the
geomatry of the monochromator arrangements. Sinée the latter
is generaliy determined by other factors, the available inten-
sity is prineipally a funotion of the X~ray tube power. The
use of the thirty kilowatt X-ray equipment constructed by |
DuMond and Youtz(87) constitutes thersfore an essential step

in improving the attainable precision of this experiment.
1) The D.C. Powersupply

A schematic diagrem of the D.C. Powersupply asooriginaily

designed is shown in Fige. V. The primary of a high voltage



.45 kVA power transformer is fed by an 150 cycle alternator

;'“]driven by a synchronous motor.. The field of the alternator

is separately excited by a generator on the same shaft. The
powsr 1nput to the transformer is controlled by a set of 3
rheostats in series with the alternator field (Fig. 10 ref. 29).
V3 and Vp are high-vacuum continuously pumped high voltage
.Kenetrons; thgy econtain a V-shaped 80 mil tantalum filament
_'Operating at 13V RMS, 110 Amperes from insulation transformers;
~at this filament power the saturatien current is about 1
Ampere. The plates of the Kenetrons are watercooled with
water supplied through 100 feet of coiled thick-walled rubber
hose. The watercoolsd anode and the filament are assembled
in a transformer type porcelein bushing. The ocondensers éhown
are compesed of 3 I/E.pF 50 XV Cornell Dubilier condensers in
series. The chokes have an induetance of 1000 Henry at 100
ma d.c. load; they are oil immersed and are wound on a nearly
etosed core with 2.5 millimeters air gap. The resistances
§hown in the diagram are sections of watef carrying rubber
hose. Further details regarding the circuit components .are_

(87)

given in the original ‘article desoribing this equipment.

Since all of the work described here and a good part of
the work contemplated in the near future requires a voltage
less than 50 XV, it was decided to convert the voltage doubling
eircuit of Fig. V temporarily into a single ended half wave
rectifier (Fige VI). The two Wl filter sections were connected
in series; the condenser constituting the original I/EZ,LF
condenser groups were converted into .75uF units 5y parallel
connection. This does not apply to the input condemser; it

was maintained at 1/12,»? in order to mvoid excessive peak

19.
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‘ourrents through the Kenetron. The peak ourrent through the

'quenetrQn was measured by observing oscillographically the drop

across a l() resistor in series with the gzround end of the
input filter condenser; it wes found to be 500 ma at a 100

ma load.
2) The Voltage Regulator.

Despite the care taken in making the input power inde-
pendent of line voltage fluctumtion, fluoctuations of several
hundred volts are observed in the output voltage of this power
supply. These fluctuations are principally caused, we bélieva,
by fluctuations in the filament emission of the X-ray tube
caused by filament voltage fluctuation combined with emiséion
changes caused by changing vacuum conditions. Because of the
large regulation of the powersupply these changes in emission
cen easily account for the observed fluctuations. In addition
to this source of fluctuation,part of the observed voltage.
changes may be due to changes in alternator brush resistance;
uncertain contaots in the power transformer primary circuit;

irregular leakage ocurrent along the rubber hoses ocarrying

cooling water; variations in power frequency. Special care

was taken to reduce brush and contact errors to & minimun.

In order to reduce the voltage fluctuation discussed abow
an automatic voltage regulator was introduced into the power
supply cirecuites The regulator is of the wvacuum tube, degensra=
tive type(aa). Its position in the powsrsupply circuit is
shown in Fig. VII and its detailed circuit diagram in Fig. VII.
Qualitatively its operation is as follows: The voltage divider,

Ry - Ro divides the woltage across the X-ray tubs in the ratio
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!  "1:400; sny changes in this voltage are amplified by a 3 stage
;;j"?&.c. coupled voltage ;mplifier and, through the powsr stage,
sre applied in series with the line from the powersupply to
the X-ray tube.‘ The phase is such that the action is degenera-
tive. The bias on the firét tube of the d.c., amplifier is
supplied by an adjustable voltage provided by batteries. It
is the value of tthe: vo}tage of these batteries which deter-
- mines at which valué the‘high voltage will be stabilized. Iet
the ‘overall voltage gain: of the amplifier vel' . Let us

consider e fluectuation which ordinarily would cause a voltagé

change of AV, Volts, and let the action of the regulator

reduce this fluctuation toAV. It follows then that

PRAV =AY -AY - (18)
RO
and hence AV _ AV, AVe (29)
2 B
1 +r( B rh |
Ro R

Ry
Re

For our circuit perameters the gain of each of the first two
stages can be shown to be 100 approximately; the gain of the
power stage is sbout 20, making f' = 200,000. The feedback
ratiolﬂ'gl s therefofe 500 approximately, showing thaf any
fluctuatign will be reduced in the #atio 1:500. The 'gain of
" the circuit was tested by direct measurement. The Resistance
Rg in parallel reduced the amplification of the last étage;
its function is to limit the drop across the powsr absorbing
stage to 750 Volts when a current of 100 ma is flowing, thus

making any safety deviees for limiting the voltage drop une

necessery. The instrument-is protected against surges by the
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;  s§anﬁay¢qfug§ucigarette-paper high voltage safety device.

.Beéause of the fact that the power absorbing capacity of
the regulateor is small, manual control is required in addition
to the aﬁtomatic stabilizer; the operator controls the primafy
voltage so that the Voltmeter V across the bower tubes stays
within % a renge of séy 250 Volts; the high voltage then stays
‘constant to’l/EVVblt. ihe value of the stabilized high voltage
‘dapends on the setting of the variable battery Vi. The‘pro-
egdure for setting at a given value of the X-ray tube voltage
is as follows: The potentiometer measuring the high voltage
is set at the required velue; balance on the potehtiomster

’galvanamster is then obtained by adjusting the battery Vi‘
while a second operator controls the primary voltage such thet
the voltage drop across the regulator does not vary cﬁtside
its permissable range. The voltage adjustment is thus made
simply by adjustment of V;. Since the power to supply Vy
is derived from batteries whiech are likely to drift in voltaée,
slight bgadj@utments of Vy.are eccasionally ﬁeeessary in'order
to keep the potentiometer balanced. With these operations it
is possible to keep the voltage constant to 1/%0,000 for long
periods of time with occasional interruptions due to the

operator not following the voltmeter rapidly enough. .

One of the principal diffieculties encountered with a
regulator of this kind is the problem of oscillations. If
one looks at the regulator circuit as an amplifier with very
strong inverse feedback (féedback ratio of 500) than it is
evident that if there is a frequency at which the phase shift

throughout the whole amplifier becomes 180° and at which the
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AAjgain‘has not dropped by more than a factor of 500 as compared to

&Tiﬁhe d.o. amplification, then oseillation will occur. If one

‘idraws'the equivaleﬁt eircuit of the d.c. amplifier of Fig. VIiii,

iit will appeap-to consist of 6 L sections of the type shown in

Fig. IX °

' C

C here represents the distributed capacity to ground. Each
of these sections can give rise to a phase shift ¢ at most
“equal to 909; the overall amplification is‘theh decreased by
a féctor,qos ¢ for each section. Hence, if the shift is 30°
per section, the overall phase shift is 180° but the gain is
decreased by _]@f = «¢27o0nly, and heneg oseillations will
occur. The only way, therefore, to prevent this system ffom
oseillating is to make the frequency response of the different
stages véry unequal. If this is done the gain of one stage
will have fallen by a large amount before the other stages
cause appreciable phaseshift. A suitable way of achieving
this purpose is to introduce the oondgnsars Cl, 02, and'c3

as shown in Fige VI: . 0Oy and Oz simply unite two pairs of

the I sections ef the equivalent circuit into two single sfso
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‘»sections; thus incréasing thehnecessary phaseshift per section
: ;hecessgry for oscillation. CZ modifies the frequency response
of the second stage by introdueing inverse feedback at high
frequencies. This method of introducing a decrease of amplifi-
cation at high frequencies has a considerable advantage over

an ordinary shunt condenser to ground: it introduces no phase

shift at high frequencies. This can be shown as follows:

let ego'be'the externally applied signal. The eircuit equa-

tions are:

R - 4 |
Wwe

o - -pe Ry, (21)
p= "Hog L. -

Rpt By,

If we let G_. MRy, stand for the gain of the stage
+
R* R

without feedback, then the solution of the circuit equation is



[£3
¢ - . (22)
R-FK
wi
 where G 5 o is the actual gain of the circuit,

8o

‘The phaseshift { is given by

gl) - 'ban"l GO sin 2 qb (23)
2+ Go'\" (':}° cos 2¢

 where tan ¢ - _1 ' (24)

/ RwC

Hence the gain & is equal to G, at low frequencies but falls to

G, 1

1+ G,

at high frequencies. The phaseehift is zero both for very

high and very low values of the frequency; it raises to a

maximum value .

246 'q_r

at the frequency given by RWC = 1. It ts seen, therefore, that

this circuit causes a decrease in gain by a factor of 1, this
Go

decrsase becoming effective at a frequency greater than Q._ 1

‘ RC

H
this decrease in gain will not cause any appreciable iphase -
shift at high frequencies. The advantage of this system of
making the gain of the various stages unequal was verified by
the fact that a condenser of only Cs; = 1000 ppF sufficed to
suppress all oscillations. Unfortunately it was necess‘ary to

make Cp = .25/;, F, since even though the phase shift at ripple

25.



frequency (15 0~’) was not sufficient to cause re-~-generation,
"nevertheless because of the fact that the input and output

of thé regulator did not exactly cancel one another the ripple
was actually increased by the regulator action. The increase

of C;, to .25 WF suppressed this effect.

The regulator and the supply batteries are housed in an
‘iron framework clad with galvanized iron; the entire assembly

is insulated from ground through a micarta column. All stages

are carefully insulated by shielding. Power is supplied to

the 8 L 6 heaters and the screen powersupply through an insula-

tion transformer. All other power is derived from batteries.

3) The Filament Supply.

Because of the large regulation of the set (caused prin-
cipally by the small size of the input condenser and the
leakage reactence éf the power transformer) stability in
~ emission current, and therefors stability in Xfray filement
power is of greatest importance if voltage stability is essen-
tial. If the tube is operating saturated, then the essential

¢
part of the Richardson equation is i< Ae™T;-and hence

AI _ @ par ; from the Stefan-Boltzman reletion AT 1 pw
I - T T T "4 W
where W is the filament power; hence
6L . fAw
1 4T W (25)
If we put ¢ = 50,000 T = 200, this gives
6 Aw (26)

-

al
b W

approximately. The regulation of the set is such that, near the

point where most of our data were taken, e chamge of 5 ma

26,



71émission current causes a chenge of 2 RV in the operating
“yoltage. Hence if Iz 100 ma, V= 20 ¥

AV 2000 . _ .1 AL _2Al

v .005 2x 104 I 1

nee

e AT . 12aW | |

v W : : en
j.e. the filament power has to bs 12 times more sbtable than the -

required voltage stability.

In order to assﬁre filsment power stability the filament
was supplied by three 21 KL Globe Union 1000 Amp rating glass
jar storage batteries. These batteries were continuously
charged by two 300 watt d.c. airplane gonerators driven by an
insulating belt from 2 1 h.p. motor at ground potentialf |
In the mejority of the cases when trouble due to fluctuations
wes encountered, the ceuse was traceable to variations in the
charging rate of the generators. If the generator voltage
changes by an amount D V5, the voltage change across the;fila;
ment is given by Z&VJ~=ZXV6% approximately, ﬁhere r is the
intervel resistance of the batteries and R the resistance of
the generator circuit. In order to reduce AV for a given
[&'V;,R‘Was artificially increased by inserting é resistor of
about .l.fL,‘made‘of 8 14 manganin coils soldsred into copper
bus baers, into the generator circuit. The charging rﬁte is
" controlled by Centralab 25 Watt Radio rheostat inserted in
series with the field coils of the generator. The filament
current (about 30 Amp) proper is controlled by a monel tubing
rheostat of total resistance variation of +1Nn; a 008" wall

monel tube is placed in series with the filsment.: .A flask,

tubulated at the bottom, is connected through Koroseal tubing

27.
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f-Jto the bottom of the monel tube, If the flask is filled with

mercury, a mercury column can be raised and lowered inside the

monel tube, by simply faising and lowering the flask. It is

thus possible to wvary the resistance betwsen the ends of the

tube because a variable part of it is shorteircuited by the

mercury. Details of comstruction of this rheostat as well as

the details of mechaniocel assembly of the filament supply

(29)

circuit are described by Beiley « This method of filament

po#trol proved to be exceedingly satisfactory at first, - both
from the point of view of stability and smoothness of control.
After prolonged use, honuver. the resistance changes caused by
the change in mercury level became discontinuous, probably)due
to impurities on the inside of the monel tube. The difficulty
inherent in all mercury type rheostats constructed so far (see
8ege. Co R+ Barher 89)) "~ caused by " contamination of

the electrodes has therefore not been solved as yet in the

pfesent design,

In order to assure stability of filament operation it
wgs found to be particularly necessary %o eliminate all .sliding
contacts, such as mechanical rheostats, knife-switches (re-
placed by copper links immersed in mercury pools) or relay
contacts. The only point where mechanical contacts were
unavoidable, namely on the commutgtors of the charging generatoray
was a frequent source of trouble. This trouble was partially
allayed by careful turning and undercutting of the generator
armatures. The size of all wiring was still further increased.
The combination of all these precautions resulted in a filament

supply stable enough for our purpose; it is beliewved, however,
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" that the voltage fluctuations still remaining across the Xwray

;tube are still principally caused by filament circuit instability.

4) Modifications in design of the X-ray tube

+-~ The X-ray tube used was the tube built by DuMond end Youtz(87)
and constructional details can be found in their paper. In
order to adapt this tubs to our present purpose a number of

‘changes were made which will be described here.

A point of considerable importance for a study of the
shortwavelength limit‘of the continuous spectrum is the consti-
tution of the target surface. The efficiency of the produc-
tion of the continuous spsctrum is proportional to the atomic
number z of the target material; hence if the target is
composed of layers of different materials, each layer being
only a "few Volts thick"#, then the shape of the continuous
spectrum near its shortwavelength limit will be profoundly
altered. Such & layer structure of the target can be cmused
by two sources: 1) evaporetion of filement material ento the
target and 2) deposits on the target caused by the ion bom-
bardment of the target. The first cause of a layer strugture
is in general not of great importance for the folldwing
r;asons: in order to obtain highAintensity in the continu§us

spectrum near its limit it is of course advantageous to use

% By the "thickness in volts" is meant the enmergy loss of the
electron beam in traversing a given thickness measured in elec-
tron volts. The continuous spectrun es ordinarily observsed
from a thick target can be imagined as being the superposition
of o set of thin target spectra produced by electrons of very-
ing emounts of energy, depending on the depth of the layer under
consideration. A thin target spectrum, if plotted on 2z fre-
quency scale, is approximately a uniform rectangular distri-
bution extending teo the shortwavelength limit. A thick target
spectrum in a pure metal will then show & nearly linear rise
near the limit, since it is formed by superposition of such
rectangles with their shortwavelength limit continuously reded-
ing towards higher wavelength.
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rd high atomic number target materisl; since X-ray tube fila-
' ménts are generally made of Tungsten (z=74) or Tantalunm
(z=73), a deposit of such meterials would not materially
change the efficiency of production of the continuous spectrum.
The effect of such d:posits does, however, become important
if studies of the continuous spectrum of low atomic number
materials are contemplated. For instance, the isochromats of
Schwerz end Baarden(so) taken with = copper and a nickel target
are probably in reelity tungsten ocurves as can be concluded
from the fact that the slope of the isochromats near the limit
is not matertally different from that of the curves publiéhed
for a gold target. In this work the target was made by amal-
gemation of a gold layer onto a copper target (by the prooéss
described by DuMond and Youtz(87)) and the filament is made of
tantalum; also in our later curves the cathode was reconstructed
such as to shield the filament; hence we are here not concerned

with deposits from the filament.

The second source of deposits, namely the deposits due %o
ion bombardment is a much more serious one. The reason is that
in a tube such es the one used here the deposit is most likely
to contain carbon as its principal component. The reason for
this is the fact that a2 considerable part of the residual gases
in the tube sre due to organic vapors from the gaskets or from
the oil diffusion pumps. A layer of carbon on the targst
surface would slow down the electron beam accompenied by X-ray
production of only 1/13 the intensity of that obtained from
the gold target; hence since the intensity of the continuous
spectrum is very close to the limit of observation at points

near the shortwavelength limit, the X-rays from the carbon



would probebly escape observation altogether. The effect of

‘such carbon deposits would therefore be to cause an apparent

shift in the position of the isochromat along the voltage

exis; this shift would correspond to higher waliues of h/%,

An obvious cure would be to prevent the existence of such
deposits by a thorough trapping of all condensible wvapors.

The ocharcoal trap originally interded for this purpose was

found to be impracticel. It was repleced first by a conven-

N

tional design glass trap, but owing to the fact that this trap
decreased the pumping speed by an excessive amount it was
replaced by a trap of different design. The trap now in use
consists of a eylindrical copper pot of 3" height and 3" 'in-
dismeter suspended by a thin Germsn silver tube. This trep
will hold liquid air for about 9 hours. The pump was removed
from its position directly under the X-ray tube; in its place
a vaive driven through a ball and socket joint and sylphon
arrangement was installed (Fig. XI). The liguid air trap
deseribsd above is placed between the valve and the pump.

The pumps are of 3" and 6" diameter and arse of the Hickman
self~fractionating type. The details of the pump design are
given by Bxiley(zg) and DuMond and Youtz(87). In order to
prevent excessive transfer of oil to the liquid air ¢pap a
set of baffles was instelled in the upper end of the 6" pump.
Thése baffleos were originally intended for refrigeration but

tap water circulation through the baffle proved to be equally

effective.

These attempts in preventing carbon deposits retarded the

rate of formation of these deposits appreciably but did not

31,



; 'Suceeed'in their complete prevention. It ,was. thergfore decided

; ~. to meke use of the lower valve of the X-ray tube for purposes

of mouhting on it a devioerfor‘clegning the target without
the necessity of breaking the vacuum. The design finally
adapted‘is shown in Fig. XI. An arm 4 is meunted on ah
gp;ight post B attached to the stationary plate C of the
valve. This arm is driven through an adjustable rod D from
" the moveble plete E of the valve. This rod has two balls
- silver-soldered in its ends; these balls aie engaged by cups
Sn the valve plate and the scratcher arm A respectively. The
entire device is constructed so that all adjustments can be
maderthrough the rear windows of the X-ray tube.v The moveable
arm carries the "seratchgr“‘prqper. The target deposits?
turned out to be quite hard, so ettempts to construct the
"scratcher" of steelwool, spot welded to springsteel, were not
sucéessful. The scratcher which was finelly used is shown
in Fig. XIT1. It consists of a large number of pieces‘of
piano wife each about 1/2“ long seoldered into a brass ring,.
In order to construet this brush the pianoc wire sectidné
were puéhad info the end-grain of a stiek of balss wood an&
‘the ring was placed around the ends sticking out snd solder
was poured igtd the inside of the ring. This method of -
assembly prevents the solder from diffusing out to the ends
of the wire which should remain free. The ends of the wires
were then ground to & suitable surface. The Qleahing of the
target is performed by elosing the bottom velve on the X-ray
tube and then turning the gyrating target drive. The devioe
is adjusted such that the brush is directly opposite tﬁe
center of therfilamant cup if the valve is closed; the gyra;

tion of the target will then csause the brush to move around

32
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- the focal circle.

The effect of the internal cleaner on the measurements
was quite evident; Fig. XIII shows two isochromats; the (&) curve
is obtained after the tube had been in operation without
cleaning the target for a long time; the other curve (8)
is‘dbserved with the "scratcher" in operation between every
- two or three'measurgments. It is seen in this case that the
- cleaning process causesva shift of nearly 1% in the abscissag
of each point, corresponding to an equal change in the value
of h/b. The ourves also Shaw thet the carbon radiation is
not observable, at least not with the detection‘sensitivity

used when those points were taken.

These results show that values of h/é obtained by the

use of continuously pumped X-ray tubes must be considered

unreliable unless precautions similar to the above are taken.

The rate at which deposits are formed is of course smaller -

at smaller tube currents; also in commercial, sealed off,

carefully de-gassed, glass tubes organie vapors are possibly
not present. Hence the effect of carbon deposits demons?rated
here has possibly no bearing on the results of former workvon
this subject, excepting on the work of Ohlin(2® - 28), oniin
uses an o0il diffusion pump at his final pumping stege and
employs rubber tape gaskets; the presence of organic vapors
can therefere be inferred. Whether deposits of sufficient
thickness to influence his results were formed in his ecase,
is of course difficult to judge. Since Ohlin was working at
voltages from 3000 - 65000 Volts, only a layer of 4 Volts
Uthickness" is required to cause ;n error of 1/10,0003 this

requires only a layer of 1078 cm (1), using the expmessiog
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- for electron stopping power given by E. J. Williams(gl). Henoe
& deposit only a few molecular layers thick would seriously
impair the accuracy of Ohlin's results. On the other hand a
layer a8 much as 10-'5 em thick would require so much energy

to penetrate that in thet case simply a correct isochromat

corresponding to a earbon target would be obtained.

Another imporiant chenge made in the X-ray tube is the
re~design of the cathode; The originel filement was made of
tantalum coiled in the form of a conical spiral; the filement
was placed inside a shield cupe The hole in the front of the
cup was of sufficient size such that the entire'rilamgnz was
ip view of the target. It was thought advantageous to replace
this type of cathode construction by an indirect cathode as
had been done successfully by other investigators.(gz - 94)
For this work the prinecipal advantage of such a construction
is the fact that the filament is not subject to positive ion
bombardment; hence the emission remains steady even under not:
too good vacuum conditions. The design of the new filament
mounting is shown in Fig. XIV (taken from Bailey(zg)), The
filament is in the form of two nearly complete ciroles held
in place by tantalum hooks. The hole in the frontcover of
the assembly is slightly smaller than the diameter of the
circles. Any positive ion bombardment will impinge on parts
electrically connected to the shield and not to the filament;

it is thus possible to study the effect of any secondary

electron.

. (27
Ohlln(z ) describes an effect of the X-ray tube pressure
both on the shape and position of the isochromats. He atiri-

butes this effect due to the presence of secondary electronsg

37.
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,1released from the cathode by positive ion impact. The érigia
| purpose of the design of the indirect cathede was a study of
this effect. However, Ohlin's data show that even at a
pressure as high as 8 x 105 mm of Hg the mean energy of the
secondaries is about 2 Volts or 1/10,000 of our woltage.

Since our operating pressure was always 2 x 10-5 mm or lower
it was felt that a further investigation of the effect of
~preséure on our result woﬁld.be unnecessary. The conclusions
as to the low ensrgies of secondary electrons caused by
positive ion.bombardmentvis in agreement with direct studies -

of the energy distribution of these secondaries.(s5 - 96)

Grave doubts can be raised as to whether the cause of
the effect observed by Ohlin is reaslly e matter of secondary
electron emission, The main objections against such a view
afe 1) that Ohlin found the ion current much too small to
account for the observed effect 2) that the "pressure effect“
groatly raises the total observed intensity (the intensity
is doubled at a pressure of 3 x 10™4 mm). The explanation
which séems most liksly is to attribute the observed effect
to-spgttering of the soft X-rays by the gas in the spectro-
meter. In Ohlin{s work the X-ray tube and the spsctrometer:
were inter-connected; the "pressure effect" could therefore
be due to decreased resolving powsr of the spectrometer owing
to increased gas soattering. This explanation‘would‘acccunt

both for the increased intensity and the blurring of the limit.

The remazinder of the X-ray tube construction remains as

(87)

originally deseribed. The gyrating target mechanism was
not used during our later runs since the power was insuffi-

cient to make a moving btarget necessary and since it was found .
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_ thet the variation in the electric field caused by the target .

;",rgyratiqn caused a fluctuation in the tube ocurrent.
5) Method of Voltage Measurements

Since the Voltage enters linearly into the expression
fa h/ , the errorsiinvvéltage measurement enter dirsctly into
the final determination. The performance of the voltage

_ measuring devices is therefore of considerable importance.

The voltage measuring device consists of a high voltage
"voltbox" arrangement which operates into a Wolff Feussner
type potentiometer. The construction of the voltboxes or

(29)

"stacks", as we shall call them, is described by Bailey
and Duliond and Youtz(87). The stacks consist of 20 spun
aluminum pans, each containing 5 1 megohm resistance units.
The resistance units are manufactured by the Sholleross
company eand wouhd of engmeled nichrome wire of temperature
cosfficient .013 ©°C~1, 1The pens and tﬁé resistors are

are assembled with lucite insulators. The lower resistaﬁce
part ofvthe voltbox is a single 5001 coil also woudd with
nichrome. There are fwo of these stacks, each assembleﬁ
within a micarta eolumn; taps are brought out through 1uéit§
bushings at éeveral places in the high resistance unit. The
wiring diagram of the two stacks is shown in Fig.AXV. The
resistance units are oil immersed; the oil cen be circulated

by means of a motordriven gear pumpe.

The performance of these stacks was not entirely satis-
factory. By the method of calibration of these umits,

described later, it was found that the resistance ratios
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- .would change by as much as 8 parts in 104‘during the course

. of a week. It was also found that the stacks had a negative

1eadco§fficient;lé.e.-the resistance ratio decreased with an
increase in lo=d across the stack. This load cosfficient

is of opposite sign to that which would be expected from the
temperature coefficient of the resistance wires: since the
expenditure of power per resistance unit is greater in the

- 105£l'unit$ than in'the\5001\.units and sines the temperature
coefficient of the wire is positive one would expdet an in-
érease of the dividing ratio with incressed voltage across
the stacks. The opposite sign of the load coefficient,'
therefore, indicates that the load coefficient is caused by
some form of ﬁan-ohmic leckage, A careful refiltration 6f v
the transformer oil decreased the load coefficient comsiderably;

its present value is less than 104 per 10 kilovolts.

The voltmeter is connected into the circuit as shown in
Fige. VI. The voltages measured by the two stacks are very
unequal: One stack measures nearly the entire tube voltage
while the other measures only the drop across the regulatot
whieh is about 400 Volts on the average. It can be shown
by a simple eircuit analysis that under these conditions the
stacks will have to be of equal ratio in order Lo make the
drop across the potentiometer truly proportional to the X-iay
tubs voltage. The error introduced by an inequality of the

two ratios causes an error of magnitude:

Fractional error in voltage — fractional deviation from
equelityof the two stacksxfractional inequality of

voltages measured by the two stecks.

42,
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.V‘The fractional difference between the 1ef§ hand and right hand

'”stack ratios was never more then 8 x 19'4; hence the error
intrbduced’by this inéquality is less than 400/20,000 x 8 X 1074

= 1.6 x 1072, and is therefore megligable.

The voltmeter was standsrdized against a greup of 3
Weston Standard ocells in a therméstatically controlled box;
 these colls had been checked by the Netional Buresu of
istandards sbout 1 year ago and were also cheéked against

three new eellé loaned to us by the Department of Chemistry
which had been certified very recently. The potgntiometér
had been originsally oalibrateq by F. G. Dunnington and was
recalibrated at the Bureau of Standards for this work, The -

two calibrations agree to better than 1 part in 1074,

Ripple measurements were made by placing an oscilloscope
in series with av.Z,AF, 50,000 V condenser directly adroés
the X-ray tube. This necessitated feeding thg oseilloscopel
fhrough an insulation transformer, since neither end of. the
tube is of ground potential. The oscilloscope was calibrated
using en audio oscillator set at 150 cycles and_a Tleston
rectifier type a.c. Voltmeter. The audio oscillator was

placed directly across the X-ray tube.
6) The Monochromator

In most fqrmer investigations of the shortwavelength
limit of the continuous spectrum the resolving power of the
experimental arrangement had been limited by incomplete
monochromatization of‘the X-ray beam. This width of the

wavelength band passed by the monochromator wass in genaral



| " determined by the required intensity. In ‘this experiment
it was attempted to make use of the large available primary
intensity for purposes of permitting a narrower wavelength

band.

Monochromatization of the X-ray bean ﬁas affected in
twé stages: First, a narrow wavelength band is selected by
- means of a double érystal spectrometer; the shape of the
- resultant band is then fﬁrther modified by means of a set‘of

Balaneed filters.

The two crystal spectromsters used in this work is‘the
one des;gned and cqnstructed by DuMond and Marlcw.(97) The
two crystals are mounted on rotating tables driven by a éreF
cision wornm and‘gear drive. The whole spectrometer oaﬁ be
swung about the axis of the first crystal while the arm
designed £o carry the ionchamber can be swung about the axis
of the second crystal. The drives for fhefﬁux degrees of
ffeedom (rotation of the two crystals, mﬁtioﬁ of the ion
cﬁamber arm and motion of the entire spectrometer) can be
coupled with gears such that the condition of specular reflec-
tion is satisfied at both erystals for the same‘angle and such
that the X-ray beam passes through the center of the ioﬁ
chamber window for ail settings of the spectrometer; The
motion of the two orystals can be controlled to a fraction of
a second of arc. All isochromat settings were mnear the line
used for calibration; hence no corrsction for the gear-errer

had to be applied.

The reference line chosen for this work was the Ag Kdi‘

line. Its wavelength has been carefully investigated by many



"ohservers. The more reliable observations are

Observer XU year
(Sieghohn ) :
Kellstrom (98Y::558268 1927
Cooksey & Cooksey (99) 558,237 1930
Bearden (L00) 6558.255 ; 1933
V Zeipel (101) 558.225 1935
Berger (102) 558.223 1936
Ingelstam (103) 558,241 1936
Eig . (104) 558.231 7 1937

' These values do not differ by more than 6 x 1075 from ome
| another. In our calculation we have adepted the value of’

Elglo4.

The two crystals were gleaved out of a single blocke Their
suffaces remained untreated. They were mounted and adjusted
according to the method of DuMond and Hoytlos. In order %o
test the quality of the erystals, a rocking curve of intensity

 vs. angular position of one erystal was obtained in tae parallel
position of the spectromster. The resultant ecurve had fﬁll
width of 10,5" at half maximum. For our later settings of

about 5° this represents a fractional width of about 5 x 10~4,

For calibration purposes the Ag Ko line was mapped out
a considerable number of times; in particular the position of
this line was checked béfofe and afterievery rune A repre-
sentative cﬁrve is shown in Fig. XVI. For purposes of cali-
bration a spot 1/8" in diameter in the center of the target
was silverplated. All that is necessary for calibration,then,
is to center the (ordinarily eccentric) target amnd "explore"

the 1line at reduced power input.

One of the primary considerations in the ise of a two

erystal sPectrometef is the reduction of background from .
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scettered radistion. After various attempts of placing lead
sl1its and stops by ordinary geomeitrical considerations it was
decided to explore the scsttering photographically. It was
-found that a considerable amount of diffuse scattering takes
place on the front surfaces of the crystals themselves.

Fig. XVII shows an exposure of a film placed between tie final
crystal and the ion chamber; the film is placed sbout 1 com
from the edge of the crystal, the exposure is 10 min. at
25wV, 100 ma, The film shows a very pronounced black edge
which is a direct replica of the front surface of the crystal,
The exposure was unsufficient to show ths beam diffrsacted by
ordinary Bragg diffraction. A Two crystal spectrometer does
not only select = practically monochromatic beam from the
X-ray output of the tube but it also selects a beam practically
homogeneous as to direction. The angular sprsad of the mono-
chromatized beam can only be a few seconds of arc., Howewver,a
diffusely scattered radistion process can teake place buth
over a wide range of angles and over a wide range of wave~
are requirsd

langths. For this reason extreme precaubtionsnbo keep the
intensity of diffuse scattering below the intensity

of Bragg diffraction. Other pictures showed the
necessity of placing slits in front of several of tne lead
tunnels used for shielding in order to prevent small angle
seattering from the walls of the tumnels. 4s a result of
this photographic survey the slits and stops were arransed
as shown in Fig, XVIIL. Note in particular the thin stop
directly behind the lsst crystsl positioned such as to block
tangential radiation from the crystal surface. As a result
of these rearrangements, the intensity was considersbly im-

proved; practically all the scattering was effectively
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suppressed as is shown by Fig. XIX; this photograph was taken
; by placing a photographic film directly in front of the ion-
chamber window. Note the complete absence of scattered
radiation. The width of the line shown in this figure is the
width of the projetted focal spot. The exposure required

here was 1 hr at 100 ma tube current at 30 k V.

As is showh by the smell width of the parallel pésition
rocking curve and also by the small width of the Ag Z&h profile,
the‘resolving poﬁer has been very greatly improved as compared
with former work. Nevertheless it was fleared that the effect
of the combination of the slowly decaying "wings" of the
crystal diffraction pattern in combination with the remain-
ing incoherent scattering would give rise to a considerable
blurring of the short wavelength limit. For this reason the
sction of the two crystal spectrometer was supplemented by a
pair of balanced Ross(los) filters. The action of balanced
filters is as folloﬁs: Let in Fig. XX A rapresent the intensi£y
absorbed by o metal of a certain atomic number and B be tﬁe
intensity absorbed by a metallic foil of higher atomic num-
ber. Let the thickness of the two foils be so adjﬁsted that
the total absorption of the foils on the long wavelenzth side
shall be equal. If this condition is fulfilled, then the
only change in transmitted intensity when one of the foils is
substituted in the beam for the other will be dus to radiation
contained within the wavelength band embraced between the two
K absorption edges of the two metals; in addition to this
some change in intensity will take place due to the fact that
if the filters are perfectly "balanced" on the long wave- |

length side, the balance will necessarily be slightly 4 -
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imperfect on the short wavelength side of the K-sdges.,

liow consider the effect when the filters and the spectro-
meter settinss ars chosen such that the two crystal spectro-
mster pass band falls close to the longer one of the wwo
K edges,but is inside the wevelensth interval batween the two
edzes. If now difference readings obtained on substitution
of one filter in place of the other are taken, tien any effect
of the radiastion, whose wavelength is longer than the critical

re of the metzl of lower atomic number,

wavelenzth of theXadg
‘will be eliminated in the differenze. The imperfect balance
on the short wevelength sids is in this case immaterial since
there is no radiation present which is shorter than the limit.
If the "fillet" of the observed isochromat is dus %to the
czuses wmanbtionasd above, then th use of a set of balanced

filters in place of the customary lead shutter would be a

decided advantage.

Several sets of balanced filters were kindly loaned to us
by Prof,., Paul Kirkpatrick. The set used in the isochromats
in the neighbourhood of 20 KV contained Palladium and koly-
bdenun foils with the latter metal providing the "eritical"
ed-s. ‘The filters were balanced on the long wavelengtnh side
by setting the pass band of the two-crystal spectrometer by
a few minutes of arc on the long wavelenzth side of the o XK
edze wavelength; the filter: in the X-ray beam was then
adjusted until no appreciable difference in ion current was
observed when the filters were exchangsd. The filters are
sbout 1" x 2 1/2" and are mounted in small brass frames. The
frames are suspended from a crossbar witar a milled rectangular

croove; this crossbar rolls on two 1/?" steal balls which in
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turn mové in rectangular slots milled in stands waxed to the
ifspectrometer top. The third point of contact is provided by
another steel bali which is soldered into a oross arm connect-
ing the two standé. The two filters are pulled back and

forth by a string leading to the control desk and a spring,
respectively. This method of mounting produces a very repro-
ducable motiop of the filters, which is essential particularly
‘if the foi1s are ﬁot very uniform. Thé effectiveness of the
vfilters in reduction of background will be discussed later,

The loss in intensity due to the filters is slightly in ex-

cess of a factor of two.

The vertical divergence angle in these experiments is

about 1/20 rédian; this allows a wavelength deviation of

about .1% percent from the set wavelength(lo5). The effect of
the wide verfical divergence will be an asymmetrical "window |
curve™ of the spectrometer; the maximum of the curwve Will;v -
howevsr, remain unshifted. The conclusions drawn as to the
location of the short wavelength limit by meaﬁs of the point
of maximum curvature will therefore remain intact. The Ag
K& 1 line standardization curves are obtained at identical

vertical divergence as the isochromats; hencg any shift due

to asymmetry ought to cancel.
7) The Ion Chamber and Ionization Current Amplifiers

The ion chamber used in connection with this work is of

s (105)

the same design as the one used by DulMlond and Hoyt .
It is filled with Methyl bromide; its accelerating potential
is supplied by an-hexagonal wire grid removed about 3" from

the wall of the chamber. The collector is a wire loop

placed such as to be clear from direct X-ray impact. This



" construction shields the "active region" from the effect of
- - particles from thé walls. A4s a further precaution the
inside of the chamber was painted with a suspension of

lampblack in clear lacquer, ZThe collector lead leaves the

bottom of the chamber through a quartz bushing. The ion
chamber is screened on all sides with 2" of lead bricks
(weighing 1250 1b total) to reduce the background. The back-
ground and 1eakagé current is about 10-15 Anp and & - particle
ionization bursts take place about once every 3 minutes.

The ionization current is measured by means of the

(107) (108);

standard Barth circuit, as described by Penick

The cirocuit is shown in Fige XXI. The ecircuit was carefully
balanced for a filament current of 270 ma; owing to chanées

in tube characteristics this balance could not be exactly
maintained. The sensitivity of the amplifier, using a galvano-
meter of 6 x 10710 Amp/mm sensitivity was 50,000 W Aot

The ionization currents were observed by means of the "steady
deflection" method by using grid shunts. Thé resistance
sﬁunt most commonly used in these measurements has a value of
5 x lO11 Ohms, making the overall current sensitivity 4 x 10_17
Anp/mm and the time constant of the grid circuit about 10

sec. The sensitivity is easily sufficient to show indifidual
pulses due to & - particles released inside the iondhamber;

it is therefore unnecessary teo average ionization readings
\

due to &-particles into the results.

56,
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"IV Experimental Procedure, Results, and Calculations.

An observation of an isochromat consists of tube voltage
measurement, emission current measurement, and ioncurrent

observation as a function of balanced filter position. Due

to the unreliability of the voltage dividers, these were cali-

brated every 2 point on the isochromats. Each point on an

' isqchromat'is the mean of asbout 10 different readings.

1) Method of Voltage Calibration.

The problem in obtaihing an accurate calibration of the
voltage divider is to establish an accurate 200,000:1 ratio
which can be compared to the ratio of the divider. A con- .
siderable number pf methods for establishing such a ratio were
devised; we shall only describe the one used in the final

measurements.

Through the kindness of Dr. Frank Wenner of the National
Bureau of Standards we had available a 0-- 108\ standard
résistance box and a 0 - 10,000N. standard resistance Sox,‘
both made of well aged manganin coils by Otto Wblff, Berlin.
Each of the boxes has terminals, permitting subdivisioﬁ of
the resistances into lO‘parts. We comstructed an oil béthvfor
the 1060 box which permitted eil to be circulited at the
rate of about 10 gals/minute. Tﬁgﬁg{} was forced through
40 bakelite tubes reaching into ﬁhe inside of each of the
coils composing the megohm standard. Since the coils are
wound on brass forms very efficient cooling is thus effected.
Other resistances used in this measurement were a 50,0001&1

leeds and Northrup standard and a set of 0-5000.n. manganin

coils made by the Rubicen company.
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The primary step in establishing a well known ratio of
1:200,000 approximately was the establishment of an accurate
,12104 ratio. This was done according to the method described
by Wenner(lcg) as originally devised by Lord Rayleig‘}i.(llo)

A comparison was made of ‘the total resistance of the 1041

box with the 10 units of 10°41 of the 10°A box all comnected
in parallel. Then the 10 units of the 104N box were cénnécted
in pa:vrallel and ’che units of the 106_(\_ box were comnected in

series; thus the ratio of the two resistances becomes 1:1'04

th

Ist r, - resistance of theii unit of the 0-10,000.N. box

resistance of the ith unit of the 0-10_[\, box

fbe
1]

Jﬁ zdeviation of ry from their mean

o
=
[
]

- deviation of Ri from their mean

ki)
s

mean value of ry

R - mean value of Ri

Tgs EP’ Rgs RP resistences of’ series or parallel com=
: binations of r:.L and R

: i*
We have 10 10 :
rg = E: r .z S (adr) =107 (28)
i=1 1 i= 1 :
Rg = 10 R ' : o (29)

|-

10 1o '
Lo EREES S S EE
o i=1lr; i=1 1—\-cfri T e * p) '

- 10 1-\—5@._1_}

‘ (30)
r 1"—"1 2 10 \;”
16 2
: }_:;Qi 1+ L SR } (31)
Rp R 10 iz 1 2
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. None of the Jri and gRi ars greater than 2 x 10'4; hence
-~ we have

Rg _ 10% Ry (33)

rp ‘ rs

to a preeision of 1 part in ten million.

Relation (33) is of course true only if the series
parallel-connections are made so that the lead and contactr
reéistances are negligable. The error due to lead resistances
is negligeble inﬁall cases excepting in the case of the pérai-
lel connection of the 0-10,000N. box. For this box spegial-
connectors, kindly supplied by Dr. Wenner, were used, made -
of heévy gage coppér sheet,the resistance of which can be
neglected. 8iace RP and r, are nearly equal, the ratio
Rp/'rs in eq. 33 can be measured to high precision using an
equal arm Wheatstone bridge. Such a bridge was“constructed,
using two of the 5000 Rubicen resistors as two of the
brancheg and using RP and rg as the other two_branches.
Balance ﬁas‘obtaingd using a EKohlrauseh slide wire in one
branch (Fig. XXII)f Rp and r, were compased by interchangipg
them in the circuit and using the slidewire difference read-
ing. Results could be read to 1 in 107. This fundamental
ratio was found to be constant to 1 in 105 during its entire
time in our hands. Precautions were taken regarﬁihg’cross4
leskage by mounting the resistances on paraffin. ' The other
resistors used in the calibration of the voltmeter were then

ﬁfL standard

determined in terms of either the 10%.n. or the 10
by preparing suitable equal arm bridges. The 5000J\ resis-
tors were measured in terms of coils 1 to 5 of the 10,0000.box;

the 50,000 unit was measured in terms of coils 3-10 of the

T
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- lO?fL box connected in series parallel. All coils of the

" resistance boxes were interchecked. All box measurements

could be made to‘a precision 1 in. 106; the changes in resis-

tance of the coils,was, however, often more than this.

For purposes of calibration of the voltage stacks the
resistors were connected as shown in Fig. XXII The galvanometer
deflection was reduced to zero by adjusting the Resistance

E Ry to a suitable value. The balance equation is:

As B*:R,‘_lel fs+ 95 |  (34)
B $1 S s
where;

72:R5R4' ~ (35)
Ra+ By

§5.5 5% |  (38)
Rs + R6

$ 1. 2 (82+95) (37
R+ 5,4 8, - | |

The nominal wvalues of the resistances chosen for the méin

calibration were

R = 108 A (¥.B.S. box

10° 4 (V.B.S. box r)

s

R, = 50,000 J'LL/

1]

Rg = Rg = 5000\

6
4 = 107 4\

This makes

A+ B _ 200,000 {1 # 4.471 x 10'3}
B .

if all resistances had their nominal wvalues.,

Since the resistances deviate from their nominal values,
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corrections must be applied to this nominal ratio. This correction
is given by ‘

e |
__(__B__?: &45(5’3 +§ 2)  &ps (38)
A+ B % §3 462 fs

B

where /a - f{_]_._ , and where the f quantities are the deviation

R . , .
from the nor%inal,value's of the quantities in question, as obtained

' by bridge measarement.

‘This method of calibration permits a calibration of the
‘stacks to be executed with extreme rapidity, since all that is
necessary to set up for celibration is to connect the 10° QL
box to the high voltage line and to connect the galvanometer to.
the appropriate places. Due to the allowable powerdissipation:
of the 10°. unit the calibration voltage is limited to 10k V.
It wes ascertained beforehand that & rise from 25°C to 30°¢
in the temperature of the oii surrounding the 106,m unit ﬁould »

change ‘the resistance of the unit by 2 parts in 109 only; in the

calibration runs the temperature was always kept below 30%¢,

Since the oalibration could only be performed with 10 kx V.
across the whole stack, its behavior at 20 ¥ V was inferred by v
making a calibration of the two halves of the stacks at voltages
up to 10 KV; aé fer as loading is concerned a voltage of 10kV
across each of the 50 megbhm units is equivalent to a voltage of
20k V across the entire stack. The load coefficient thus deter-
mined introduces =z correction of I x 10"’4 due to the difference
_—

in ealibration at 10 XV and 20%V equivalent voltage across the

whole stacks.
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2) Wavelength Standardization

The peak of the AgKe; line was located as described; the
Bragganéle was then shiftéd by 301 58" bringing the spectrometer
>pass band to nearly 3' away from the Mo K edge. After the
measurements the Agin-l line was re-located. ‘In the ca&culations'

the mean value of the two peaks was used. The shift was .015%,
‘ 3) Internal Target Cléaning-

The target was cleaned about every 2 hours during a run. No
‘systematic dependance of the position of the points on the

cleaning was observed.
4) Results

The final curve obtained at a voltage in the neighﬁourhood of
20k V is shown in Fig. XXIV. The upper curve is obtained using
a lead shutter; the lower curve is obtained by the use of a g8t
of balanced filters. The points are reduced to constant tube
current. Using the auxiliary constants
C = 2.9977, x 1010 on/sec

d; = 3.02904 x 1070 Sieghahm om

ratio of absolute to Siegbahn scale: 1.00203

Pq = ratio of absolute to international volts = 1.00034
a mcale of h/é values is plotted below the voltage scale. The
c§rredtion for filament drop and tantalum workfunction has been
made. Also temperature corrections to the crystal spacing was
made. It appears that both the point of maximum curvature of the

lead shutter curve and the filter curve l;;\at a value of »

h/; = 1.3786 x 10-17 erg sec/esu.
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The difference in the sharpness of intercept between the two

»cufwes demonstrates the importance of the use of balanced filters

~ for this work. The virtual coincidence of the points of meximum
curvature as obtained by the two methods is, &f not an experi-
mental proof, at least experimental evidence for the analytic

analysis of the behavior of an imperfect isochromat,

Using these experimental results we can now estimate roughly

.the_value of the correction term

Z g (2 -X5) (ag,- ;)
i=1

of eq. (17) as compared to the principal term g(z) fi(o) of eq. (16).

let g(z) be given by an equation of the form

g(z). __ ¢

) (39)
1+ 25,

Let us assume that 2 be gxpressed on a scale using the intercept
value of the voltage as umity. In our case the halfwidth a
is"composed" (in the ﬁathematical sense) of three terms
1) the halfwidth due to the crystal "window"
a;= 5x 1074 {expressed as fractional width)

2) the ripple voltage spread
as = 1.5 x 104

I

3) the vertical divergence speead

) as - 5 x 10-4
4) the filament drop spread
g, = 1.5x 1074

Hence meking the conservative assumption the a; to be additive
(whieh is true if all the causes of spread obey equation 39)
we have N

7
av 183 x 10'4

The first appreciable change in slope takes place .15% above the
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limit; hence

g (= - %) _ c
1+(z- 1.5 1073 >
1.3% 10-3

while g(z) _ c

2

2

1 + 2 .
: 1.3 x 10™3

The change in slope at the first level is about ~1/2 of the value

of the slope at the intercept; the second derivative of the iso-

chromat is therefore proportional to a quantity K given by:

K_ 1 _1/2 1
. 1073 \2
1+( 2 2 1+(z-- 1.5 - 10 )
1,5 - 10"3 o 1.3 - 10-3

This curve is plobted in Fig. XXVI. It is seen that the maximum

near z =(Q is displaced by a relative amount of 10-4; the method

of maximum curvatures is therefore applicable to this precision.

The sassumptions as to width of the g(z) function and as to the
mode of composition were quite conservative; hence the error dus

.to this curve is probably less than 10_4.
5) Discussion of Errors

My estimate of error for an experiment of this kind must
necessarily be based in part on the judgement of the experimenter
as to the reliability of his apparatus and the magnitude of error
introduced by scattering of data. Another difficulty which
impeirs the reliability of an error estimate is the fact that in
some casee errors are estimated in terms of a "limit" of errors
while in some cases the "probsble" error is used. Of these terms

only the "probable" error has a mathematical meaning in terms of

(40)
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anybgiven distribution of data. The difficulty is that in many cases
s@chl’a _ distribution is not available. For instance if we are
_éeaiinglwith a standard cell "eertified" by the Bureau of Stand-
ards to .02% or a potentiometer "adjusted to .005%" we really

have no way of obtaining a probsble error in the mathematical
sense. On the other hand if werare analyzing a set of scattered
data, we canmot justify designating a certain value as a "limit"

of error, From an expeérimental point of view one can simply
'multiply the probable error by an appropriate number and obtain

an "preriméntal" limit., For instence, on the basis of a Gaussian
error curve the chance of an error 3.5 times the probable errop

is onlyll% which we may consider negligable. In listing thé errors
of this experiment both "limits"™ of error and éprobable“ errors

are given; if only one or the other is known, the missing value

is obtained by means of a conversion factor of 3.5.

1 ivmmdned oeil "Probable" error "Limits"ior error  in parts in
1) Standard cell 3 10 100,000
2) Potentiometer 6 20
3) Voltmeter calibration 4 15
4) Estimate of point of max. 10 . 35
curvature
5) Wavelength meas. 6 20
Totals 14 100

The totals are formed by direct addition in the case of thé iimits'
of error and by geometrical addition in the case of the "Probable"
errors. One result can therefore be quoted as

o-17 erg sec/esu

h/ = (1.3788 + .0002) x 1
on the basis of probable errors, and -

h/, = (1.3786 & .0014) x 10'17_erg sec/esu
on the basis of limits of error. Note that after combination of

errors by the method described above the probability of the error

being the "1imit" of error has become much less than 1%.
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This result is shown in relation to other determinations of
‘atomic constants in the DuMond isometric consistency chart Fig. XXVI.
It is seen that the resull is about six parts in 10,000 lower than

(66)

.the value computed indiregtly by Birge s but is 7 parts in
10,0C0 higher than the mean of Beardent!s and Schwarzt!s wvalue;
it is, howsver, considerably higher than the other older values.
This experiment therefore does not confirm the existence of a

serious discrepancy; the agreement is, however, not satisfactory

enough as to make further investigations on the subject unnecessary .

Further work contemplatedn on this subject, cut short by the
war, was the study of isochromats at higher voltages, the study
of liné exeitation voltages as compared to absorption edges and
to X-ray series limits. Such work, though not feasable aﬁ»present,
will undoubtedly be very desirasble before the question as to the

values of bthe natural constants cen be considered as settled.
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The complexity of the apperatus requires that at least two
operators teke part in every set of observations. For valuable
pssistance in this respect I express my sincere thanks to lr.

william Thompson Jr, Miss Evelyn Green, and Miss Addle DuMond.

T1l.
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