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ABSTRACT

A heterodyne beat apparatus for the dstermination
of the dielectric constant of water vapor at 42 wegscycles
was constructed. ¥ith it the Clauslius~Mosgoiltl equation
was proved to be velild for water vspor at constant temperature
at thls frsousncey, and the value of the dielectric constznt of
water vapor at 100 degress centigrade and 760 mm of mercury

was detarminsd., The value obtained wasg 1.00%2 .



PURPOSE OF THE INVESTIGATION

This investigation wes undertaken becsuse of csrtaln
irregularities in the transmiesion of redlo signals between
Pasadena and Palomer, The stations operate 2t & freguency of
41 megacycles, end over & distance of 100 miles, At this dlst-
ance only the ground wave need be coneldered, as the sky wave,
even when reflected from the Heaviside layer, comes back to
garth only at dlistsnces much greater than this. Thie ground
wave, being 2lectromagnstic in charascter, should follow the
ordinary optical laws, which would cause it to be diffracted
around cbstacles and bent in passing through medla in which a
gradient of the refractive index existe.

The opticel path betwe=n Pasadena and Palomar ls obstructed,
the line c¢f sight cutting through a mountain 2t & vertical
distenee of 1800 feet below the crest. Therefors in this
gcage both diffraction end refraction mey take place, and it
wae to give sn ides of the amount of bending dus to dlfferent
concentrations of water vepor in the atmosphsrs that the
dislectric constont of weter vapor in thile frequency region
was needed. This 1s to be used in & ressarch problen on Lhe
variagtion of field strength between these two gtatlons.

Mo previous investigation of tha dislectric constant
of water vanor hag bsen undertsken at =z f{recusncy grsster
than 1 megsacycle; although no anomsllesg in the dlelscirlic con-
stant at this hizher frequency were resally expectsd, yet it
wes thought well to actually measure the dlslectrlie constant

at 42 wegrcycles.



HISTORICAL REVIEW

The first measurerent of the dislectiric constant of a
ges was underteken in 1°74 by %oltzmannl who varlsd the dielesectric
betwesn two condenser plates and found the resulting changes
in potentlal with an electroweter. Seven gasss, namely
air, hydrogen, carbon dioxide and monoxide, nitrlc oxide,
methane, ant sthylene were measured; and the {lausius-iiposotti
relation, that (£-1) varies linesrly with the deneity, was
shown to bs valid. He found for these gases that the
dielectric constant wae arproximately equal to the square
of the optical refrazctive index. Maxwszll's relation »n%=use
whers N ie the refractive index of the medlur, &€ 1lts dielesctric
constant and s 1its magnetic permeablllity, at the frecuency of
the wave, 1ls practically impossible to check directly, but
this servad a8 an indiceatlion of ite vallidity.

Klemaneicz

checked Boltzmann's work on these gasng and
also investipgatsd ethyl e¢hloride and bromide, othyl sther and
sulphur dioxide., His method was not g static one, but involved
the charging of & condenssr at 60 g¢ycles and its discharge
through & gelvanorater at the gase fri:nuency. Although he
agreed with Zoltzmann in hie values on the seven gasss measured
by ths latter; for the vapore In guastion he found thet the
relation n, = & ,whars /7, is the optical rsfractivs index, was
not patisfled, the diffsrences lying well outslde his limits
" of error.

Leb@ﬂew3 next worked on this subjsect, measuring nine
gases, namely toluene, bsnzene, methyl snd ethyl slcohol,

and sevsral esters, at 100 to 126 dsgreses centiyprade., Cf



these only benzene had a dislectric constant which was the
sguare of 1ts optical refractive indéx. His method was to take
two condengers, ons of which contalned the gas to be measured,
and, charging them with the same anount of electricity,

measure the potential difference. |

Other early workers in this fleld were Lindaa, who studled
carbon and sulphur dioxides, nltrous oxide, and chlorine under
their own vapor pressures, Goodwin5, who invegtigsated ammonia,
and Hasanoehrié,_Who investigated nitric oxide and oxygen.

The next important resesrch in this field was dons by
Bﬁdeker7, who followed the method given by NernstB and improved
by Ph111p9, which consists of a simple bridge arrangement
compensated for conductivity of the dielectric. He found
that liguld films became adsorbed on hls condenser plates and
insulators, so that his values would be too high ilmmediatsly
after admitting new gas, but would decrease to a lower value
on standing, when sqguilibrium would be attain@d. The vapors
he studied were carbon disulphlde, ammonla, sulphur dioxlde,
ethyl and methyl alecohol, nitric oxide, hydrochloric acid;
and water vapor. The result he obtained for watzr vapor was
E = 1.00705(1 - .02(t -« 145)),where t 1s the tsmperature in
degrees centicrade, which has bzen reducaed to 76 cm pressure
by the Clausius-Mosotti squation. To attain this value, Bideker
took the mesn of ths determinations of the &1electric constant
of air by Klemencic and Boltzmann ( & = 1,000588 at NTP i.e.

0 degrees centlgrsde and 760 mm pressurs) for what he actually

measured was the difference in dislectric constants of water

vapor and air,



Tangllo, in 1907, uged the slwple bridge wethod to

investigate the variation of the dislectiric constant of air
with pressure. He used pressures up to 100 atrosphere: and
found that the ratio of ( £-1) to density remained constant,

The velue he found for this quentity was €- 1 . 540 x 1070

et 19 degresa centigrade, { The density

£ 5 x 10"
of air at NTP 1s taksn as 1 in this rasult.)

Pohrtll invastigatad the dlelscirlc constant of a great
numbar of subsisnces, using & simpls bridge method, with 120
volt 50 eyecle alternating current as his sourcs znd & special
Dolezalsk =2lectrometer as a bLalasnce ndlcator. e cleims an
average 9fror in € -1 of .27 and gives ths value € = 1.000586

Anothar method which mirht be mentlonsd st thle point
is that used by Ronmannlg. This method involves the use of a
gensitive dynamometler inventod by Handelstam and Papalex113

[~=4
in 1910, which meassures the time integral vé/glla 4at, where
1, and i, are the currents Iln the two [ixed coils of the
instrumsnt., These colls ars set wilth thaelr planes at right
angles, and s melsl ring is hung so as to rotate aboul thelr
cormon dlsvetsr., Two tuned clreults ( with inductances Iy, Lo
and carvzclitznces 31,82) are connactad to the two coils of ihe
instrurment, an? loosgsly coupled togathar. The circult sttached
to the coll perpendicular to which ths ring lise when no currents
flow is closely coupled to & nigh-freguency clrcult which
may be energised by momentarily closing e telsgreph key. If

the inductances and capaciisnces satisfy the equation /[ (=/,( then



there is ne deflsction of the ring on closing the key, but
ginee this zero is one of unstable equilibrium, the instrument
is very sensitivs.

Rotmann dried the alr he weorked with by passing it
through tubes contalining scodium hydroxide, sulphurlc acid,
and phosphorus pentoxide, and obtained the valus € = 1,000%80
for the dielesctric constant at ¢ degrees centigredes and 760
mm. of merocury. Hiaggerlg used this same method in 1919 to
compare hydrogen, methane, and carbon dloxlide and menoxide
with alir.
The next worksr in the field was i, Jon&lﬁ. He used
arn a.¢. bridge null method eimilar to that of Badeker.
Howsver, ng did neot inlsrchsnge geseg in the gss condenser
arms of the bridgs, ag 4id Stdeker, but used cvanly one gas
condenger. Jona assumed the valldity of t(he Clausliug ~
iosotti relation at any one tempsrature and reduced the result
to 76 cn. of wercury. Ths results of nis tepneraturs ruan on
2ir gave valuss rangling from 1.00052% to 1.00053% when reduced
to HTP, the evercgse value being € = 1.000556. For sciturated
water vapor in the rangs from 390 to 450 degreses he obtalned

& -
Gt e
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the followlng data, which have been reducsdt to 7

Temperature ®X 390.4  3LT7.5 402,00 415.1 423,80 A426.2 451.4

€-1 observed 612¢16° 584 575 530 511 489 462

€-1 Bédeker  754w0° 74C  TIZ 706 695 675 652
He 4id not c¢lalm any nartlculsr absoluts sccuracy, msrely

stating that if the valus of the dielectric constant were
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subsequently to be determired at any one temperaturs for any

of the gases he investigated, then hls results would give the
eorrect temperature dependence. In this same manner he studled
carbon dicxids, asmmonla, sulphur dioxids, end methyl alcohol.

In 1919 Pungs and Freunerlg mads & notsworthy contribution
to the study of substances at thisg high freguency by inventing
the heterodyne beat method which has been used by nsarly all
investigators sinee that time. Thelr circuit consisted of two
triode oscillators which were loosely link - couplz2d together.
In the link circuit 1s & rectifiser and a condenser, across
which 18 38 palir of esrphones in series with an Inductance.

This inductance is linked magnetlically with an audioc oscillator,
csusing & beat note between the audio signal and the heterodyne
whistle(of the two high frecquency oscillators. They used the
methsd1%f maasuring small capacities by comperison with a stan-
dard, working at a frecuency «f one megacycle.

This method was first used for the meagurement of dislec~-
tric constant by Hyslop and C&rmmnae, wiho measured the dielecg~
triec constant of kerossne, tolu2ne, ethyl ether, petrolesum
ether, and ollve oil, using & wavslength of 5C00 meters. Hans

1 next reported & messurement of carbon monoxide and

wolgt®
dioxidas by this same mathod.

Fritt522 determined the dielectric ceongtents of air,
carbon dioxide, nitrogsn, hydreogen, and oxygen by this memns,
using siwmple triode oscillator tubes. He compared the besat note

photographically with an 2lectrically driven tuning fork, uslng

two shuiters in seriss, which geve hin a slit of varlable length.



Frojections on one side correspondsd to the vibrations of the
fork and so gave him a time axls, while on the other side of
the line they gevs him the bests of the heterodyne signal with
the fork. He claimed that he could measure the dislectiric
constant abgolutely to within %%.* Since the whole record
was taken within % minute, he felt that drift need not be
considered. YVorking at 393 meters he checked Boltizmann
on hydrogen and carbon dioxide, but got & slightly lower
vaiue for alr than the latter, differing by 8% in his value
for € - 1.

zahn23 reportsd in 1924 a study of the halogen hydrides
znd air, using triode oscilletors and the usual heterodyne
circuit. The bzst note was smplified and fed into & telephone,
whare 1t was compared by ear wltn the output of & tuning fork.
He used a freagusncy of one megzcyclis in his main circults and
ad justed hie messuring condenser Lo raturn the bsast note to
1000 eycles after asdmnitting the ges. For alr ne took 39 read-

*
ings and found 2 maximur devistion from the mean of 3%, giving

[
@M

*
a probable srror of 1/10%. iis final value for air

€ = 1,000572 at NTP.

24

In 1928 Stuart®’ u¢ed this zame methed to study the

temvaerature dependence of the dislactric constant, working at

a frequency of 300 kilocycleg. He clalmed that the Arift was

6

linsar end leeg than 1 rart in 10 per minute, with no sudden

fluctuations., As a deteclor ne used a vibration galvanometer.

He smployed 2 mercury switch by mesans of which he could

*
error inég&-1



substitute & standard condenser for his ges condenssr and go
check the drlft from tlme to time, WReadings were taken by
glternating from vacuum to &ir repestadly. iHe studied air

and carbon dioxide, getting tihe velue for air € = 1.000582
¥ .000607 . atNTP.

5

s 2 . ;
Forro ™~ reported 2 dsiermination of the dielectiric

congtart of oir by the baal frsouspcy sethod in 1928, giving
the valus € = 1.00083%9. In a gaper published & ghert time
latergg the freguency depsndence of € is studisd znd the value
€= 1.000586 at .6 megscyciss nnd € = 1.000593 at 4,% mega-
eyclas given, with an accursey in € - 1 of 1.295% clsimed.
No resson was given for the diffsrence betwsen ithils value and
the aarliier one.

denger &n& Stslgera? report & datermination cof the
dlelectric consiant of watar venor by the hnaast frequeney method,
using si&ple triods oscillstors an? zero basts with a tuning
fork ze obiained by jJjudgines thoe point of zeroe best aurslly.

Hitrogen wss ihe comparison gns and 7shn’'s valugs wers taken

as correct. Thelr results IolloW: the density was .418lmgm/ce

throughout
Temperature, °K 3073 423 453 483
(€-1) x 16° 400.2  FT1.67 348,81 328,73

H. ¥. Watscn, Rae, and Tamasweny made & preclsion
determinstion of the dlslsotric constents of 17 gasas at
800 kileocyclaz by the heterodyns bset mazthod., In the course

of this investlgation thsy oalibratsed thelr Genersl Raliio
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condenser by a step-by-step method, and discovered that the
lead-1in hole of the condenser caused an error of 2% in the
readings at the fracuency in question.(This of courss would
cause an error in Zahn's work, for he also used & Gensral
Radlo condenser.)] To measure thair capaclty changes they
made & special condenser, as designed by Wolf?é This is &
cylindrical condenser with the centre wembsr made of two
cylinders of different diameters joined together. This
central barrel was then moved to and fro by means of a very
accurate screw, glving a precise knowledge of the capacity
change., The screw was callibrated optically. To reduce the
drift of thelr esclllators they used crystal control on one
of them. Thelr value for the disleetric constant of air
was 1.000528 at 76 em and 25 degrees centlgrade, the results
showing a 47 deviationi

Jordan, 3roxon,and Walzzg

studied the dependence of the

dielectric constant of air on frequency. Working at values up

to 70 kilocyeles, they found no dependence greater than their

arror of measuremsent. An improved doubie bridge method was

used in this work, Claiming only 1% accurecy, they glve the

value of the dielectric constant of alr at NIP as 1.000591.
Finally, there 1s the determination of Hector and Schultzas

who used the beat frequsency method, ébtaining their standard

frequency by removing the wmodulaticn from the carrisr wave

of Radio Station %35N, after which they generated harmonics of

this freouency. They wmade & photographic comparison of the

beat note with commercisl 60 cycle current, by means of an

% in €-1



cuelllograph, and obtslined the valus of the dislectric
gonstant of alir as 1.00058986 T 0000005

ummery of Preavious Nesults:

43

The rssults obtalnsd up to the presant for the di-
Ceonstant of alr-are tabulated Lelow:

Xnvnatiﬁator Refsrence {€-1}x1@6 Aocurscy Cleimed
Saltzmenn 1 580

Klamanolo 2 S BAS

Tangl 10 576 iz

Pohrt 11 585 o %
Risgpsy 14 550 24

Jona 15 556‘

Fritts 22 540 o 5%

Zahn 2% 572 17

Staart 24 582 1,.2%
Porrs 25 bSﬁg 1,257
Fatson 28 576 Gl

Jordan 29

WJ

bt
ool
pred
%

Heagtor 30 5855.86 -,
Ghosh 31 575.7

Carman 32 594 .oy
Bedesu 3% 623 17
Bryan %4 589.3 3%

¥ehlpine 35 581 47

The aritureticzl wsewn of tha abovs valuee is 581,

siectric
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The resgearcnas mentloned aéeve cn woter vapor give
inilcation that its dielsctric constant satisfies the Debye
aquation:

(€ -].): 4’(\'“.(0(9-\-»_2_ )
3kT

whers: '
N = number of wmoleculses per cublc centiwmeter

k = 8oltzmann’s constent

)1:<§i§01% roraent

‘3

€= dlzleatric conglant

For cur purposss we mey ~ul Lhis esusticr in the form:

(€~1)= (Atﬁ)x density
T
whera:

hz bww, Ko :%'5=1M'N.,‘ 2
b a e

oy 2>

Now the oririnel work of Bddeker gave a valus of p which
wag much toc bish, by 2,5% 16-1 - Jona had troudble with
adsorptien or the pletes of Lis zondenser and so whsn he plotted
(€-1)7/dancity e 414 nob get & sirelont line. e valus for
p howaver is f8iry eloss to ilhe zeocspted valus, belng 1.87 le'ls
which cives ths wslus of 2 = 35090, Sanger sctually found both
constants A snd B above, retilng the velues & =z JE00 snd B = 3507.
The arccepisd walue @f)g, Feor theeo snd otlherdififersnt kinds
of experiment is 1.85 x 107+*%, lesdirn~ to & vulus Tor B of 3520,

which ig very clese to Senger & ¥alue.
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THE FRESZNT RESTARCH

The Standard Oscillator:

In this research the heterodyne bezt method was slso
used. The standard oscillator is seen in figure 1. The
first stage is a standard erystéi,aacill&tor circult using
for a generator the type T7 tuba Ty. In the grid eircult of
this tube is located the crystal X and:paralleled-with the
radio frequency choke Lg and the 8,000 ohm grid leak resist-
ance Ryj. The crystal used is a Western flectric AT cut quartz
erystal rated at 10.58330 megacycles, whibﬁ%&s one of tﬁév
spares for the Pasadena-Palomar transmission system. This
erystal has a frequency which is praetieslly independent
of tempsrature variations. It was nscessary to maske a mount-
ing for 1it, so this was constructed out of Vietron insulating
material in order that losases should be zept as small as
possible. The screen of the tube is at the seme d.c. poten-
tial as the plate, but is brought to r.f. ground potential
by use of the .01 microfarad condenser Cyu. The tuned cir-
euit Llcl is connsated to the plate through the .CO5 micro-
farad condenser 03. Cy is a small variasble condenser of 30
mieromicrofarsd capacity. Ly is an opsen coll conslsting of
21 turns of number 12 bare copper wire, 1 1/8 inches in diam-
ster and 3 inches long. supperted on cellulcid spacers to
which 1t is cemented wlth Dueo cement. Thils was necessary
to prevent vibratlon and consaquent-modulatimn of the generat-

ed wave. The plate of thils tube was connected through the
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r.f. choke Ly and the jJack Jy to the 90 volt battery used.
The next stage is the doubler stage, which is c¢oupled
to the preceding one by means of the ,0001 microfarsd con-
denser Cge The tube Tp is & type 76 triode with its grid
bissed to -22 volts. The oscillating circuit of this tube
is very much like that of stage 1. Lo 18 a coll of 7 turns
of the same wire, wound on the same dlameter and 2% inches
long. This in conjunction with the 30 micromicrofarad
alr condenser Go resonates at the double frequency or 21.16
megacycles.
Originally a third stage was used to double this fre-
quency again to 42.38 megacycles, but this was later found
to be uhnaesasary, pufficient of the gecond harmonic of the
second stage being present to give the requirsd signsl strength.
lounted on this same chassis are the detector Tz and
agdio emplifier Tj. The signal fraé stage 2 and the one
from the taaﬁ oscillatorldescribed below are brought tegether
on the grid of Ty which is & type 76 tricde. Ry is a 150,000
ohm resistor and Cg énd $g are very small capacitles formed
by merely twisting en 1nch‘or tvo of insulated wires together.
The load registancs 33 is 40,000 ohms, Oy is & .1 microfarad
coupling condenser, and Cjyq & .00l microfarad by-pass conden-
ser. The coupling resistance Ry is 15,000 ohms. The type
76 tube T is ecathode-blased by the 350 ohm resistance Rg
end the .005 microfarad bypass condsnser 313. The p;ate

circuit of this tube 1is completed through the plate reslistance
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RS’ which has a value of 50,000 ohms. The .1 microfarad
condansger Gy2 snd Jack Jy serve as the output circuit. Jy
consists of two Jjacks 1In parallel, into which are plugged
an R,0.4 oscilloscops and a loud spesker.

As may be seen frow the diasgram, all these stages are
in separate shielding containers to prevent mutual intepr-
action. The shields and chassis are made from 1/16 inch
aluminium sheet, and the choke colls Ly, LE,.ana Lg ars
for the purpose of keeping the radic frequency within bounds.
The Jacks Jy p =z are present so that a d.c. milllammeter way
bs inserted in the respective plate circuits during ths tun-
ing of the clreult. ¥hile the oscillator was in uss the millii-
anmeter was ususlly left connected ito jeck 2 to serve azs a

visual indicator of the conditions in the circuit.

The Test Cscillator: .

The test oscillator is shown in figurs 2. It consists
of a symnmetricsl Hartley clircult, employing a type 30 tube
Ty. The tuned circuit conslsts of the inductance Lj and the
three condensers Gg, Cps 8nd C4. in parallel. Cg is the gas
condenger and G is the messuring condenser. These sare
deseribed more fully below. The tuning condenser Cy is 2 dual
air condenser with & grounded rotor, each side of which hes a
capacity of 50 micromicrofarads, and is driven with & vernier
drive. It 1s usgsd mersly to édjust zaro beat to the proper
position on Gy before a run is made. The coll Ly is wound

with 12 gauge bare copper wirs, with a diameter of 1 inch, and
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hag five turng In a length of 2 inches. This coll is sup-
ported on celluleld -spseers to reducs vibration.

A1l leads Trow the osclllating circuit to the tubs are
of number 14 wire, which is necessary to glve the reguirsd
rigidity, as also to reduce losses. These lezds are also spaced
very closely together, in order to reduce their inductance at
the expense of their capscltance. This was done so that the
change in Cp should equal that of Gg more accurately.

The tunsad clireultl is coupled to the plate of Tl through
the 002 microfarad condenser Cq- The oparating veltage from
the 90 volt dry battery Bs 1s controlled by the resistor Rp
and measured by the meter Mg, which has a resistance of 1,000
chums per volt. The radlo frecuency choke Lp &nd the ,002
microfarad bypass condenssr Cp 8s8rve Lo keep the radio fre-
quency out of the bettery.

The filament is llghtsd by the voltsge from the 3 volt
dry battery By, reduced through the resistor Rj. HNeter iy
is & direct current voltmetsr of 3 volts full-scale reading.
The oscillation frecuency varies rapidly with filament voltage,
go that this meter was needed to iIndicate any changss occur-
ring in thie voltage. It was necessary to use dry batteriss
in the oscillator because any ungrounded wires coming out of
the cablnat eaused largs body-capacity effascts.

The cabinet is made frow 1/16 inch aluminium and is held
together with screwa, 1t belng lmpracticel to soldsr it.
Copper was not uged becauss it tends to flow under stresces,

and iron does not give adequste shisldlng. Thers are no pipes,
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shafts, or wires coming out of the ecabinet which are not ground-
ed to it. Chafts made of insulating material ware never used,
because this leaves & virtual hole in the wall at this point.
Howsver, 1t is not well to ground the cgscillating cirecuit at
more than one point, so that shafts were especially construc-
ted with an insulsting section in them to avold this.

For adequate shlelding 1t was necsssary to screen the
raters, for when these were marely wounted on the panel in
the custowmary fashion, large quantitiss of radiztion came
through them. It was also negessary Lo be able to read the
meters, 80 pleces of bronze soersen were agnnesled and plsaced
over them, the edges of the screen being inside the cabinet
and grounded to it. This proved succeseful in removing the
difficulty. B8y means such ass this, virtually all body cap-
acity effects were eliminated, it being #ese!bia to even
touch the cabinst on the opsrating side without caueing a
chengs in the beat note. The only holes in the cabinet not
filled with metal ers the lead-in hole for the connsction
to the other oselllstor, whieh is on the fer slide of the
cabinet, and ths thermometsr hole, which is no larger than
absolutely nscessary. In order to resduce effects due to
external mechanical vibratlions, the whole cablinet was mount-

ed on rubber suprorts.

The Feasurling Condsnser:
The messuring condasnsgsr had to be especially constructed

aince the capacity change 1s extremsly minute, being of the
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order of{.Oi micromicrofarzd. To overcoms this difficulty
earlier investligators have used a multiplying circuit which
congists of a large condenser in series with the gas condensg-
er. A small chahge in the capaeclity of the gas condenser will
have to be compensated by & large change in the ¢apacity of the
measuring condenser, which is what is desired. A

The objection to this method is the dAifficulty of calib-
ration, for 1t is &) necessary that the capacity of boﬁh

condensers and thsir respective capscity to ground bs known

f—=) accurately. These sarlier workers were using a frequency
oy less than & megacycle, that 1s to say & wavelength greater
than 300 ﬁeters,.at which frequency.ihe'éroynding problem is
not so0 serious; it is possgible to gfound a'wiré‘at one point
and know that & point an ineh away on the game wire is also
at ground potential. This, unfortunately, is not the case at
42 megacycles, and hence distributed capacitance is well -
nigh impossible to measure. This fact 21co precluded the
making of an absoclutes determination to better than an order
of magnitude.

Since‘the measuring condenser had to be at one time
small and symmeirical, the split-stator type szemed to be
the logical one to construct. Accordingly a small Cardwell
alr condenser of this typ@ wes dismantled and parts of it
used to build the measuring condenser. The original shaft
and bushing, although new, had too much’'play to allow their
use in this epounecticn, so a new shafi and bushing were made

from brass, in which the minimum tolerance that would allow
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turning without Jerking was usad,

The two slstor plates wars ussd exactly as they wers,
but since these wera connected to opposite sides of the
eircuitAih was nscessary to insulato tha& from sach other.
Accordingly a glass slesve was drawn whieh would it snugly
over the nmounting studs, and sepsrators wers nmade from
hiclitz to keep the plates apart and hold ther in place.

‘The spacing 1is sbout % inch. Since ths original rotor

plate was much too large, it wascuti down to 1/3 inch in
radiug, and the edges polished before it was put in placs.
Although the rctor plats 1s theorstically a2t ground potential,
th2 rotor was insulatsd from ground to prevent snomalcous
atfects.

This condenser iz mounted in 2 box made from 1/16 inch
brasgss, which is eubicsl, 3 Inches on g side, in a rigid
faghlon, L 2 bex basing lergs enourh 2o that the condsnser
is falrly sy metricel wiil resvect Lo 1t. The hex is
soravad Lo ths Xstlongl vernier drive uged , and both to a
crass platag which agaln is fostened 1o 2 block of weod
which 1s =scuraly sncnored to ths chassis.

The condenser so constructs? has a capaslly of sbout
2 micromicrofarads, with & total variation from marxioum to
minimum of only .1 micromicrofarads. Since the dial is
r=adable to ons part in 500C this rives an adaguate
measuring device.,

The chassis 1s made frowm 1/8 inch copner, and becruse

of the {lowing property wantionsd avove, is bracad by bailng
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filled with a sladb of transite, { inch thiek. This allows

no warping to take place, & thing which would be very probable
in view of the great weight of the 90 volt batteries resting
on it. Thie chassis is sunrortad Firactly on the floor of

the cabinet. It was necessary 1o bloek up the various con-
densers and the tubs to get them on =z level with the top of
the gas condenser, for leads had to b2 28 short as possible.
These blocks, hbwever, were all of large sectlion and were

bolted in place, so thet no vibvretion could occur.

The Gas Ganﬁenéer: i

This in its figal forr weae the product of long exper-
imentation. In the earlier rmodals it was not thought nec~
ssgary to use symmeiry, and so a condenssr using the bottom
plate of the contalner as one electrede, with another plate
resting on three egquidistant cusrtz znscers as the other
electrode, was arpleynd. The troubles involved in thie
arrangement wers meinly due to disteortion on evacuation, for
the bottom plate, though heavy, would buckle up suflfliclently
to cause 8 revsrse offect Tully ten times that belng meas-
uf@d. This seems Iincredible, when it is known that the mpax-
imum motion which could occur is iess than 1/1000 ingh, and
that the top plate 1s supported direcily on the bottom cne
by spacers, therefore moving upward with it; but at any
rate this shows the typs of difficultias constantly encountered

in thes work.
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The next development was to free the bottom plate from
the conteiner by supporting it too én quartz insulators. A
flexible connection to the outside wiring waes taken from the
upper nlate, and the lower plaste was similsrly connsetzd to the
can. It would now seem virtually impessible to expsrience
any pressurs distortion effects, but, nons the less, suffic-
ient distortlion cccurred to give a reverse effect about twice
the value under consideration. In view of this, the final
form was designed to eliminate not only 211 possible pressure
effacts, but also several features which were less likely to
cause trouble.

The full ~ seale drawings figures 3 and 4 show mutually
parpendiculsr diametral ssetlions of the condenser and oil
bath. 7The parallel plate condenssr whlich forms the nuclaus
of the arrangement is composed of two brass discs &, 1%
inchesin dlsmeter, which are made conical in form to gilve
mechanical strength while keeplng the edge affects small.
These plat@é are separated by thres equldistant quartz pins
projecting from the quartz ring b. As may be seen, the pins
are 1/8 inch in diameter at the ring, but have hed & step
eround in them so that the portlion bstween the platess is only
+O4 inches in thicknepgs. This was done after the ring was
made, by means of a sﬁ&cial grinding jig of copper.

The ring was fastened to the lower part of the Jjig with
gealing wax so that the body of the ring wes psraliel to the
plane of the grinding surfece, and the grinding thoroughly

started. Then the ring was meltad off, and both 1t and the jig
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freed from wax. The ground portion was next hald In place

by hand on the lewer half of the jig, resting by its own welght
on the three ground surfases, snd the top hall ground down
naarly to size. Then the ring was turned over onece again

end the grinding operation gompleted. In this manner the plane
of the condanser plates was wmade pnarallel to that of the ring,
eand the spseling made uniform. Thls particulsr proesdure was
neeessitated by the faet that the sins, 23 welded on, 4id not
lie quite in the plane of the ring. In order to held the plates
on the ring, three lugs ¢ were put on each side of the latter,
s0 that breonze leaf svrings asttached to'tha vlates could be
hooked bshind thew,

The container in which this assambly is mounted is of
axtramely hesvy section. It is made from & sclid plecs of
brags and is ¢ylindrical in form, having sids wells § inch
thiek and & bottom 7/16 inch thick. The 1id & le made from
3/8 inch brass and is scldsred in place. The ring hangs from
this 1id by the single cemented Joirte, which 1s made with
litharge and glycerine cemsnt. The leads to the condenser
are in two parts, the lowsr psrts [ being of very flaexible
“nigtall” wirs which sre soldered st g to ths upper threaded
porticn. This upper portion 1s thresdsd so that nuts b
could be ussd to glve flrw wechanlical support. These nuts
wera screwed down hard sgainsi the unthre&ded.partlan so that
no solder wae needed to hold ther in nlace. The vacuum seal

2t tnis point is made by the glass bushings 1, which are ground
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plane on thelr lower surfzce and fit snugly in the holss mach-
ined to recsive them. They were coszted with glyptal on the
ground surface and then baksd in situ., The brass wss cut
away around the leads so that the working capacity should be
in the plates themselves as far g possible. The lsads werse
cemented in rlace in the bushings with lithsrge - pglycerine
cemant and the whole outer surface of the container and bush-
inga coasted gonsrously with glyvptsl and sllowed to becone
thoroughly dry. Thig contalner was supported from ths 1id
of the o0il bath j by the 5/1% inch brsss pipe k, which was
threaded and soldersd into both 1ids. Thus the condsnger

is doubly shislded elacirically in tha best manner by this
arrangement and also fread more completzly from sxtarnal
machanical disturbances. The brasg pipe ls ths connectlon

to the wster vapor system.

The 011 Bath:

Since soms form of silrring 1s nscessary to malintain a
unifors tempareture in a bath of fiuid, a2nd in view of the
restrictions regarding wiree coming out of tha cabinet, it
wes deemed advisable to mske the oll besth in two parte, with
the part contzining the controlling snd stirring mechanism
located entirely outside the cablinst. the connection bstween
the two bethe is by wesne of the two & inch ripes m. As may
be sesn frow figures 3 and 4, the lower of these pipss enters
redially, wherszas ths upper ons is offset. The o0ll entsrs

the Inner chambsr through this olpe and the tanpentisl
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sntry csusss & whirling motion of the oil and hencs very

rapid changing of the contents of this pert of the bath.
The outer portion of the bath contalns & mevcury

hermostat, two hesting slements and sn impeller. This
latter werks in & short wide verticsl tube in such & manner
that only fluld from the ilnner bath is drawn through 1t,
and is run at & speed adequate to malilntsin a differance in
level in the two baths of 2 inches. Two heaters were necersary,
one to keep the tewmpsrature &t roughly 100 degrzes centigrads,
gnd the other to set it accurately at thils polint; only the
second hester 1s controlled by the thermostat. This wee done

1

beesusa much sﬁoothar control is got under such condltions
than when the thermostat controls the full hsstar current.

Cripinally, trouble was sxperiencsd from vibration due
to the motor and to Jarring &s the knot in the cord passed
over the pulleys. 7This wes rectified by placing the motor
on the floor and splicing the twine usad as & driving belt,
instead of 4¥notting it.

The iunner bath is coversd with the cap n in whiech is
the mies window ¢, for ressons which will bs discusced later.
This bath 1g bolted to the chsssls (the bolic are not shown)
and coverad over with felt for {hermal insulation. 4n
ordinery C - 150 degrze thermometer is ussed to tz2ll the
temperature of the oll in the inner bath; this method is
aufficlontly precise, for the overall acecuracy obtainable

would not be sensibly sifected by esven a 1 dsgrae error in
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this measuremsnt. (This reprassnts an error of only .2%

in the absolute temperature.)

The “ater Vapor System:

It wag declded to datermine the nragsurs of the weter
vapor used in this axpesriment fron théiﬁzfgfégg”gnﬂ tamper-
ature of saturated water vapor. Accordingly a bulb was
constructed which could bes evacusted and (hen heve a little
liquid water put in it. the bulb then being plazced in a
thermostated water bath., The pressure in the system finally
reaches the squilibrium value corrssponding to thet of satur-
ated water vapor at_thé temperature of the bath,and this
renders the use of a pressurs gouge uNnBcegeary.

Flpure 5 showe & achesmatlic diagrarm of the connections to
the bulb. The pipe lines T and F are connected to the vacuum
punp and the geae condenger respectively. A1l ths stopeocks
hed to bs immersad in the bath so that condsnsatlon would not
peeur in them, and for the same rsason the pipeline F had to
be hested. This is & copper pnipe with & glyptsl Joint to the
pipe k of figure 4, and & rubber tubs - glyrtal joint to the
stopeock €, whlceh,llke the rest of the stopcocks and the bulb
itself, is mede of glass. This plpe was wrapped with asbestos,
and a chromsl hesting coll of about 100 watts' capaclty wound
around it. The rubber hess and aboul 2 inehes of the copper
pipe are undsar water, so that the bulb le gquite d=2finitely the

coolest part of the whola system.
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The two - way stopcocks B and ¢ are so arranca2d that the
putip may be connected sither to the bulb or through a bypass
line to this stopeock €, whiie stopoock © will connact the
condenser either to the bulb or to ths bypass lline. The
pipeline in ﬁhich stopecck U occurs is used for admitting
water to the bulb, and for evecurting lerys quaniliies of
water in case the buldb has to bs drised out. Thieg is done
through & sulphuric acid bubbler and sc prevents ths drying
tubes in the regular punping lins from bscoming saturstsd
with wolisture. £ closed tubs manomster is attached te the
Cenco fyvae puwmp,used for svacuatlion, to show that the system
ig vecuunr tight.

The water bsth used to heat ths buldb is of sbout 2%
gallons capacity and is supported on o separate stool so thst
vibrations of the stirrer motor may not ha transmitted to the
oscillator cabinet. Hers ageln two heaters and a mercury
thermostet sre used toc contrel toe tempsrature. o~ 1/10
degrae thervometer le used te read the lempersiurs ef the bath,
and & gecond thermometer ig used to glive the correctlion for

the expossd stex of the first.

Calibration of the Hessuring Condenser:

Since it was not fesaelible to make sn absolute determin-
ation of the dielsctrie ccnstant, for the rzesonsg mentloned
above regarding stray capscltances, 1t was plannad to use the
known value of the dlelsctric ceonstant of alr and find the

dlsleetric constent of water veapor in terms of thiés quantity.
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Hence an absolute callbration of the wvariable condenssr was not
necsssary. It was, however, found necessary to maks & relative
celibration of capaclty against dial setting, for the condens-
ar wag by no meang linesar, that is to say, egual Incremonts

of capacity 4did not corrzapond to enusl inerements of dial
reading. This callibration was sccomplished in the following
manner: The oscillators having run for a very long tlme so
that they were relatlvely stable, the condenssr Cp was turnsd
to ite middle resding - sbout 250 scale divisions - and ths
eondenser Gt turned untll zsre beat condlitions occurred.

‘This was made apparent by en ebgence of sound fros the loud
gpeaker and frowm the fact thet the cscilloscone patisrn was

2 motionless sirairsht line. The oscllloscops was equipped

with a linear awsep, whose fraquency could be varied over a
widas range. This was now set at 1500 cyeles, which was a
convenient value to use. As the dlal of C, was turnsed, the
frecuency of the bsat note would change, the wrve form vislble

on the gcreen undergoing corrssponding chsnges simultanaously.

2

However, every time the bent frecusncy was an lntspgrael multiple
of 1500 cyclae, this cicture would assume the shsne of a

gine curve, stationary on the screen, with 2 nurbsr of complete
waves aqual to the number of tismeg ithe best frecusncy was
divisible by 15Q0. The frecuency of & tuned circult follows
the saquation:

fr= 1/2 (LC)g at rseonance very c¢losely, and thersfores
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ag/f = = dc/2¢.

This differentisl form of the equation may be léglitimate-
1y used, for the total changs in fragusncy over the whole
half - throw of the dlal was only 22,500 cyeles, or .0005f.
Henne we may say that lnerewsnis of ths dial setting which
correspend Lo the above Increments of frequangy ars &lso thoss
gorreapondling to equel capacliy charnges. So that to eallbrate
tue dial in terss of capselty it is only necesssry to koow the
dlal reading for asch setting for whieh the beat freguency 1is
an integral sultiple of 1500 cyeles.

| it might be sgain emphasized here that the whele wethed
of taking rsadings was deslpned with the fact in nind that it
would be practicelly Imcessible to determine the capaelty
change with satisfactory accuracy, and so the necessity for
doing this was elirminatsd. The units in which the caraelty
of the condenger is known may be snd are entirsly arbitrary,
and zero units doss not corrsspond to zero eapacitanca.
This, however, is notl 2n obstacle wien compariscng of the
dielectric constanisg of water vicor and alr are &ll that are
deslired.

To eslibrate the disl, itherefore, having sst tihe osell-
lator to zero beat &t the middls of the dlal, the dlal wes
awiftly turned and resdings taken at evsry intsgral multiple
of 1500 cyeles, until.the top of the disl was resched, when
the dial wse turned in the other dirsctlion snd resdings taken

all the way to the other end. fThis procedure was repestad
4 &
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geveral times. The readinges do not esxsctly chisck one another
on repesting runs becauss of the ever - pregent drift,

This phenomenon 1g caused malnly by slow varlaticns of
battery veoltage, but is slso due in pert to small changes Iin
other circulit constante. These cause iLhe frequengy of the os~
cillating circult to change slowly and erratically. In order
te ninimize this fzetor, the ogcllilators wers novsr Lurnsd
off Tor long, balng connected to & powsr pack and wel balisry
whan 2 run was not in prograss.

The results of Tive such calibrstion runs wuere thersfore
plotted on the goms shest of coordinete pspsr in the following
mannsr: The dial resdinge of =ach up a2and down run were avsr-
agsd gt every fraquency sotting and the valuzg got for gzero
beat plotted so as to lile upon the curve first drasn, with
the othar velues spaced at the same vraguler intarvals apsart
in eech casa. Through the colleetion of 150 polints thus obtained
s mean line wes drawn snd this wee used as the cellbration
curve, The —oints ley very wall ur-on thils curve, none of thewm
belng more than 1 dieal division off it, end very {ow as far
away as this. In thls menner the curve wsg plottad and & range
of valueg snelseted over whieh the srbitrsry cizprcelty units
should vary. This wasg tuken as € teo 6CC In order to corrsspond

in scwe measure with the O to 500 range of the dlal divielons.

Fethod of Taking Readingw:
The methed of teking resdince was desligned to remove as

much a8 poesible the effects of drift. This msant alternating
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between vacuuwr and water vapor as rapldly as the physical
limitations would permit. To this end the stopcock bypass
system descrived above was designed, for with it a mere turn
of the stopecock C serves to connect the condenser to the pump
or to the water vapor source. Yhen & run wae to be made, the
water bath waz brought to the proper tempsrature and held ithere
for a vhile before the run wae started. Then the éetting of
€y wes maede such as to glve ths preper setting on Cy, so that
this should neithsr be off~scale under either condition of

Gg nor rapidly reach this state. Then after the cireuit had
nad time to settle down sgaln, itlie condenser Up was st to
zero beat, and tirme and temperature resd. Rsadlings of zero
setting, time, and temperature weare taken every minute or so
for a few minutss, then the stopcock £ was turnsd and rsadings
teken under this new condition in the saue manner for a whils,
after which the stopeock would be turnsd agein znd so forth.
It w2s found that satisfactory runs were of about an hour's
durstion. These were then plotted up and curvss drawn through
the pointe, Resdinge of the curves at esch flvs minute inter-
val wers then tnkzen from the curves asnd corrsectasd with the
calibration chart, the resulting differsnce beling plotted on
the same paper 2¢ the original data. The &eén value of this
last curve was taken as the corrsct valus undzr ithe conditions
of the run end plotted on ths master curve whiech le shewn . in

figure 7, znd which is a plot of the ratloc of &=/ =

of water vapor at 100 degrees centiprade and the
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indicated pressure to that of dry air st 100 degreescentigrade
and 76 cw. of mercury. The value of the difference used to
obtain this ratlc wss lLaiken frow the resuite of several
calibration runs with dry alr. These were taken in a manner
antirely znelogous to the above, the only differance baling that
stopeock D is opened, and to the pipsline leading from It is
fagtenad a drylng syetem in which atmospberic alr 1s first
pagsed througn 2 sulphurie scid bubbler, then cover socdlup
hydroxide, calelium chleoride, and finally phosphorus psntoxide.
During the initiel experlmentstion 1t wasg found that on
changing over from waisr vapor to vscuum the resading of the
condenger for zeoro besat would steadlly descresse. This phenon-
gnon was itreced Lo the cooling of the plates undsr svacuated
conditlone, for they were not heated by the oil bath and had
a2 good thsrmal connection to the other condensers, which form-
ad an execellent radiating system. Thieg wss proved to be the
eass by allowing the 01l bath to scol to room tempsraturs,
when & run was taiken snd the effect was sgen to havs dlsappearsd.
To »revent the cooling of ths plaiss it was necessary to neat
the bushinge and lsazd wires. This wag done by putting the
previously menti-ned car with miea wlndow over tihe oll bath
to keep the lerds and bushinegs warwm, and alse by theo use of the
following rather unlous seh@né@ a gectlon about 3 inches long
weg remov:d from the wires leading to the re2st of the ogelllat-
ing syster and pleces of ausber 18 gauge manganin wire substi-

tuted. This inerassed the direct current resistance énd the
*Suggasteﬁ by Dr. Dowel.
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thermal resistance of this section by & factor of 80, but due
to the action of skin effect, the high freguency resistance
over the same path wag only 6 timsg a2g great as befors. Thus
this method had the result of cutting down the thermel condue-
tivity with a2 much smeller decresse in the electrical conduc-
tivity. It waps experimentally verified that this did not cause
& serlous diminution of the energy of csclillation, although
the putting of reslstance in the ose¢illating circuit is not
altogether conventional.

An exsmination of the sazmple run shown in figure & shows
2 sgimilar sort of phenomenon which, howsver, time slone coculd
cura., This wasg dus to the foct that the walsr vapor when first

'3

admitted to the condensgsr 1s at a temperature very little

higher than that of the water bath, and several minutes ars
reguired befeore ecullibrium is reached at the highsr temperaturs.
That is the reason why the Tirst points after changing over to

water vapor are too low.

Resgults of the Yxperimsnt:
The results of the experiment fall into two groups, becauss

a certain amount of rewmodelling of the waler vapor system was
done during the proceedings. This caussd the sir callibrations
for the sete of readings taken bsfure and after the rewmodeling
to be differsnt. Only one calibration run for the flirst set

had been made with very dry air, though seversal had besn mads
with air a2t normal room conditicns. Thres runs were made with
dry alr for the second set, and thess lay very closs together,

as may be seen.
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“hen 1t wag attempisd Lo maks runs at higher water bath
tenparatures the sosorption efiscts mentionsd by earlilier in-
vesligators occurred and &lso the whols apparsiug acted in an
grretic and generally unsatiefestory fashion, so 1t wae dsclded
to limit the beth temparsturss to 75.5 degrses., A1l the runs
asen alb tempoersturss less than this are used in the slot
given in flgure 7, no arbitrary selectlion of dats having
ccourrad. 3elow is & list of rune wsde and values of the
diffsrence A obtalined after callbration; the tempsrature is

100 degrzes centligrade in sach case:

Run Substenos  Prassues Aﬂi REemsrws
Nie Hige
b Rung in which deafects
to wars being removed from
18 warious the soulpment.
13 sir T40 x% Nrifting too Tast to

he asoguraia:
20 WeVa 26 15

22 air T4O 40 Alr known to be actuslly wet.

2% - < G8.6 o

24 air TAC 36 Lir properly dried.

25 WeVe 148 {0, 3

26 WeV. QR {57) Yoo arvatlic tu be taksn
gariously.

27. ®v. 355 (164) '

28, WaVe short run.

29, WaVe 2028 135.5

B0e WaV. 535.5 (289) Trratisc.

5. Wel e Tast run,

32, WeVa 4545 - P00 arratic.
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Run Substance Pressure in A Renarks
mr Hg

-3 8 WoVa 495 (272) Trratic

4. WeVa 408 (205) Trratic.

The sbove corpletes the Tirst seriss.

35.  air T40 20-25 Drifting too fast.
36 gir 740 25

37 air T4C 25

38. air T40 24

39. W.v, - 43 17

40,  wav. 130 50

41. w.ve 655 (312) T=rratic
42, WeVe 558 (272) “rratic.
4%, w.v, 4586 (147) Srratic.
Ahe  Wav. :&56 {=~=) Test Run.
45,  w.v. 198 78

46,  w.v. 307 126.5

The A value for air was found for esch serles from
the aveve, a2nd reduced to 76 cm. This was done with the
aid of thas Zlausius-~Losottl relsticn,which is known to
hold for alr. Using these valuss it was now posclbls to
convert the A readings for the various runs into the

. £/
ratlos of (F—desiaic conose

o) of water vapor to that of
alr. This was done for all the low tsmpér&ture rung, end
tha reault drawn in figure 7. The lineearity of figure 7
12 thersafore 2 proof that ths Clausius-Uosgottl equation is

At Lonstant 7emperarure
vallid for watar vaporkat 42 mepacyclas. By extrapolating
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this curve we may Lizrefore rind the dislectiric consteant of water
vapor et 10C dsgrses centigrads snd 760 wm. pressure, using the
data on alr glivsen by pravious investlcators and summerized above.

Aly differs from watsr vapor in that ths former 1s & non-
polar pas, consisting of & mixture of nitroszn and oxygen; while
the lstter vossssses a dipole moment. The theory shows that
the rotational and vibrationsl bands do not apﬁaar in 2 non-
polar «#8, and hencs the slsotronlie bands are all thst nesd be
considered in the oasz of alir, Ths lowest of these are the

A'’F-XTvand a2t 7620 Angstréms and the a’4-X’S band at 12,700 Angstrims.

Band9r77 heg proved that these bands have 2 negllicsible effect
on the rafractive indaex of alr, 8o that it would be expected
that tho dlslectric constant of alr =zt low froguency would be
the sguare of the optlical rafractive index in the infra- red.
Bender's valus for this index is 1.0C0288 at TP, which would
glve the expacted valus of ths dielectric constant of alir at
the lower freguency as 1.000%75., This 12 cartalinly qulite
close to the aversge value of 1,000581 found directly at
the lower frenusnaeies, and 1t seeme falr to sssume, in the
1ight of both sxperiment #nd thsory, thet the valus st 42
magacyeles will 2lso be close to the velue 1.000581. In the
csge of walsr vapor, howsver, 1t would not be gefe Lo wake
the same asgumption, 28 hare the osclllatlon and rotation
bands ars excitsd,

If we take as correct thie valus 1,0005£1 and roduce
it by means of the Clauslus~ Mosottl aquation, we obtalin the

value of the dlelectric constent of sir at 100 deyress csntigrade
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to be 1,00042%, wxtrapolating the gurve of flg. 7 we {ind that

at 100 desresas centigrade snd 760 mm, of mercury the quantity

€ -1 hags o value 12,2 times & largs for aster vepor as for alr.

Thia glves the value 1.0052 for the diel=ciric constant of

wat@w‘vapaf at 100 dagrees centiprade and 760 mwm. pressurs,
ﬁangar‘s velus for this quantity is 1 3+ ( .60@.+§%%%}(.0060)

or 1.00%97 .
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