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ABSTRACT 

A heterodyne beat apparatus for the determination 

of the dielectric constant of water vapor at 42 megacyclea 

was constructed. With it the Claus1us-Mosott1 equation 

was proved to be valid for water vapor at constant temperature 

at this freouency, and the value of the dielectric constEmt of 

we:ter vapor at 100 degrees ce.ntigrada and 760 mm of mercury 

was determined. The value obtained was l.,0052. 



FU.Rl'OSli: OF TH£ INV~STIGATION 

This 1mrest1gation was undertak~n because of oe:rta1n 

1rregular1 ties 1n the tranemteeion of ra,d1o signals betwe(ln 

Pasadena and Palomar. Thei stations operv,te at a frequanoy of 

41 megacycles. ani3. over s, cllstanoe of 100 miles. .At this dist

ance only the ground wa,re need be cone i dered. as the sky wave, 

even when reflected from tha Heaviside layer, comes back to 

earth only at d1st~mces much groa.ter than this. Thie ground 

wave, being electromagnetic in character, should follow the 

ordinary optical laws. which would cause it to be d1ffraoted 

around obstacles and bent 1n paseing through med ia ln which a 

gradient of the refrirnt1ve,. lnd~x exl s1te. 

The optical path betwe·1n Pasadena rmd Pi~lomar is obstructed, 

the line c f EHght cutting through a mo u.nta.1n at a vertical 

cl1ste.noe of 1800 f'eet below the crest. Therefore 1n thia 

ease both diffraction a.n,'1 ref:rs ction mey tal{e !)lace, and 1t 

was to give am idea of the amount o f bemUng due to different 

ooncentrattons of wat~r ve.po.r 1n t he atmo8ph~re tha t the 

dielectric aonstJnt of water vapo r in th1e fre quency region 

was needed. Th1a 1s to be used in a resear ch problem on tba 

variation of field strength between these two stations. 

No previous tnveet1gation of the d1electr1o constant 

of water vaoor he o been undertaken at a frequency grea ter 

then 1 megecyale; although no anomalies in the dielectric con

stant at this higher frequency were reelly 9xpected, yat it 

was thought •~11 to actually measure t he dielectric constant 

at 42 megacycles. 
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HISTCRICAL R:svn:w 

The first measure •x ent of the d1 ,91ectrlo constant of a 

ga.s was undertaken in 1 '.·74 by Holtzma.nn1 who varied the clielectr1c 

between two condenser plates and found th&. resulting changes 

in potential with a.n elactrometer. Seven gases, namely 

air, hydrogen, carbon dioxide and monoxide, nitric o:xlde, 

methane, and ethylene were measured; and the Claueiu.s-r,;!osott.1 

relat1on, that (E-l) varies linearly •,vith the density, was 

shown to be vii li>"l . He found for these gases that the 

dielectric constant was approximately aqual to the square 

of the optical refractive index. ~ta:xwell •s relation n"Z..;;.µ£ 

where n is the refractive index of the medium, c its d1elect.r1c 

constant and p.lts magnetic permeability, at the frequency of 

the wave, is practically 1rcpose1bla to ch&ck directly, but 

thls serv,1-d es a.n 1nd.icat1on of lte vgl1d1ty .. 

Klemencia2 checked .Boltzmann's work on these 1:-:a.s0e and 

also 1nvest1ga.ted ethyl chloride and bromide, ethyl othe r and 

sulphur dtoxld.e. His method we.e not s. st:1tic one 11 but lmvolved 

the charging of a c or1-1.enser at 60 cycles anct 1 ts d.ischarge 

through e galvano::: -~ter at the sarr e fr ,q L: ency. Although he 

agreed w1. th Bol·tzmann 1n his values on the sevnn f:B.Ses measured 

by the latter; for the vapors in question he round that the 

relation no'==- t. , wh9ra n0 is tha opt lea l refraeti va index, was 

not satisfied, the diffarences lyl.ng well outside his limits 

of error. 

Lebedew3 next work~d on this subject, n;easuring nlne 

gases. na.mely toluene, bti!nZEma, methyl nnd ethyl al cohol, 

and several eaters, at lCO to 126 degrees centlrra,·~e . Of 
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these only benzene _had a dielectric constant which was the 

square of its optioal refractive index. His method was to take 

two condensers, one of whic h ~_)onta.lned the ga.s to be measured, 

and, chs.rging them with the same amount of electricity, 

measure the potential difference. 

Other early workers in this field ware L1nde4, who studied 

carbon and sulphur dioxides, nitrous oxide, and chlorine under 

their own vapor pressures, Goodw1n5 , who 1m:,.,stlgs.ted ammonia, 

a.nd Haeenoehhr~ .• ·ttho investigated ni trio oxide and oxygen. 

Th 1<:1 next important research ln this field wf.ls done by 

7 8 Bideker , who follow.ad tha method given by Nernat and improved 

by Ph111p9, which consists of a simple bridge arrangement 

'compensated for conduet1·,, 1 ty of the dielectric. He found 

that liquid ri1me beeame adsorbed on hlo condenser plates and 

insulators, so tha.t his values would be too high l n•media.tely 

after admitting new gas, but would decrease to a lower value 

on standing, when equilibrium would be attainr3d,. The vapors 

he studied wore ca.rbon disulphide, ammonia, sulphur dio:xid~, 

ethyl and methyl alcohol, nitric oxide, hydrochloric acid, 

and water vapor. The rE?sul t he obte ined for wa,t er vapor was 

c:: 1.00705(1 - .02(t ... ll~5)),where t is the tnrnperature in 

degrees centigrade, which has beon reduced to 76 cm pressure 

by the Clausius-Mosotti equation. To c:1.ttain this value, Iatf.deker 

took the mea.n of the determinations of the dielectric constant 

of air by Klemencic and Bol tzma,nn ( E = 1.0005B8 at NTP Le. 

0 degr-eee centlgro.de and 760 mm pressure) for what ht~ actually 

measured wae the difference 1n dielectric constants of water 

vapor and air. 
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Tang1
10

, in 1907, used the simple bridge method to 

1nveatigSJ te the variati on of the cUelectr ic consta,nt of a.1r 

w1 th pressure. He uBed pre ss urea u p to 100 at 1t' o ephen··EH:1 and 

found that the ratio of ( E -1) to density remained cons tant. 

Tho v B.1 ue he found for this quant1 ty wa.a E- . l_ • 540 :x 10-6 
density 

± 5 :x 10-6 at 19 degre.9a centif rade . ( The density 

of air at NTP is takan eel in t his result.) 

Pohrt11 inveHtigated the dielectrlo cons t ant of a great 

numbe r of substances. uolng a simple br idge method, with 120 

volt 50 cycle s.l tarnr'::ltine: current a.s hls sourc~ and a. special 

Dolezal·ek eleotr-ometer as a. ba.lanc i~ lnd icator. H<3 claims sm 

average t.)rr·o:r in e - l of • 2;::; and g ives t he value e • 1. 000586 

Another method which m1cht be muntioncd at thia point 

is that us ed by Rohm8nnl2 . This method lnvolves the use of a 

sens! t1ve dynarnometer invented by 7Jandalstam and Papalex113 

ln 1910, which mes.sures the time integral J½. \~ dt, where 
0 

11 and 12 a.re the ou.rrents in tho two r txed coils of the 

instrument. These co1le ara set •1th their planee a t right 

angles, ~nd a meta l ring i s hunr: so as to r c tt.ite about their 

and ca r.ac l. tences c1 ,c2 ) B.ra connected to the two coils of the 

instrument, and loos1Sly coupled to g_athe:r. The circuit attached 

to the coil perpend icular to whi ch the rlng 11es when no currents 

flow ls close·lY, aoupled to a tilgh -f.requency c1rcu1 t wh ich 

may be energised by momentarily closing e telegre:ph key. If 

the incluctancas and capaci tancea sa t isfy the equation L,C=L2 {;_ then 
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there is no deflection of" the ring on closing the key, but 

since this zero is one ot unstable equillbrium, the instrument 

is very sensitive. 

Rohinann dried the air he worked with by passing it 

through tubes containing sodium hydroxide. sulphuric aoid, 

and phosphorus pentoxide, and obtained the value€= 1.000580 

for the dialect,rie constant mt O degrees centigrade and 760 

mm. of rueroury. Riegger14 used this same method ln 1919 to 

compare hydrogen, methane, and cal"'bon dioxide and monoxide 

with air. 

15 t.: . .Jona • 

a.n a. c. bridge null mot:1od similar to th.at of Badeker. 

However, bs did net 1nterciumge gases in the gas condenser 

condenser. Jona as sum~~ tho vf:lid its i.•f trJe Clads 1us ... 

hiosotti. relation at any one temperature and rechte&d th.e result 

to 76 cm. of mercury.. •!'h(:J results of his tem pera.ture r;,m on 

the i'olloV41ng d& ta, whlch haval taen raducoc.1 to 76 cm: 

Tempern tur9 OK 390.,4. 397, ':) i~,02 .. 0 •-ns .1 423 .. e 1+36. 2 451.LJ. 
..$ 

E'-1 obaerved 612 11 10 584 575 530 511 li89 462 

£-1 Bitde1{0r '{:;Li•IO~ 7·4-r ,., 732 709 695 675 652 

He did not claim any particular' abso1ut,3 e.ccu:racy, merely 

stating thrJt lf the val,;e of t.ho dh,leotric constant were 
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subsequently to be determined at any one temperature for any 

of the gases he investignted, then hls results would ~ive the 

correct t.empere.ture <'lapondence. In this satne manner he .=:lt.!il~ied 

carbon dioxide, ammonia, sulphur dioxide, and methyl aloohol. 

In 1919 ?ungs and Preuner19 made a noteworthy contribution 

tco th~ study of substances at this high frequency by inventing 

the heterodyne beat method. which has b-een used by nec1.rly all 

investigators a1nea th!1t time. 'Their circuit consisted o.f two 

triode osctlJ.ator•s which were loosely, link -· coupled together. 

In the link circuit is a rectifier and a condenser, across 

which ts &. pair of" eArphones in series with a.n inductance. 

This ind.uetance is linked magnetically with an audio oscillator, 

ca.using a beat note between the audio signal and the heterodyne 

whistle or the two high frequency oscillators. Thay used the 

methcd for 111e.qs 1~r:lng small capncl ties by comparison with a stan

dard, working at a frequency .:. f one megacycle. 

Thia method waa first used for the measu.rement 0f dielec-
'JQ 

tr1c constant b~r Hyslop a.nd Carm,-ln~ ,, who measured the dielso-

tr1c constant of kerosene, toluene, ethyl ether, petroleum 

ether, and olive oil, using a wt~.v0l,1ngth of 500,0 meters. Hans 

We1gt21 next reported a measurement of carbon monoxide a.nd 

dioxid!E! by this s.1ame m::thod. 

2r:> 
Fritts~ determined the dielectric ccnstents of air, 

carbon dioxld.e, ni trogan, hydrogen, and oxtgen by this means, 

using simple triode oscillator tubes. He compared the beat note 

photcgra pilic~.l ly with an crleotrically drlven tuning fork, using 

two shutters in series, which gave him a slit of variable length. 
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Projections on one slde corresponded to the vibrations of the 

fork and so gave hlm a time ails, while on the other side of 

the line tney gevs him the beats of the heterodyne signal with 

the fork. He claimed that he could measure t he dielectric 

constrmt absolutely to wlth1n ½ft . Since the whole record 

was taken within i minute, he felt that drift need not be 

consldered. fi o:r.king at 393 roeters he checked Boltz:mann 

on hydrogen and carbon dloxlde) but got 8. slightly lower 

value for air than the latter, cliffe:rlng by 8% ln his value 

f.or € - 1 .. 

1-'.abn23 reported in !1924 u study of the halogen hydrides 

1:md air, ustng tl"iode O$c:'tll1:ttors end the usual heterodyne 

c1rcui t. The beet not rJ ,:as ~mpllfiad and fed into a telephone, 

..,,h&re 1 t mrn compared by ea:r· w .i th the outp'..1t of a tuning fork. 

He used a frequenGy of one megtH!ycle in his ma. in c lrcui ts and 

adjusted hie measuring conde~~ er to raturn t he beat note to 

1000 cycles aft0r ndmitting t he gs.s. For a1r he took 39 read
~ 

ings and found. r.. ma.ximu,R d()Vi&:tion from the mean of it. giving 

* a probable error of 1/101;. I-.iis final value for alr is 

f • 1.000572 at NTP. 

In 1928 stuRrt24 used thls same met.heel to study the 

tem-00rature dependence cf t he dlelectri.c constant, working at 

a frequency of 300 kilocycles. He claimed th2 t the drift was 

linea r and le:=rn than 1 p~.rt in 106 per minute, with no sudden 

fluctuations. As a detector t1e i..tsecl a v1brat1 on galvanometer. 

,:i:e eP..rploJed a. mercury swi tc t~ by means of w\:lc:l he could 

* error in c-1 
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substitute a standard condenser for his gos condenser t:md so 

check the drift from time to tlme, Headings were taken by 

altemat1ng f:rom vacuum to air repeatedly. He studied air 

and eHrbon dioxide , getting tI·1cs value for air E = 1.000582 

!.000007.atNTP. 
-~s 

lforror· l"eported & deterr.1lntll.tion of the dlele·ctrlc 

constant of u~r by the boat frequency mothot in 1928. glving 

tho ~,alu9 ( .: 1 .. 000509. In n ;J&pel' published. a E:hort ·t1me 

is etuc.li:;cd en:l t ha value 

£:: l .. 0005,86 at .6 megt1cyclee nnc. e = 1..000593 at 4-. 3 mega-

the ~arller one. 

se.nger and St-e1ger27 report a d.etern.:in!!ttion of the 

dielectric constant of wet.~r vnnor by t ho lnat fr•Ett:'.4LH3ncy method, 

as cor·raot. Their r9m..,itf3 follow: the density was .41 8 lmgrn/cc 
throughout 

Temperature, 0 K 39:3 423 453 483 

( €- 1.) 
6 

400.2 371.67 3LJ.8. 81 328.73 X 10 ' 

determlne.tlon of the dlel~otrlo ,,onat1::1nts of 1·7 ga.£.es at 
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condenser by a step--by-step method. and discovered that t.he 

1ea.d-1n hole of the condenser caused an error of 2% in the 

readings at the frequency in question.(This of course would 

cause an err or in ZaJm 'e work, for he a.lEo used a General 

Radio condenser.) To measure their capaci t y changes t hey 

made a. special condenser, as deeie:ned by Wolr~6 Th i s ls a 

cylindrical condenser with the cen t re member made of two 

cylinders of different diameters Joined together. Thie 

central barrel was then 01oved to a,nd fro by means of a very 

accurate screw. giving a precise knowledge of the capacity 

change. The screw was calibrated optically. ·ro reduce the 

drift of their oscillators they used crystal control on one 

of them. Their value for the dieleetric constant of air 

was 1.000528 at 76 cm and 25 degrees centigrade, the results 
1 ., -',f 

sho•ing a '.2fo deviation .. 
29 Jordan, Broxon,and Walz studied the dependence of the 

dielectric constant of air on frequency. Working at values up 

to 70 kilocycles, they found no dependence greater than their 

error of measurement. An improved doub 'i e bridge method. was 

used in thts work. Claiming only 1% accura cy t they g ive the 

value of the d1electr1c constant of alr at NTP as 1.000591. 
. . 25 Finally, there is the dete:rrn1nat1on of Hector and Schultz 

who used the beat frequen cy method, obta1n1nf their standard 

fre-quency by removing the modulation from the carrier wave 

of Rad1o Station 7i Bfi'.'.N, after wh1ch they generated ha :rnl on1cs of 

this frequency. They made a. photor raphlc comparison of the 

beat n-0te with commercial 60 cycle current, by means of an 

➔:- in E-1 



oseil1ogr~ph, and obts'!ned the ve.11..rn of thE, dielectric 

Summnry of Previous Results: 

Boltzmann 

Tangl 

Poh:rt 

.Jona 

Fritts 

Forro 

Watson 

Jordan 

Hect,or 

Ghosh 

Bryan 

~.:;oAlpine 

1 

2 

10 

ll 

14 

15 

28 

29 

31 

35 

(€-l)x106 

590 

586 

576 

550 

556 

51+() 

572 

582 

f586J 
l593l 

576 

591 

579.7 

594 

623 

581 

Accm.ra.cy Claimed 



The rasearchas mentioned above cm wnt3:r vr,por give 

indication t!:i.at its iielectrtc constant satlsfien the Debye 

equation: 

tl = number of molecules per· cubic centimeter 

k:: Bol tzmnnn ts constant 

(E -1) :: (A+ ¥.-)x den~ i ty 
'l 

f.,_ : 41tNA ~ 
m 

/0 

!ifow tbo oririn;<?l worli. c;f niidait:,?:!" gfJ.ve a valu? of p which 

was much too hl,?h, beinf :? .. ~i:'.t 10-18. ,Jona had t.ro•.J.bls with 

(E-l)T/clend.ty >,·'.7 dtd ncit e:".ct. f'< utrt,l1cnt line. i:ie value for 

p. bow<1V'9 r is fn iT"\Y cl oB::-2 to the-J ec..::.ept~d vaJ ue, being l. 87 xio-18 

-0 .... 
j .,; - P,a.nger t\::tually found both 
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The Standard oscillator: 

In 'this research the heterodyne beat method was ala<> 

used. The standard osc1llat.or is seen in f' l gure 1. The 

f"irs.t stn.ge 1e a standard crystal oeo1llator cirou1t using 

for a generator the type .77 tube T1 • In the gr1d .e1reult of 

this tube is located the orystal ?t and paralleled with the 

radio frequency choke t, and th6 8,,000 ohm grid leak ree1st

ance n1 • The crystal used is a Western 141.ectric AT cut quartz 
l: .. , 

crystal rated at 10.58330 megacycles, which ls one of the 

spares for the Pasadena-Palomar transmission system. This 

crystal has a frequency which is pra.ctiea.lly independent 

of temperature variations .. It was necessary to mske a. mount

ing for it, eo this was constructed out of Vietron insulating 

material in order that losaea should be kept as small ae 

possible. The screen of the tube is at the as.me d .. c. poten

tial as the plate, but is brought 'to r.f. ground potential 

by use oft.he .Ol microfarad condense.r c4 . 'fhe tuned o1r

cu1t t 1o1 1e conneot,ed tot.he- p]ate through the .005 rnicro

f~rad condenser e-3• C1 is a small varie.ble condenser of 30 

m1crom1crorarad capa.a1 ty. L1 1s an open coll consisting or 

21 turns of number 12 bare copper wire, l 1/8 inches 1n dlam

e:t.er s.nd 3 inches long, sup,?orted on celluloid spacers to 

which it ls cemented with Duoo cement. This was necessary 

to prevent v1bra.t1on and consequent modulation of the generat

ed wave. The plate of th1s tube was connected through the 
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r.f. ahoke t.4 and the Jack J1 to the 90 volt battery used. 

The next sta,ge is the doubler stage, whioh is coupled 

t,o the preceding one by means of the .0001 microfarad con

denser c5 . The t.ube T2 is a type 76 triode with its grid 

biased to -22 volts. The osc1llat1ng circuit of this tube 

is very mueh like that of stage l. ~ is a coil of 7 turns 

of the eame wire, wound on the same diameter and 2½ inches 

long .. This in conjunction with the 30 m1orom1crofara.d 

a.1r condenser 02 resonates at the double frequency or 21.16 

megacycles. 

Originally a third stage was used to dou.ble t.his fre

quency again to 42.38 mega.cycles, but this was later found 

to be unnecessary, euffie'lent of the second harmonio of the 

second stage being present to give the required signal strength. 

Mounted o-n this same ohass1a are the detector T:; and 

audio amp11t1e-r T4. The signal from stage 2 e.nd the one 

from the test oeeilla:tor described 'below a,re brought tQgetber 

on the gr1d of '!':-, which 1s a type 76 triode. R2 is a 150.,000 

ohm resist.or and 08 and C9 are very emall capac1t1es formed 

by merely twisting an inoh or two of insulated wires together. 

The load resistance R:, 1s 40.000 ohms, c:io is a .1 m1erotarPA 

coupling condenser, ii nd c11 a .001 microfarad by-pass conden

ser. The coupling resistance R4 is 15t000 ohms. The type 

76 tube 1:3 ts eathoo.e-b1a,eed by the 350 ohm resistance R6 
and the .005 microfarad bypass condenser c13. The pl~te 

o1rcu1t of this tube is completed. through the p h tte resistance 
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a5• which has a value ot 50.000 ohms .. The .1 microfarad 

condenser C12 and Jack J4 serve a.a the output c1rou1t. J4 

consists of' two Jacks 1n parallel, into which are plugged 

an R.C.A oseilloacope and a loud speaker. 

l\s may be seen from th,$ diagram, all these stages are 

in separate shielding containers to prevent mutual inter

action. The shields and chassis are made from 1/16 inch 

al uminium sheet, and the choke coils L4, t 5, and L6 are-

for the purpose of keeping the radio rrequency wl t hln bounds. 

The Jacks J1,2,3 are present so that a d.e. mill1ammeter may 

be inserted in the respective plate circuits dur1ng the tun-

ing of the o1rcu1 t. While the oscillator 'I.res in use the milll 

ammeter vrns usually left, connected to Jack 2 to serve as a 

visual 1nd1cat.or o.f the oondltions in the circuit. 

The Test Oscillator: 

The test oscillator is shown 1n figure 2~ . r,t consists 

of a symmetrica.1 Hartley o1rcu1t, employing n type 30 tube 

T1. The tuned circuit conaieta of the inductance L1 and the 

three condensers Cg , Om, and Ct,¼ in parallel. Cg ls the gas 

condenser and Cm is the nieasuring condenser .. These are 

described more f'ully below. The tuning condenser Ct is a dual 

air condenser with e, grounded rotor , each side of which hes a 

eapac1ty of 50 microm1erofarad,s, and is driven with a vernier 

drive. It 1s used merely to adjust zero beat to the proper 

position on Cm before a run ia made. The coil L1 1s wound 

with 12 gauge bare copper wire, with a diameter of l 1nob.,. and 



has five t.u..rns ln a length of 2 inches.. This coil is sup

ported on celluloid spacers to reduce vibration. 

All leac:J.s from the ose1llat1ng circuit to the tube are 

of number 14 w1re,_ which is necessary to g1ve the required. 

r1g1d1 ty, a.e also to reduoe losses. These le&ds are also spaced 

very closely together, 1n order to reduee t heir inductance at 

the expense of their eapaclta.nee. Th1s was done so that the 

change in Cm should equal that of Cg more accrurataly. 

The tuned c1reu1 t 1s coupled to the ple.te of Tl. through 

the .002 microfa.ra.d condenser c1 4 The operating voltage from 

the 90 volt dry battery B2 1s controlled by the resistor R2 

and measured by the meter M2, which has a resistance of 1,000 

ohms par volt. The radio frequemcy choke r..2 and the .002 

microfarad bypass condenser C2 serve to keep the :re.d1o fre

qu~mey out · of the bettery .. 

The filament is lighted by the voltage from the 3 volt 

dry b~ttery B1 , reduced through the resistor R1• Meter M1 

is a direct. current voltmet'!lr of 3 volts full-scale reading. 

The oscillation frequency varies rapidly with fila,ment voltage, 

so that this meter was needed to indicate a.ny changes occur

ring 1n this vol t a.go. It was necessary to uae d:ry ba:tter1e-s 

in the oscillator because a.ny ungrounded wires coming out of 

the aab1net oaus,~d le.r ge body-capaoi ty effac.ts. 

The cab1net ls made from 1/16 :inch aluminium and 1s held 

together with sc.re~vs, 1t being 1mpract1eal to sold~r it. 

Copper was not uaed because it tends to flow unde r stresfH9 S, 

and iron does not give adequate shie lding. There a.re no pipes, 
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shafts, or wlres corning out of the cabinet which nr:e not ground

ed to it. Shafts made of insulating material were never used, 

because this leaves a. virtual hole in the wall at this point. 

However, 1 t is not ,vell to ground the oscillating circuit at 

more than one point, so that shafts were especially con,struo-

ted with an insulating section in them to avoid this. 

For adequate shielding 1 t wa;a necessary to screen the 

meters, for wh~n these were merely mounted on the panel 1n 

t.he customary fashion, large quantities of radiation came 

through them. It was also necessnry to be able to read the 

meters, so pieces o,f · bronz.e screen were annealed and placed 

over them., the edges of' the screen being inside the oapinat 

and grounded to 1 t. This proved auoceseful 1n re:~mov1ng the 

cUfficulty. By means such a.a this, v1rtua.11y all body cap

acity ef'f~ets were eliminated, it being poss!bla t.o even 

touch the .onb.1net on -the operating side vtl thout causi.ng a 

che,nge in the bent no~e. The only holes 1n the cabinet not 

filled ,,1th met.al are the lee:d-in ht'\le for the conn&ot1on 

to the other osailla..tor, which is on the fa.r side of the 

cabinet, and the thermometer hole, whlch is no larger than 

absolutely neoeseary.. In order to reduce .effects due to 

extermtl meahanlc~1l v1brat1ons, the whole cabinet w8.s .mount-

ed on rubber supports. 

The Measuring Condenser: 

The rr.ensu1"1ng oondenser had to be especially constructed 

s1nce the capa.clty change 1e extremely minut~, being of the 
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order of .Ol micromierofarad. To overcome this difficulty 

earlier investigators have used a multiplying circuit which 

consists of a . large condenser in series with the gas condens-

er .. A small change in the capacity of the gas condenser will 

have to be compensated by a large change in the capacity of the 

measuring condenser, which is wha.t is desired. 

The objection to this method is the difficulty of cal.ib

ratlon. for it is~ necessary that the capacity of both 

condensers and their respective capacity to ground be known 

~) accurately. 'l'lu~eie-. earlier workers wsre using a frequency 

of less than a megacycle, the.tis to say a wavelength greater 
. ..... 

than 300 meters, . a.t which frequency the grounding problem is 
' 

not so serious; it la possible to ground a wire at one point 

and know that a point an 1nel1 away on these.me 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. ?his fact r.11.r; o precluded the 

making of an absolut.e determination to better than an order 

or magn 1 tude .. 

Since the measuring condenser had to be at one time 

small and symmetrical, the split-stator type seemed to be 

the l ogical one to construct. Accordingly a s rrall Cardwell 

air condenser of this type wes dismantled end parts of it 

used to bu.ilr! the measuring condenser. The original shaft 

and bushing, al though new, had too .. much · play to allow their 

use in this ~~'lnect1cn, so a new sha ft and bushing were made 

from bras:s.; iri which the minimum tolerance that would allow 
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turning without jeridng w e.£; used. 

'rhe two s t c:, tor plates ware ust1d exa,ctly as they we r ,'!! , 

but since these were connected t o opposite al.des of the 

eiroui t 1 t was neoess iu·y to insulato t hem from each other. 

Accordingly a glasn sleeve was dra.vm whi ch would f j_t snur ly 

over the mounting studs, and seps.r a tors v1er3 made from 

Juel t e to keep t he plat.es apart and hold t hem in plaee., 

• The epac1ng is abou t ¼ inch. Since t he o:rtg ina.l r ot or 

plate was much too l a.rge, 1 t wa.ecut d own to 1/3 inch 1n 

ra•:1 :iu~, and the edges pol 1 shed before. it was put in place. 

Although t he rotor plate lo theoretically at ground potential. 

t h:J rotor was 1nsula t~d from ground to prevent imomalous 

e f fects. 

This cond-enser ls mounted 1n a box made from 1/16 inch 

bras r:, , wh ich l s cubical, 3 inches on a side, .in a rig i d 

f es h i cn. t e bc-x b L., 1rw l arf.'9 en o•.i ;;.:-h 2,0 that t h e condenner 

is fa irl:,, ny·~-rn'0 t:r1c n l w 1 u:, r ~s nec t t o it. The bc x is 

s cr e•r1 ed to t h ,1 Nat.lonal vern i er drive us c.?d , and both to a 

b:rasn pla t'9 .; which agaln i B f nste.ned to a block o f wood 

wh ich 1.s s e c.::ur •~1. y anchor ::>d t o t h e chassis. 

The condense:r so con1.:.d. r uctr;J ha s a cispael '. .y o f about 

2 microm1crofareds, w:t th a total va riation from ma x l r1:um t o 

mini.mum of only .l rn 1crom1crofarRds. f~ 1nce t he d i id is 

r 00 adable to one part in 5000 this r ives an adequa t e 

m~aeuring device. 

'fhe chass is is made from 1/B inch copper, s.nd because 

of the f' lowinE property m~ntloned above, ls braced by be1nE 
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filled 1n1th a alab of tra,nsite, ½ inch thick. This allows 

no warping to ta.ke plaee, a thing which would be very probable 

1n view of the great weight of the 90 volt batteries rest1ng 

o-n it.9 Th1s chassis ls sunport~a. cHr- -=; ctly on the floor of 

the cabinet. It was neoeasary to block up the various oon

densers and the tube to get th&m on·a · level with the top of 

the gas condenser. for leads had to he ~e short ae possible. 

These blocks, however; were nll or large section and were 

bolted in place. so that no v1bratlcm oou1d occur. 

1'he Gas Condenser: ::~ -

Th1e in its final forrr wP-s the product of long exper-

1manta.tion. In tha earlier rr od,9ls it. was not thought nee~ 

essa.ry to uee symmetry. and so a condenser using the bo-ttom 

plate of the oontalner as oneelebtrodeJ with another plate 

resting on three equidistant quartz :::1-ps.cers as the other 

electrode, was $I!'.ploysd... 'l'he troubles involved in this 

arrangement ware mf.l.inly du.a to distortion on evacuation, for 

t.he bottom plate. though h~avy, would buckle up sufficiently 

to cause a reverse 9ffact fully ten times that. being meas

ured. This seems 1ncredlble, when 1t is known t,hct t tha max

imum motion wh1oh could oeour is less than l/1000 1neh. and 

th.at the top plate is supported directly on the bottom one 

bY spacers, therefore mov1ng upward with 1t; but at any 

rate this shows the type or difficul t1es consta.ntly encountered 

1n the work. 
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The next development was to free the bottom plate from 

the container by supporting it too en quartz insulators. A 

flexible connection to the outside wiring was taken from the 

upper plate. and the lower plate was similarly eonneeted to the 

een .. It would now seem virtually impc-9sible to experianee 

any pressure distortion effects, but. none the less, suff1o-

1ent distortion occurred to give a raverse effect about twice 

the value under eonstclerat1on. In view of this, the final 

ro.:rrn wa.a designed to eliminate not only all possible pressure 

effects, but also several features which \ttere lees 111rnly to 

cause trouble. 

The full ... scale dra.wings figures 3 and 4 'show mutually 

porpendicula,r d1a.metral seotione of the condenser and oil 

bath. The parnllel plate condenser which forms the nucl,~us 

of the arrangement is composed o-f two brass discs a, l ½ 

1nc~1n d1a.mete:t",, whl.oh are mad~ conical 1n form to give 

machanioe.l strength while lceaping the edge effects small. 

These plates nre separat,ed by three equidistant quartz, pins 

projecting from the quartz ring b.. As ma.y be seen. the p ine 

are 1/8 1nch in dio.meter at the ri.ng , but have had a step 

g:round in thecm ao thti t the portion between the plntea is only 

.04 1nches in thickness. '1'hia was done arter· the ring was 

mruie, by means of a special grinding jig of copper. 

Th& rtng was fastened to the lower part of the Jig with 

sealing wax so that the body of the ring was pe.rallel to the 

plane of the grindlng s urfa.ca, and the grinding thoroughly 

started. Then the ring wa.s melted off~ and both 1t a.nd the jig 
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freed from wax. 'l'he ground portion wns next held 1.n place 

by hs.nd on the lower half of the. jlgt resting by 1 ts own weight 

on the three ground s.urfaeea, and the top ha.1 f ground down 

nearly to size. Then the ring vu1.s turned over once again 

and the gr1nd1ng operation oompleted. In tb.1s manner the plane 

of the condenser plates was m&;d.e v~r a llel to that ,of the ring, 

end the spacing 1N~de uni.form. This particular procedure was 

necessitated by the fiict that the pins, ,'i3.s '<f:Glded on, did not 

lie qu ite in the pl ane nf ths rlng. In o:r1.er to hold the plates 

on the ring:$ three lugs e were put on ea.oh side of the l(:;l.tter, 

so that bronze leaf springs atteohed to the plates could ba 

hooked behind them., 

The contaJ.ner in which this assembly 1s mounted 1s of 

extremely beavy section. It is made from a solid pieca of 

brass and ls cyl1ndr1oal 1n form, having sicle walle ¼ inch 

thick and a bottom 7/16 inch thick. 'l'he 11d d 1s mttde from 

3/8 1noh brass and is aolder•ed 1n place. The r1ng hangs from 

thle lid by the alngle cemented Joini e, which 1s mad.e with 

11tharge and glycerine cement. The J.eads to tha condenser 

are in two parts, the lower parts f boing of V•:)ry f1 ,3 x.1.ble 

up1gta11 '' vr1re trihieh sre soldered at g to the upPzr threaded 

portion. This upper portion is thrett',d0d so that nuts h 

could be used to give f lrm ·mechanioa.,1 support. 'I'hese nuts 

were screwed down har-d e,ga1nst the Un.threaded portion so that 

no eolde:t• w~is nead.ed. to hold. them in r,lace . The vacuum seal 

e,t this point 1s made by the glass buahings 1, which are ground 
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plane on their lower surface and fit snugly .1.n the holes mach

ined to receive them. They were aoated. with gl ypt.al on the 

ground surfB.oe and then baked 1n s1 tu. 'I'be brase was eut 

away arou.m.'l tho leads so that the worlc1ng ca.pac1 ty should be 

1n the pla tes themselves as far es possible. The l eade were 

cemented in place in the bushinc s 1Ni th 11 thar r o - glyeer1na 

cement and the wholo out3r surface of the container and bush

inga coflted g9nerouely with gl ypta l tmd ellow1-.:,d to become 

thoroughly dry. Thie conta iner was s i.q:rported from ths. ltd 

of the oil bath J by the 5/16 inch bra.as p l pe k, wh iah was 

thr9aded e,nd noldered into both Jid.s. Thus the condenoer 

1s doubly shielded alectr1oally 1n tha best manner by t his 

~trra.ngement and also freed more completely from external 

meohanice,1 dlsturba,ncos., The br,un:1, pipe is the eonneation 

t.o the wr-; ter vap{)?" system .. 

The ~)11 Bath: 

~Hnce some form of stirring is nr:;ceesa.ry to maintatn a 

uniform temper a ture in a bath of fluid. and 1n v1sw of the 

reetl"ictions regarding viiree coming out of the cabinet, 1t 

was deemed advieable to mal:re the oil ba. t h in t wo parto , with 

the pa.rt cont~ining the control l ing and stirring mechanism 

loca ted entirely outelde the cabinet .. The connection between 

the t wo baths is by rr· 4?an.e of t he t wo i 1nch pipes re.. As may 

be seen from figures 3 and 4, the lower or these r::1lp,~s enters 

r ad.la.lly, wherea s the u pper one is offset. The oil ent,ars 

t.he 1nuer cl'w,rnber through this pipe o.nd the t anp;entia.l 
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rapid changing of the contents of' th ls part of the bath. 
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The outer portic,n of the be.th contains e, mercury 

t hermostat, two henting -alementf9 a.nd an i mpeller. This 

latter works in a short wide vertical tuba 1n such a manner 

that only fluid from the inner bath is drawn t hrough it, 

and is run a. t a speed a.daquate to maintain a diffa:rencs i.n 

level in t he two baths of 2 inches. 'l'wo heaters ware neceos.a.ry • 

one to keep the temperli, ture ro.t roughly 100 degrees centigre.de~ 

and the other to set 1-t accurately at this point; only the 

secon<l beat.er ts controlled by the thermos tat. 'fhis w~is done 

becaus~ much smootlrn r control is got under such cond.1 tlons 

than '.'rh&tl the thermostat cont.role the full hEHe: ter current. 

Orlstnally, trouble was ,9xpel"l9nced from vibra tion due 

to the motor e.nd to jarring as the knot in the cord passed 

over the pulleys. 'l'his was rectified by pl.acing the motor 

on the floor rmd splicing the twine used a.a a driving hel t, 

lnsten.d. of ,knot ting it. 

The inner bnth is coverod with the cop n in which ls 

tho mica window o, for reasons which will b~ discusi:ed later. 

Thls bath ls bolted to the chaas1a (the boltt nre not shown) 

and covered. over with f (il t for therm,al 1nsulation. An 

ordinn.ry O - 150 degree th,~rmometer is used to t ell tha 

temp1n••e;tu1"e of the 011 in the 1rm"3'r bath; this method is 

3uffiolontly praolse, for the overall aocuracy obtainable 

wou1d not be senstbly r~ffected by ev,~n a 1 d 1:.~gN .H~? error in 
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in the absolute tempera.ture.) 

The water Vapor System: 
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It was dec1d<3d to dl3termine th~ pressur~ ('f the we.t,er 
r~/41-,'t),,, ht:fwe~n 

vapor used in this experiment from tbe.Apressure and t emper-

ature of saturated water vapor. Accord:tng-ly a bulb we.a 

constructed. which could be evacuated and t,.hen ha.ve a 11 t.tle 

11qu1d water put in 1 t, the bulb -then being plticed 1n a 

thel"mostated water bath. The prassure in the aystgm fina.lly 

reaches tha aquillbr1um value correapom:Ung to that of satur

ated water vapor at the t.emperatu:re of the bath,and t his 

renders the use or a. pressure gauge unnecessary. 

Figure 5 shows a schema.tic diagram of the conneotlons to 

the bulb. The pipe lines£ and Fare connected to the vacuum 

pump and t he ge.s condenser respectively. All the stopcocks 

h nd to bs immers,ed in the bath so that condensation would not 

occur in them, tmd for the same rem.non the p1pe11ne F h~,d to 

be heated . Thia is s. copper pipe with a glyptBl joint to the 

pipe k of fi gure 4, and a :rubber tube - glypta 1. joint to the 

stopcock c, whlch,11ko the r sat of t he stopcocks and the bulb 

itself, is made of glass .. This -;:, ipe was wrapped with asbestos, 

and a chromel hea,t1ng coil of about 100 watts 1 capacity wound 

around 1 t. The rubber hoe-?. and about 2 inches of the cop~Jer 

pipe are ut1d,1r we,te r • so that the bulb ls quite d,~fini tely the 

oooleot part of the whole system. 
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1'ha tvvo ... way stopcocks :n s.na. C are ao arran5od that the 

pa~p may be connected e-1 ther to t.he bulb or throtigh a bypass 

line to ·t;·; e stopcock C, while etop,cock :J ,.-vill connect the 

condenser e i. ther to the buH1 or to the bypasn line. The 

91.peline in whi.ch stopcock D occurs is used for admitting 

1Ja.ter in ca<, a the bul b r~.,<:s to ba dried out. This .is done 

t hrough a sulphuric acid bubbler, and so pt"0vcnte the drying 

t uben in tha r egular pu.mp:1.ng line frcim bsc.oming ss.t.ura tsd 

with moisture. A closed tube manom,~ ter ls attached to the 

Genco H yV!H~ pump, used for evacue.tion, to show that th-e system 

is veouum tip:ht. 

The w.ater be.th used to heat the bul b 1s of tibout 2 lt 

gallons ea.pacity s.nd is supported on a nepa.rate stool so thDt 

vibrat i ons of t he stirrer mo tor may not ba tranemitted to the 

oscilJ..~Jtor c Ebinet. Her 11;1 t\l? 1n .. t wo he~tara and a moroury 

thermostat e,r e used to contr•ol tne tem;;.,erature. /. 1/10 

degree t bermomet~r le, uee-d to read. th~ tempera.tu.re of the ba.th, 

and a second thermcmetsr 1. e uead to 5lva t h-e correction for 

Gal1bra.tion of the Met1aur1ng Condenser.: 

Since it was not feaelble to make an absolute determin

ation of the die1 aetr1c ccnstsnt, for the r ,3asons mentioned 

above :regard1.ng stray onpeeltaneaa, it vms pl.Bnnad to use the 

known value of the d1e1-sotr1c constant of' air and find the 

dielectric constant. of water vr."por in terms ot th~s quantity. 
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Hence an absolute calibrati on of the v a r.ia.ble condenser was ?lOt 

necessary. It was, however, found necessary to mat.rn a :relative 

ea.11brnt1on of eapac.1 ty against clia.l S\'3 tt .tng, for t he condens 

er was by no means lineart tlwt 1s to say, equa.l incrern -'.:!nts 

of capaclty did not correspond to eoual increments of dial 

reading. This osllbration was accomplished in the following 

mrmner-: The oeelllators havlng run for a very long time so 

that they were r•elativc1y stable, the condenesr Cm vrn.s turned 

to lts m.1dc'1l r1 rer~dlng - a,bout ~?50 SCf:. le d1v1mions - and ths 

condenser Ct turned unt.11 zero beat eonditicns oceurred. 

Thia wt1e m~i-d~ apparent by an ~.boence of sound fro::t the loud 

speaker and from the fact that the oscilloscope pattern was 

a nioti.(mless stra,1ght 11ne. T.ha oscilloscope was equipped 

wlth a linear sw-a.sp, whose fraquoncy could be varied over a 

wide :range.. This was now sat at 1500 cycles, which was a: 

convenient value to une. Ast.he d:tal of Cir. was turned, the 

:frequency of the beat note would ohange. the wnve form visible 

on the screen umiergo1ng corrE.rnponding •~ba.nges almul t~meous ly. 

However,. every time the b-en t frsoueney wa.s an integral multiple 

of 1500 cycles , this picture wo,.11.d assume t he sha r e of a 

sine curve, stationa ry on the scr,~en , w 1th a nui:eber of oon:iplete 

vmves equal to the number of timea the bEHi t frequency was 

d1vislbl-e by 1500. The frequency of a tuned circuit foll ows 

the equation: 

f = 1/2 {LC)½ at resonance very closely, a..nd there fora: 
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df/f = - dC/200 

This differential form of the equ::ition may be legitlmate

ly used, for tha total oh::tnga in frequency over the whole 

hal f - throw of the dial wtH! o!'lly 22,500 cycles, or .0005f. 

Hence we may say that inc!"'ements of tb~ dial setting whioh 

eorr.espond to t h.e above incremen t s of f :requency are also those 

correspondlr,g t,o eq l,al CCipacltJ eha:r~ges. So t ha t to Co l lbrate 

the dial in t,grrno of cap~c1ty it ls only ntH!osehrJ t,o i.m cw the 

dial re r~.cling for e8ch setting for whleh t he beat frequency is 

an int!Wl"'al multiple of' 1sec c:toles. 

It. might he again emphe.aized here t hat t he whole me thod 

or takinE r ~adings w~is cl,~slgnod w1th the fcwt in m1nd t hat it 

would be pr ae tlca.11y i mrosetblo to d~tarmine the capacity 

change w1 t h satiafe.ctr..)ry accuracy, anc1 so t h e nec,3se 1 ty f'o:r 

doing this was al1minat,ed. ·rhe L.ml t.s ln which th,~ ca: ;,,ac1 ty 

of the coudens~1r :ls known ma.y he ~md are entlr~ly arbitrary, 

and zero uni t,n do~Js not. c0rr-sspond to zero eapac1tanea . 

Thia, howtwer, i .s not en . obstacle when comparisons of the 

dlelectrlc <Jonst1u1te of wat~r Vfi 'i,or and alr nra all that are 

desired . 

To cal 1 brt,te the diti. l, therot'ol"a, ha.ving set t La oeoil

lator to zero boat at the m1ddla of t he dial. the dial was 

swiftly turned and readings taken at evc:u,y lntr1gral mul tiple 

of 1500 cycleHi, 1.;mtil ·. t.he top of the c1it::,l wa.s ree.cbed, when 

the dial w~s turned 1n the other d.1roct1on nnd reaclin::s taken 

all the way to the other end. 1'h1s procedure was repeated 
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several times. Tha read inge do not exa.ctly check one another 

on repeating runs br1ea.use of the ever - preHent drift. 

This phsnom/3non ls cauae-d main1y by slow var1at1ons of 

battery voltage, but ls rilso due 1n pe.rt to small changes ln 

other circuit conste11te. These cause t he frequancy of the os

clllatlnr; circuit to chan£i. e slov:-ly and arrntioally,. !n order 

when n run ,,uls not 1n p:rogr~es. 

The !"ssul ts of five such Ctll ibra tion runu ?HH'C th&.refore 

plotted on the s .s,me shaet of' coordirwte pe;per ln the following 

aged. at every fraquency sE'ltting and the vtdUE}S got for zero 

beat plott~d ao as to lie upon the mirve f'irst drawn, with 

in ea.ch case. Through the collection of 150 points t.hus obtained 

bc:tng mor~ th~.m l die1 d lvlt:Li.on off it, and v,Jry f ::iw as fa.r 

away as this. In thls ri.:enner the curve vrn.s plott3d and a range 

of values ne1ected over whieb the arbl trttr,y Ctl ;:)n c1 ty uni ts 

should verv. This Wf.H'.\ takeu i1s O to 6C8 in order tn correl:lpond .., 

in some mem . .sure v:lth the~ 0 to 5DO rang:.➔ of th(➔ dial d'.lvlslons .. 

much as possible the effecte of drift. 'l'h1s meant altern3ting 
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between vacuun-: and water vapor as ra.ptdly as the physical 

limitations would permit. 'fo this end the stopcock bypass 

system descrlbed above was desigrn:1d, for with it a mere turn 

of the stopcock C serves to connect the condenser to the pump 

or to the wa.ter vapor source. When a run was to be made, the 

water bath was brought to the proper temps,rature and held there 

for a while b~for(1 the run wa.s started. Then the setting of 

Ct wes me.de such as to give the proper setting on Gm, so that 

this should neither be off-scale under either condition of 

Cg nor ra.p1a.ly reach this state. The:r1 after the cireui t had 

had time to settle dovm again, tii e condernJer Cm was set to 

zero bea..t, and time and temp,arature raa.d. Readings of zero 

set.ting, time, ~nd temperature were ta.ken eV F.H'Y minute or so 

for a few minutes, then the stopcock C was turned and readings 

ta.ken under this new condition in the san:e m&nner for a while, 

after which the stopcock would be turned again and so forth. 

It w~s found that satisfactory runs were of about an hour•s 

duration. These were then plotted up and curvc~s drawn through 

the points. Re &dJngs of tbe m.1rves G.t each flve minute inter

val were then tnken from the curves and corrected with the 

cal 1bi-•a tion chart, the rHsu1 tin5 .difference being plotted on 

the same pa.per a.e the or1g;lna1 data. 'The mean value of this 

last curve was taken a.s the corr,act value und?r t he conditions 

of the run and plotted on the rr:.ester curve which is f11cwn .ln 

f1gure 7, and which ls a plot of t,be ratio of ·'£·~/ ·' , • • :·: . .:·':4 

t'"; .; ,~~-tr::t of water vapor at 100 degrees centigrnd.e a.nd the • 



indicated pressure to that of' dry air ,9. t 100 degrees oenti.grada 

and '76 cm. cf mercury. 'l'ha vahte of the differene~ used to 

obtain th:ls ratio wr,.s ta1ren from th.a resu1 ta of severa,l 

calibration rune with dry a lr. These were t aken in a meisnner 

entirely ~melogous to the abovr;}, the only differ~nce being t hat 

stopcock Dis opened, and to the pipeline leHd1ng f rom it is 

fastened a drying sy8tem in whioh a.tmoepberic air is first 

ps.ssed thr•ough a sulphuric aeid bubbler, then over sod.tun1 

hydroxide. calcium chloride, and finally phosp:10rus pent.oxide. 

During the initial e::x:perimantstion it was found that on 

changing over fr•om w,i te1" vr.por to v~cuum the reading of the 

condenser for zero ha.at vw u. ld stea,dily decrease. This phenom

enon was traced. to the cool 1ng o.f tha plates undar eva,cuated 

a good t her mal connection to th$ other condensers, wt1:ich for-m

ad an excellent radia ting t,yst.em. This was proved to be the 

when ~. run was taken and the effect wa.s seen to hsvs dlsllppea.red. 

the bushings and lead wires. This was done by putting t he 

previously mentt ,·,ned ca ,·, wi t t mica wlndcrn over t.he oil be.th 

to keep the lands and bushings ,rs.rm, and also by the u.se of the 

* following rather unlqu& sdherne: a section about 3 tnciies long 

was r~r.,10v :0,d fr-om the wires J.0acU.ng to the rest of t.he oscilla,t-

1ng sygtem a.nd pieces of Humber lB gauge manga.nin wire substi

tuted. 'fhis tncraa.esd the direct currant resistance And the 
Dr . Bowen. 



30 

thermal resistance of trliS section by a fBctor of 80, but due 

to the action of akin effect, the high frequency resistance 

over the same path was only 6 times as e:rea.t as before. 'l'hus 

this method had the result of cutting down the thermal conduc

tivity with a much smaller decrease in the electrical conduc~ 

t1v1ty. It wae experimentally V9rified that this did not cause 

a aer1.o ua diminution of the energy of oscilla tion, al though 

the putting of resisttt.nce in the oscillat \ns; circuit is not 

altogether conventional. 

An examination of t"i1e SE.mp la run shown 1!1 figure 6 shows 

a_ s imi lHI" sort of phenomenon whj_ch, however, time alone could 

cu·rs. This was due to the fDct thHt the water va.po:r when first 

admitted to the condens13r ls at a tempere.ture very 1 i ttle 

higher than thr,t of the wat,-s,.r bath, nr~d sErreral minutes are 

req u.ired before ecu.ll1brium is reached at the higher temperature. 

That is the reason why the first ; oints a.ft,'.'lr ch~.nglng over to 

water vapor ari~ too lo':"1 .. 

Results of the Sxpariment: 

The results of the experiment fe.11 - into t %'O g.roups, because 

a certain amount of remodeling of the v.ater va por system was 

done during the prooeedine s. This caused the air 02.libratlons 

for the sets of readings ta.ken before and after the remodeling 

to be different. Onl y one calibre.tion run for the first set 

had been made with ve1·y dry air, tho 1.1gh eever,:tJc had been made 

with air at normal room conditions. 'Three :runs were ma.de with 

dry air for the second set, and these lay very close together, 

as may be seen. 



3/ 

in fl gu:re 7, no seleotion of data hevlng 

oc,aur:red. 3elo~: ls a list of runs m,':rde and v a lues o r the 

Run Subs tan<."!•8 :rressur-€· 
mm. Hg. 

l 
to 
18 various 

19 air 740 

20 w.v. 26 

21 w.v. e•P .6 :;, ,~. 

22 air 7tio 

23 W ' ·<;r 
,,,.J O \/ • 9E~-. () 

2A- a.1 ;~ 71t0 

25 v; • ,, • 14E 

26 w.v_ 93 

27. w.v. 35'5 

,,o 
,::;u. w-.v. 

29. ti .. v .. 

30. w.v. 

31. w •. v. 

32. w.v. 

33 

15 

57 

40 

s,e 

36 

1w. 9 

\
, ,· _7 ·1 
'.), I 

( 16-4) 

Runs in whlch defects 
war-e being: r•emoved f'rom 
the equipment. 

Drifting too fast to 
be a.coura·t1~ 

Air known to be actua lly wet. 

Air prc p0rlJ d ried. 

Too erratic t o be taken 
seriously .. 

It 

'.?hort :run . 

T0st run .. 



Run Substance Pressure in A Remarks 
mm u uf! 

33. w.v . 496 ( 272 '1 
•' I :~r.:rattc 

34. w. v . 408 (205) \~;:rratio .. 

The a::,ove completes t.he first series. 

35. a:1r 740 20- 2:) Drifting too fast. 

36. air 740 25 

'57. air 740 25 

38. air 74·0 24 

39. \'i . v . lJ-3 17 

40 . w.v. 130 50 

41 . w. v. 655 (312) Errat ic 

42. w.v . 558 (272) Erratic . 

43. w.v . 456 (147 ) Brrat1c. 

L~,4 • w.v . 456 ( - --) Test Run .. 

45 . w. v .. 198 78 

46 . w. v . 307 126. 5 

'I'he I:!!. valuEl fo r air was found for e a ch serles from 

the above , and reduced to 76 cm. This was done with the 

a id of t.h·1 Clausiua ... I· . .- oeotti relation, whicb is kno·nn to 

hold for Bir. Using these values it was now pos :-:z ible to 

a.1r.. This WA.S done for all the low temperature run!l, e.nd 

t ha rea ul t drawn in figure 7. The line~.ri t y of fi Fure 7 

32 

1. s therefore a proof th8t tho Gl a.us1us- G-: osottl equation 1s 
llf t,On.sfa,rf -re,.,per,::lf·ure, 

valid. for wat1:7r vapor" et 1~2 ma~a cycl·S!s. By extrapolating 



this curve wa may t l.2er-ef'or1EJ f ind t he dielectric constirnt of wat.er 

vapor at 100 degr::H3s centigrade .s:.nd 760 mm. pressure• using the 

data on air g iven by previous lnvasU.cs.tors and summarized above. 

Air differs from wa t er vapor in tl:1a.t trw former is & non

polar gas. cons1et1ne of a mixture of nitrosen and oxygen; while 

tb.e la.ttar possesses a. dipole moment. The t heory shows that 

the rotational and v.1brat1on~l bands do not ~ppear 1n a non

polar ~e a, and hence the electronic bands arc all that need be 

considered in the case of air. The l owest of these are the 

Al ~ 6 · 1 3 Ji 
z-X~be.nd at 7 20 Angstr8ma and thea,1-X~bnnd at 12.700 lmgstrums. 

B&ndar77 has proved that these bands have e. negliEibla effect 

on the refru.ctlve index of al:r, ao that 1 t would be expected 

that th0 dl~lectrio constant of air at low frequency would be 

the aqua.re of the optical refract,lvo index 1n the infra - red.. 

Bencler'e value for th1s index 10 l.000 ~?88 !1t >J TP , whi ch would 

give the expected value of tbH dielectric conntant of a lr at 

the lower. frcow:mcy tis 1. 000576.. Th lA 1s c,3:rt,1,:1,inly quite 

close to the average value or 1.000581 found directly at 

the lower frequencies, ana it seems falr to assume, in the 

light nf both expertm?-nt end th9ory, thnt, t he vfilue 11t 42 

megacycles will also b9 close to t he value l.000581. In the 

case of water. v~.por, however, it wo1.dd not be safe to :rn.ke 

the sanH'I e.f,:1sumption , as her~ t ho oocillat.ton an::l :r·o t;:.1;tion 

bands a.r~ exc i. t9,1 .. 

If W'3 take aH correct thl~i value 1. 000581 and :reduce 

it by means of the Cl auslus - Mosotti equation , we obtain the 

value of the c11eleotric constt-:mt of a :1. r at 100 clee :r•a ~rn centigrade 



to be 1.0004::?5. 1~trapolating the ~.1:.u've of fi g .. 7 we find that 

at 100 d.egreeB centl i rade and 760 mm. of mercury the quant1t.y 

E -1 has $. value 12.2 tiuHrn a l n:rge f o y• weter vapo:r as for alr. 

760 mm. pressure. 

Sanger' a v~lue f or th i s qua nt i ty i s 1 + ( . 600 + l2Q1) ( .0060) 
37'3 

or 1.00597. 
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