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~,ummary 

1l1he dielec-t1.·ic c<Y'Stan'ts and dipole mornflmts of 

s0veral ga:::.0s (Le. o:xygcm, dry air; water va9or, 

ozone, difluorooichloro;:,~ thane and mcmochlo.ro­

trifluoro11ietLane) h e.ve been d.eterwi.ned by a 

of known diGlr.::c~ric constant. 

2 'f{ has beEm obtr.dnod fo:r tite 

Accvracy of uho11.t 

of view, 90Bsi.ble imvroveme:nts are poirrt~d out 

this kind i0 invest:Lf :atcc. 
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I I11troductio11 
= = = =====;;:::.:::=:=== 

The measurements described here were carried out in 

continuation of the experiments made by M.f, Hines, H. H. Mac.Neal, 

and A • .'ff. Fai.rbanks. The purpose of these investigati,:ns 

was to get an accurate and easy way to measure the dielec­

tric constant of' various gases. The cherni~:try departerr:ent 

of the Cal:i.forni.a Institute of 1recl1nology was especj_ally 

interested in t_-e;e·tting tt1e value of tLe dipole rJome:it cf 

ozone in order to have another clue to the s ·till uncert.~.in 

structure of ozone. 

With his original Sfi:t dines trieci to mal, e absolute 

measurements; he had considerable uifficulti€s with 

temperature effects, so that th0 ac-.:uracy of l1ir.c; results 

\Ias not as expected. 1"1acNeal and .B'a.trba:1ks cnan/;eti the 

er upmerrt to allow rela:ti ve measurements only, but these 

with increased accuracy. '.I.hey e:xtended the set for te::,ts 

on ozone and got ra:tber accur,;.te values in ti,cir 

measurements r:.:.ni com;;arison of cxygcm, c-;;.-y s.ir an,;:;. ozone. 

However thei:c set proved not to be suffic'ient for 

their er uipment at this point with the intention t o ~o e 

it sui ta.bJ.e for use on an extended temr,,erature ric,:n~:·e. 

The investigations described here were carsied out 

from Q'ctob:tif 1947 to .hecember 1948 during three tcr, 0,s 

and part of t.he summerpacations. liCti..l.ally most of tne 

time required was use,; for mechanical work ( Li:).COVE':ments 

on the equipment). 

I should likt to cxpres8 my thar.:ks to a.11 of thof;e 

who were helpful to me in any way in my work especially 

to Dr. ~~. h . .ficlteri.ng snd Dr. R.H. Hacrieal and pE-irticuLarly 

to Dr. o. Wulf' for hio fruitful suggestions and his help 

as to the crrnmical asvect of tLf1 procedure. 
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II THEOH.ETICA.L cc..mIDt8A'.tI U1JS 

al POLARISA'.I:lONj_ Dl-DL.c.iC1'1UC CO.N3'fA.t~T, AHSCB.1'"£10£~.i .UH'CL.i!: i"Wh .. bhT 

In our methoil we dcte!mine the dipole mo ment bJ 

measurements of the dielectric consta.nt c.t various tc:mpera­

tures. This is done at a fr€cp ... cncy o:f 9400 megacycles, 

using the change of frequency in a. cavi t~~ caused by the 

dielectric constant of the gas in the cavity. 

'£here a . .ce es~ential.Ly three kinds of' polariAZAbi J.j ty: 

r =-tot a 1 

'lhe first eff ect is due to the displacement of the nucleu~ 

respective to thc1 electron shell in m ator.i. It j_s inde :}e . .1-

dent of temperature and state of agr-rregatj_on. Second there 

is polarisatj_on due to changes in intcrato::u81t' d:i ,- tnnce~ 

within a molecule; this effect i n general Ly very rnrmlL. 

'fhe third infJ.uence is di~)o_L e orier;t&tj_cm wr.dch part ca n 

be rather larg0. It is not observed in solid stB.te and 

to its full exto;1t onlJ in gases or very dilute .solut.ions. 

Di_pole polai .. i.Jsa·tion 11ar·ies witn teinperi.:t"ture as 1J10 rs:ndorn 

motion of the mo l ecul~ s tries to counteract ony ori entation. 

Atoms and mo.lecules have v2.rious posr~j_b:U i t:ie s of 

oscillations if' they are ex{ i te d py elec~romo.gn2tic 

fields. In the vicinity of such resonance frequencies the 

dielectric consta .. it siwws t!'1e following p;bner·i::, l b ~havior: 

(1) 
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At infinite f'renuency all ma.terials are transparer.t ( £_ =l) 

as there is no particla which would folj_ow the oscillation. 

going to lowf;1. .trequene:ies in pae:sing over a re:3orw.nce fre­

quency there is a final increase A£ in dielectric con­

stant. As par·t of the energy of the peE,CJ.ng wa\fes is 

lost at the resonance frequency, we call tnese re~ions 

'\absorption bancis 11 too. 'I'here are the following groups 

of nhsorption bends: rc·sonance;::; of inner· electren.G~ (uLtra 

v:i.sitls re.ngC; ( ov tEd: electro<i~~); in.tcJ.lT JO Le.,'- lar vtor2 tioris 

( f •1 r •, 12 • ,·, 13 . . ) 1) • . . 7 .j. - -l,. • • • t • • = . u ... ~v cps. ~1poie ro~a~ion aoes no· give rise 

to a true resonan<Je ( the distu.rbir\g f orct~f of tern;;e~ .. 1. !:'.ire 

collisions cannot be looked a.t like an elast1c :force) b:J.t 

there 1s a cis ·:, rption ciuc to the time lag of t t ie (i i :)o1e 

Gener-a.lly the cri tica.1 frequency Lor dipole inertia JaiF 
at wavelengths of millimeter~~ a.nd fractions the:r·eof, uut 

with hea ✓Y !IiOJecules it ,i:ay be in the ceD.'ti netcr.· r;:;o.n;.;e. 

the dielectric const~ant ~e hsve to m2 k e our experiments 

in the shaded area of :f5-g.2. 

Suppose this condition fulfilled (i.e. inertia of 

dipo1es negli:9tible) we kno';, that t.he dipole polarisation 

is inversely proportional to temperature (Curies law). ln 

concentratc0 solution~ the e1fec~ of the neichb ouring 

molecules has to be considered*). As we use only ~eses 

•) Gnsi:,ger Journ. Ass. Chem. Soc. 36 
Debye Ann.Fnys. 1J37 
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at l•')W ;Jres ::_,ures we have not tc consider this 1Joint a r:d 

we 1u:.1y use -Urn v0hye ior:,i.tlla: 

F == 

l = .:.)o.lo.r·iz .. :·:--Gio.n 
l"l = 6 r am mo 1 

(2) 

N0 == MN/d. = Avogadro 11umbcr 
·' -·· <." l' ' "lSity 

N : 2'7:1018/cm3 = 1o3c: hin:idt numb. 

and ap •;lying tl18 Clausius-/,osotti relation 

, . ii: -1 h 
.i::' - ·-··-- t +2 <l 

4ii 2 = -:;-N.... ( Ol +.t\ /
1 3kT) 

:) u I 

in the order of 1. 001 - 1. 005, so v:e ce-.n sim_p.lif;r ( v;i th 

' c) = £ -1 .., 4«N ( ':/. + /""..2/3kT) 

I:f we h-::i_ve two values of J at dif:._ erEmt 

get f in t!1e fo u.owing manner: 

<l 4r N r 2 -
1 = \ l)C + r ~/3kT1) 

I ,4 ii' N ( cf.. + .V• ')3kT-,} <) ,, = 
/ 

,._. .. == < ~ J ;;;2rk(3k/4 iiN)k 
; 

------------~-------

tem~craturcs, we 

(3) 

(4) 

(5) 

(6) 



- 7 -

..Li" Vtlry ll::.gb :,:ield :3 vrenr;tLs ar'(; used, ::::,J ,e ::?t~.tl.iI'.7:?.L:i::,n -

0ft cct of polar.L2ation ~,nou..ld turn up, a :i.:, :1.:-fztrcH c c;::Jse 

al.L (,i _poles would bd oriented ap ;.roxi,;i;;.1tGily paralJ.el nnd 

no f'urther increase in dipolar polarization w t..l.d be 

pos s ible. ~e ~ us checx if such an efi ec~ would b~ ?oe · i~le 

in our case. 'l'he rd.gheBt f'ield G,:;rength tk-t C8x1 occu.r 
tr.e 

in an;ir ca.se wou1d be break-down i'i ,➔ lds·t20;.1gth c< tr~e tt1sted 

gas. ldth air ·ttd~, is around 2o ooo V /cm. ':flt1e 1:1ner.gy ~on tent 
~~ 

of l cw~ is, exnress ed in t en1s of field afid di~l~ctri c .c 

constant: 

and t he increase due to the ef .ect of dipoles: 

On the other hand v.e have f'or thE: energy dt:,<, to -Li.10 dja.place­

ment of the di r,c..L e charg ei:: 

w = N 1 q E 

q - u.ai t. cLa.r·ge 
l • statistical effective 

di pol~ l 0n~ta in 
:fi eld direction 

Le-t us "talrn the following average relation between / ,._ 1c1rni rn : 

Combinin:; the f!ho Ye equations: 

Q( -

'.I:aking the following values Ad = • 005 

N = :?."{ 1018 

we get 
0<. ~ 1/100 

For this small an,__~le we can cer tainly not detect deviation 

from linearity even at the breakdown field~:,iaen,.,,•th which we 

shall never reach in our set. 



But there is :=.mother point to consider, whicL proves 

k 1 ho rriore danger,Jus, t h e i nerlii.a. o:f -tr:ie mo .. 0cul ;.;;s . i;e nwke 

a very rough est i u;a t e: let us as sume 1 m~~ t.o be di ssipat ed 

• ..,_ - ·t ( i' 1• • 
3 ) , • h .;s J. .. / ;.;o.1n100 1u·.·j in l,ne usec cavi y o • :>v cm wuic ·'" ~ v 

l "l 
= l◊- 4 Joule,· c vc: Le ;; n. As;,; u.;;,in;:z all ene:r-,:;y to be f o ,.1nd 

~ , , ~-

f , t a 1:; i21rticular iD::tent ir1 the i;-:field, v,e get ~- itn ,:: Q of 

5C UGO ( Q = ~,t or1;;d er,.ere:,:y/ dis r t1,atv1 enE,r f Yf" : c eye Le ). 

n = 
"i::2 
?t"\2 ·- "-{ 

I' 
1c·~ 

'I'he f'orce on unit char,~·:e is 

\//cm 

~1- = ~GOO 4 8•10-lo 
~ 300 • 

~ . 1 , .,o-8 
·- . '.') -· (8 ) 

·1 t. f ac,:e_ era ion : orce: 

m' = re~uced mas s 
iila:! -= rn a i'Jf,, of ,.1 t omnr:: 

~·rroup conne cted 
wi t,L on n e,:•,r r p-: e 

Taking 
' 

(9) 

dr::1t= d::i. ~ -;;,~.ne e: C i' the 
c rte:t- ~. o:} ;r:p.f:• r-

dch= f~Ptsncs of the 
c -.:;nt.::r's of c i f..r;;::e 

-· 4 q •10-lo q - • ,_ , 

angle of oscil ~a~ion ~ 1/100 

gives for ozone f, ar ound 10-10 dyn 

for· the Freons f? .u·o...:.nd 10-8 d.yn 

~thus we see that for ozoaa f-, (4.fl_ and probably we have 

nothing to fear :from :i.nertia, but for t hr: hcp,v:ler li':reons 

expect so•11 e trouble. ( Of course these vsry rou,-,: • ap r0x.ima.­

t,ions could easily be wrong by a fac to r of lC J 



Not only i nertia counteracts ~ny forced motion of 

the molecules but also t1JW1)Bl'Utu.co agitation , rcsul ·!;ins in 

an energy loss ( this h , an eff ec"t a:ptu·t fr-om ·u ·ic t(-im_pcrc.t ure 

influence on di ;;o.l e orientation). ~w e 1:m.- e se1:n thr.'t tl:e 

an:,;,;ei. of rota -tj_on is v ery :':;ma.ll , so for an ef:tirn1:).te wo 

assume linear motion 2nd use the mobility K for ions w~ich 
Ci.il V is in the order of l -/-
~i cm • 

ac e ele::cati11g 
force 

"resistive" 
force 

K == v/E 

= E q 

-= H V 
' \ 

j 
R = e/K 

•) ') 

( VAs'·i cm'-) 

Using th(➔ same va.lu.es as on p. 8 our V (. Loci ty is dn+w/ L,G 

and we get: 

Rv 
qE 

d~+ w 
100 KE 

~rht 1:,; result demonst:catus , tha. t rt::1rd st~mce ( \-,G,llevulcd; l:i..te 

viscou.~ re sistance) a.gai11," t movement of' the mo Locu.Les is 
.c-9 < 

neg.lee-table a gains t t,rn thcnnnl fi s t,n-bi .: ,,: ~-c,.rcc of di :)ole 

oricm'tation. 

Conclusively we see ·tha"t n6i•~.he1· uoi..iility nor sat,u2··ati/on 

efL ects will occur in our e:xp,..;rime:1t •. but i nertj_a cou Ld h::ive 

some infl uence al though we expect it only :ior heavy m,::i1f:cules 

and ~~carcely for ozone~. 

As mentioned. above we are 0--:oi ::1 1; to dc t cr c i. ne t he 

difference in resonance f~ocu(;;)ncy of a ce.vi ty filled fj_:rst 

with a standard ,:;,:;_ s a.nd th·sn v,::. th t LB tc t gas. As v,e have 

both electric and ,tic,gnetic finld in a c ::::ivi t y, the h axwcll 

field theory proves tlw.t we actmil l y di;d;endne t1 ie ve l.ocity 

of propaga.'tion V = c/ {£,1--rt of e 2.. . magr.. We.vee in ·tt!e ga:~ 

(10) 

(Li) 
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(or the index of refraction) anci not the diel(,ct ric cor,f; t nnt. 

S Ub~ t AD Ce the devia tion 

n1::g.l~ sr.s~·'ble but e.s o xyr!.en is pa,rama,~:netic, we r1 :: vc; to 

i nv c stiga·te this case too. Curie *) g ives the fol1owi 1.,g va lue 

Thus = l.OOOCOJ.4 

1.00053 

~!:he eff e c t of 9 arf:lill!':::neti .sT wil l t h e.cefore be r,.0out 1/ 3 1, 

of t he influence of dielectric pciari2ability, so we s hal l 

rw&clect its inf1uc~icc and assume J.A = 1 for- all gr.sa.s i n our 
I• ., .._ . ,. ti . C 2 ( / . . . ..r , • . . ' 
·.;es vs. J.n 111s case c. = n n = 1ncex o 1 re / rti.C~G:tnn J, v-:: ic ri 

*) ref. Landolt Bornst0.tn, Phv:- il{i:Jliscri C1:e;;i :i.fTlic Tebi:11cn EW 1204 

Two cavities are f'ed by a kl.rst r on (723) tlie: 1·cp el J. Eir 

vo.L tag e of w.nich i s modulated to sweep the L:·eqvenCJ' cvu· r 

certntn r 1=U1ge in which t h.::, 1 s sonanc es of' tfoJ ·tv,o (;CVi ties 

l au. t h~ output of the tw0 cavities, rec tifi€d by c ryG~al 

diodes, is i:1mpli:fied t--\nd SU;)ET~Josed .'sit : : o:p ,:,osite nisn in 

a :;!ix~:r r,tage. '..i:lle result i~3 Ov c•:.:rv c:d wit n R.'1 GSC il lu.:,co t: ~. 

·:r:ne i dea is, to tune the cal:i..ties to the sa, .. e f :ceque11cy by 

,:, djusting tne t wo r esonance !Jee.ks on trie scope to coincj, cie::Ic e. 

0!.C.ILLO.SC.OPE PATTERt-,S 

f'lG. 3 

ccavity l 

Jl_ Ju\_ 
uavily!!_ 

..... -
out o\ t~ tuned 
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Measurements wE-,re made in the following mai·mer: both 

cavities were :filled with tlie sta.ndt:ird gas and tuned., f irst 

by adjw.=: ting -~he lesgth of tlw cavities ·oy a rnicron-iet er, 

then by var!ing the gas pressure in ·t:he bell jar. '£hen 

va•vity 1 wac filled wi t h the ·test gas (or its mixture with 

the stands.rd gas) and. the pressure in cavity II read justed 

to coincidence of the :resonance frequencies. Frun the difference 
in pressure (about one mm Hg change in pressure c,:,uld be 

detected) the variation. in dielectric constant o:f tbe standard 

gas was calculated; 

Cc= ~actor of cavity 

::: const.= 1 

t - 1 

t 

df = k dt = k do 

In the range ef pressures and temperatures with which we are 
co11cer11adt the following formula holds: 

Le·t us use ·these ind:i.ces: 

(12) 

(13) 

(14) 

l test ca.vi ty (I) :f'111ed wi-'i;h gas A 

2 comparison cav.(II) fill ed with S 

'\ 

( ~ ) matched 
O oat Po); · 

3 test caVity :filled with B 

4 comp. Cavity :fitted with s ) matched 
.,,, 

• 

--
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For the case; whex•e we have a mix1mre of the teflt g Hs and 

a standard gas it.1 cavity I, we write tho fol l owing relations 
i n order to eJ..."tract the des:i.red dielectric constant: 

the respective volumes: 

J-\.. 

In the actual case ; 

we get 

J \ 
t J 

\ ( 

4 U -
!.. 

measured at 

'.± l 
T , r, 

a.re 

{ 15,) 

(16) 

(17) 
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In our 0xr1eriments we Bhal 'L generally dAal with a £d,!1ple:r. 

case, whE:r-e T1= Tj; this yi8-lds to a simplification o:f (17): 

and if' in a.dd:-1.tion Pl-= P5; 

( p 4 - \') 1.. ) T, ,L 
T1.:V ) _, 

If convenient V<Jfj might also tB.ke the same gas for A ans S, 

so that ;.1we cru.1 wri ta (19) as: 

If ths temperature differences are only smal.1, wa ean, instead 
of using the more complicated formula with di:fferer.:.t tempe;ca­

tures, take cons=rt:mt -tem·pera,ture and make the corre,rtion 

by calculating a pressure p• :Lns·t.e&id o.'f p. For a positive 

temperature difference we make a negative pressure correction 
of the same pereen-tia.ge: 

Tr= refer temperature Tx:::: measured temp. 

(18) 

{19) 

p,c;;:: measured pressure Pe::;: corrected pr. 

Tx = Tr (1 +r:J-) 

Trpx/Tx ;;: Pw/(1 +~) r~ Px(l •OC.) = Pe 

Fermw.as (18),(19) and (20} give U$ the dielectric constant 
if the test gas i ,s inserted ortly in mi.rtmre wtth a known 

gas. If howe·ver 'itle whole cavity is filled by the test gas, 

formula (15 ,) ou~ be simplified for analogou• conditions as 
:for (18) and (19) and we ha.vet 
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Applying a comparison method, we need a standard gci.s with 
known di.electric constant. p:-ce:t'erably wit.1out dipole moment. 

Oxygen and d.i.7 air sGr'ired this purpose. Values given t:n. H-<-

li terature dif':fer by sever~ per·cents. .Al though lhn~s t v~uua 

for dry air was suspeetec. not to be accurate enough I used 

this one, as at first it was the o:ily value availeble for 
a fre~uency of 9400 Mc. (~a" . . = l.000580 ). Comparing 

'1. ry air 
aj_r and ovvgen I dQi.ved t, from MacNeals and my own measure--.,. o.x 
ments which differed less than ½% ( E. ox = :t. 000533 • 2· 10•6). 

Later, almost at the end ot my investigations, a pa.per 
of Crain *) (University of Texas) was published and -'.;boae 

values seemed to be pretty reliable. In CDnsequence I re­
calculated all the runs with Cr~d.ns vRJ.u€s: 

dry air 
or,ygen • • 

0 :,:., 0.000572 

0 .,. 0.000530 

a.t o0c a.nd 760 mm Hg. 

g) CONSIDERA'f IQ!lS OJr THE NECJsSSARY PURITY 01l' TH::~ GASES 

We start with the requirement, that the error intro­
duced by j,mp~i ties of the gases should not exceed a few 

tenths of a percent. The :following holds :for a mixture of gasesc 

*) Crain, :Phys. Rev. sept.15 1948 p.691 
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d,1. - J, :. = volu,11e 

J, f O O 0 

cJ1- - J, 
------,,,.:. 

d, 

for .1 % accur~cy 

J, __ , ___ _ 
(23) 

one source of . er1.~or i ,1 water vapo r with a dielectric cons t ~ff,t 

- of approximately l. 010 at 20°c (red. to o0 c 76G mm) *) 

d, -5" ,;::. -- -,i,.£°, Ii) 
J,-:::.,l.luo:;,-

2q,ooo 4J '.::, or 

(requiring the err or of eacl'l individual C')mponent not to 

exceed . l %) Water vapo r is separate{l by us ,,ng dry ice Lraps. 

The vapor pressure at -78°0 of water is .00056 mm. This is 

about 8• 10"'"7 of t l1e pressur·e used in th() t0wt. cuvi ty. The 

same holds for the cavity j_ n the bell j ,sr, as the trap i s at 

athmospherie pressur·e. Thus tt.ese tra.vs are suiiicies.:d.;. 

If there is a11y vacuum leakage in ou:r equipment, in:1puri­

fication by air becomes L11)ortan:c. ~~he most important com11oo<mt 

of air· bee ing watervapor and a.sswrdng a maximum a 0soJ.ute 

humidity of 3 % : 
.0005 
• 01 3 

100_ 
1000 of the total 

vo .·ume 

1~his proved to bo the most difficult condition to :fulfill 

with our e~perime11tal aetup. Vacuum leaka:;e i:n the structure 

of waveguides and bell jar was often the cause of intolerable 
f:r. ·equency shifts, especially at low pressures in ca.vi ty II 

as expected. Hof/ever in a more permanent St-i t this condition 

would not be hard to fulf:i.lli _ 

*)the diel. constant of watervapor at this temperature 
is aLmost entirelf due to dipolar polarisation. 
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A~, to cr,n·bon dioxyd.c its content should not excebd 

.15%, if we rc:p9ly (23) to i•ts dicL ccn2-tant, or should not 

c.eviate by more t ;ian that 0.mount :f:'. ·om ita nor,;;a1 percentage 

if ai r is used as rt"1:ference. As norma.l 60;:, conten~ of e.ir 

is . 03 ;!b , there is no error to be expected frorn it. 

Us.ir,g O,? as s te.11,uard, its 1~1 content mus·:-, be 1es f, tllan 

l %. 'l'hb purtty of the 0? tar.IB.F i::: $Uarc.tnt1::.CH~ t::;, cont1:n. r: lee:.:: 

than .3 % l~? {., % ·total impur:i.ties). 

d) mr, ,··, • !i'lQ'I> • 
- .i. ..Lh 1\.•. :~ 

'J.'o d,~ltermine the conten-t of ozoIH., in t.he ozone-ox.Yr£8.rl 

mixture» we dr termir;e the r.nt.e of flow ·throt~~h the t8r;t 

cavity 2.nd tbe amount of ozone. lee.ving (re 

the cavity per tine unit. 

1fi tration is done in the following way: ozone is 

bub ;i led t h.rougi1 a £:oi.ut:i.on o f potassium iodino. Two flask~•~ 

in series were tried , but a si1~le ons p1~,0C ta be 

0'2,. -suffici&nt as no detectable 
It ..---- --· ~ D,. + 0 

="•Qji(! Tl<\,b 

3 
t he beconct one. This is the 

reaction wh::.ch takes place: 

A few drops of acetic acid were added to ke(i;p the sol. 

on the s,cid side and several ccm of starch sdution as an 

indicator for free iodine. 

For ti tra"tinn nodiurnttiosulf'rte we.s used i n av~rox. 

o. 1 N solutt)n ( ti •tra:tion until so Lutton colorless). 

The concentrations of the so1utione were chosen in a 

manner to h~wH mnple KI in 50 cm~ f'or ozone bubbl ing 

throug11 at a r &. te of arou11d 2 en// soc. il!Hi to u ~: e ap t . .:roxi-

ma:tely 10 cm3 of sodiumthiosulfate for the titrati.on ( .1 % 

ac curacy). 

(24) 



·c 
,.. ..Lr.".., -

Titrationt 

Ac , ordingly the ozone content j_ r:; calculated fror;: l;l.e :fol l ovvixw 

equ ::1tiom':>1 

n(03) = k n(~hio) = A N(thio).V(thio) 

V(O~) = n(03LVa Pa T 
··' p To 

:a 

22410• '"i60/2T5 = K 

V(mix) z rt 

V ::: vcl ur.,e 
1~ ; norr:ia.li ty 
V0 = ?2.41 l 
p =:: pressure 
t ::::: i)Ubf)lin;:-· ti ::' e 
l .. = n -dB cl f1.ov. ::: V ( f'_t. ) /1:' 
V(fl) ::..: v•:,lu:.ne of flovn::ct:::r 
t = time required to fill :·"l::r:'; ot<cl1· 

Jl(thi__tl V(thiol_ 'i~ 
2 p r t 

N(thio) , 
2• V(fl).t 

y( thio) 1 T ,'t' 
p 

~rbe considerations in III a) were 'based on the ass-l;mp­

tio:ns that the resonance frequencies o:t the evacuat.ed. ce.vi"',i0s 

do not vary with the temper ature. Vie chall see now that the 
effect of theri!1al exprnsion is qui·te considt::;:i.:-able. 

The resonant wavelength of a. cylindrical cavity obcins 
the following relations: 

l = length, r = radius of cavity 

(25) 

(26) 

( 27) 

(28) 
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... . J...) --

?{ & 't{l bei?lfJ the coeff icients of the1·mal expansion for 

radial resp.- longitudinal ex..:::,ansion, we wrlite: 

r ;;: r 0 ( 1 + f··t) 

.Now let us caJ.culat€ the chan~e in :f:': eaueney dun to t~xp,"n[iion: 

- -::. 

'd ~ = 
"d r 

... .... 
"2. .e. r 

V--;:-i , (,,, Q, -17 

i;.,_ ' l. 

( \"'it ( t: "l.) r- er (i,1--.c.ft.} 1/-... 

~d + C (?"" 

_; 
'd >. Ak - -- -
1e 4eJ 

~ ' e 3 C. 
::::. ---------------

41"'~ ( r l ,; ( e. 1. ) -~/,_ , 

= 

3 A,.., 

________________ , __ _ 

if we set v,e get 



in our-case wi.th t .(bra.ss{ 

r 
C 

= 
::;: 

·-
= 

• 000019 
26 mm 
?5 mr,1 
1. 4-8 f or i;h e 'l:E 011 mode 

We mad,=. the spli t ·'.:i.:ng Jn ·r & .. '!r.,,P J..n or der -to ha.ve a 
0 '.) t., 

poss ibtli ty to ccm2ensa te the czp :·rwi on c:r·cec ·t.. So v ,.; set 

now 
o)/4 
------- = dt 

( ",' ('.• b•·s,r,c, Y1e o·J c,c+.c. ,"i ·~·1i P .r.1 ·1;:::,r • o rl'l:: .. ·,~r:: 0.J.J' .r a"'1·a' 
.,, _ __ f_..i~ "-1 - ·•· ·· ,- ., ~ V -~ '-...,,~ l -- .·,· '-'" - - -·- I .... 
the fa.ct t l1a t f is not exactly cont a :1t , SC 

strictly spea.ki.ng this Cct:rivat.ion ho.lc.s 
only fo r one p::-int) 

We cannot expect t he tempe.ra -tur,2, to be more accurate t han 

k 0 c with our exporirnenteJ. sot, so an uncornpensate{A cnvi. ty 

would cause an error of 10 parts in 10-6 which iR not 

tolerable (from both cavities together a.bout 4i~ err or in € ) 

We used therefore a compensation method to reduce the 

error substa.n~ially. 'f he compensation :for the :fi. rst cavity 

consisted o:f nn ar:cangoment Bi milar tu the one u se d j_n 

compensated clocks. 

]'IG. 6 ' ! L [;, V -

l l f--- .. --~----·- ,-~--~-······-·•"·"••·---··------ ~-------..-.~-1 

. - -- _'.__ ____ ! ! 
/"'- ·· e, t e.1 - ·· ···-"" - ---- -~ 
i ,_ .. - .. -~~~~&&++-·-~.! .~--· ·,-==a .• :=J 
•11 ~;._., __ f _ _ >, ~~~i-_J, ·-···-~ ,. __ . . . __ I 
. i ~ ~---~~-=-~--~~~, ! i I , 
• 4; I 
~ -·-- · • •~• ••·• - .... XH_..,.__,. ___ ~----> 

(30) 



lt'rom this ·definition and the eJq?an.sion coefficient f or 
f 

i:r0n b1:)ing • OGCC ( j] j w,:.:, get for l 1 = 50 mm l 1 = 40 mm 

~nd as l ~ 26.5 ill~ ••• l' = 66.5, mI ln= 16.5 mm 

We c&.lculate the neccs2ary l? to meet E,q. (30): 

)'1Fe) l(Fe) - }¥(Al) (l(.Fe;-10 ) :: - M•l 

For the second cavi-GY, not haviu6 ava1Ji=ible &nou,:,h f .. :-: ncc f o:f 

this kind ,of compen riation, we used tile fol J.owing sy:-:,-tern ~ 

The action of the 

pr inciple is evident 

the cniculat ions for 

in ·the teet cavity where v,e have cor:.ti:uu c,, us fJow, ac ,: :~pt :~ ac­

curately enough tli e t,::m1)c ::-·n.tur8 ~) f -'(· ,e Cf~vi ty~ A;::~ - .::.~.· r-c -~~1all 

t 1 t ~. 1 ••1 .a "" ·t ,. ·~ ° C ', o ... era e an error or . ·p .1-or e c:r P )OV.u • ;; • : e 

require this tE-m1peraturo beint reac h.ed befcrc the gat:: enters 

the cavity. Let us c alcuJ..:ite: tne necessnry leng th of glaRs 

tu.bing immer.gecl j_n the 'teli,pe1·at,ul]1J bath. 

Assumi.ng turbu.isn1; f-1 ow :Ln the tubes, we mahE': tLe 

fol l.owing sim:pli:fied lWDUI!1 p tions for the t crr,pt-J:.i::-~i tun:: votcntial: 

:FIG·. 8 

We assume only radial flux of' heat a.nd the :tollowing s,:iecifi­

cati.ons: 

"'" = Li 
~ 0, I O (, .,{} - -Gt \ 

I J, 



( -\-hi~ I .S f Cfr i C\ vvi; 1,•w r 

C..OY1o\:t1
1

ov1~) 

I" /'l f} 
V ' · 

(3'-1) 



~~1 
J e. 

ol /J.3 
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Je 

ol cf 

«~! l 

/ "\ 

.~ ,y I 

y-

. 7. 

, c1 .• " r u- -::. 

4-
1-..__--.,,,-___.. 

J ~~ 
-- +- }-(?. -::-_ 0 

K, d e. 

The solution of t his equa t i on is: 

--
fl~ -:: [;.. e_ K,ki. 

,.~ .. 

c1 l\ 'lY\ 
kz. d f (35) 

(36) 

(37) 

(38) 



- ,:. . ... , -
iiet u~; tak o the foLLowi.ng nwnerical values: 

£•·1 n.ss tube 6/8 mi'.1 

• • • 
= 12.6 

1 ":f 4 cm 

4 / 6 ~ :-.: l C·:"V'.) 

{ t hi s calculs t.ton shows -that, du o to t he srnE1ll Cn o f' 

gases, tho t 2n1pcT' ::i.t.'i.1. . .- e drop i : located nearly only :'Lr\ 

the ,, .,,,, .. , t 0-I~ ('0 '1'1·'·' "' -t l n ,-i) 
• ,.:_:-. ~ J. .._, \ , .. - ✓ • • ·• \. V ,., · • ... / 4. .,_ 

The t w 1) c e, vitJ_f;,3 .:,,1."e con 1ect.ed t to a klyst.r·ori by a 

shunt T- sect.ion. A'tt :nuatorE in all t.r.:r eo branc i'hrn rE:: duce 

'1:he ora,1ches ar e matc}~i. by tu.niI11-s sGre v; :1, th:~· y :::,_r E term:L nnte~l 

by C!;vities which havn b 0t h an o:.~tput uu; lj_ng tc a crystal 

detector. Couplix~ holes in the cavities ar ~ made as s mall 

af.'; pos r:dble in orc. ,,;r t o gc~ t "-· high Q. ( d = 3 mm).ThG cav:ities 

are c y lj_ndric ~: l a ::d osc:i .. .L i/.:d,e; in the TE 011 mo de . 

Let us as :.::;ume th~:.tt we &.re f:.:.t lc t o i.ietect a f 1:-r quency­

d eviation of 1/ 10 of tlrn haJ.f bw1dw1.dth. THe cavi tie f:~ have 

a ca.lc:ula'ted unloaded Q of &},:·J roxj ,1:a teJ.y 30 000 ( sil ver p18ted~. 

I 
-&' = rw J. f bandv-.i'lt,h/ c) f: tectab.le 

d ,~ vi atj_on 

d e ·q 3 10-- 6 
c.= t. ()I./ I= ' (39) 

which is around 1 % of cl in our ca.se Ac t ually t he Q was 



_probably worse, but the experiments proved that with pro1Jer 

con:_ ,,ctir:g w2.ve,zu i 6.e ts sea l e d of f at a. choke f lD.ne: e by f'. 

yol y r:d;yr cne sheet. The lc·ng th of' t lw c avity can oe v a:c:Le ,~ 

by a. mic:cme t er screw for coarse freouency ci d;jw::·t;;-,; ; ,:t , c ·, the 

op:,osite ::; i d.e o f t h t1 c a.vi ty a t empe;rature c,>1n:;;:,cnsa-tion wuP 

ad; bd : 

~ 

l/Aa, <1 

koreo ver tho empty ~rsco of t he bell jar wa s f ill8d u ~ t o 

Two 1-g~l . ba t tles n rG con ~ected to the ~011 jar, one 

anc. cs. ct8ctr·i ca1 'r:.:aF tL1g ,.;; le;,i,,:nt !:1.l •.c,i1vt."I to ke,,~p t he 

temper r ture con i2tant within ½°C. Th.i:.: c avi i,y had t be 

f ol .Lowing d e slf;z,: 

J!'ig.10 

o, .. f!"1:aE NTIAl 
~CllEW 

Tht.. performance of "the compensa.tion was cheeked and ad Justed. 

It • bl t • t ' ~ • t • • t ' • ? 10-6; 0 c was possi e o Reap ne xrequency var1a ·1on wi ·nin _,. . 



'le, ;sr6 V(m t. cor : oeion b y the ozone , t,h e: i nside was co.::i te cJ 

a. vsry thir1 layer of -tygo¢n. It wa ::i 1.1ecesl$ary to isolate 

the waveguidees nt the Gi1.tra i1ce to -~r1e ·tempe:ca:tur·e ba:th 

egf.l inst heat fbw. 1Jt l-:<J.rwL,e on "t/if: hot runs too much Lf; r:. t 

was cond.uc·te , '. to ·u.e ,::utsid-2 , which was .harnduJ. to t he 

cryst2, J. set. Cn t J:w cold ru:r.s conc..er:swr1--:~{':r d:r.·or,'.:, c"1.m3 ice: 

inside ti'le waveglitdc:s disturbed t :t:e· sxperirr:~:r~t. 'i'b c coc-l i .ng 

was done with ice ·go.tc:~ and with dry ice in a alcohol bai~h. 

plumbing. 

ltig.11 

IIS&E'!.TO:,, 

TEHPEAATUQE 

l~LATION 

This cavity was the weak point in the set, 23 it was scarcely 

possible to find a s Galing com;;ound \':bir.h is net attr:cked 

either by hot ozone or hot oil. Tho cs.vi ty could not be 

soldered off for the sake of the t~rgoon coating.. A wa.te:r.-

bath could not be used either as the hig h di polar mon:~":nt of 

water would destroy the measurements if only vc~ry minor 

leakages would occur. Flna-1:ly o.t the high temperatu:r1:is 

only air circulation w::~.s uned :fo . :isa:tir:c, wl1ich j_s of 

course less accurate tr1an a :L i o~id bath. Very small 

F.unou1ts of i rnp uri ties which ha.d leakec: i.n-to tlie c nvi·ty 

accelerate \ the decomposi:ti .::,n o.f ozone. I made one p:reliminary 

test with gold coat.ing whicn looked F:atisfe.ctory and :1.t 

seems to me that the only possibility is, to goldplate 

the entire system as far as in contact with the test gas, 



' us:Lre· r;o ,J.astcs coatir;.g and. sol dering off t he cav ity. 

Hines 1 idea o f' absolute mea fm.rement s11ould be t r ied 

again . Tt oe em:,-, to me that with 1n-,3per ciesign suff icient 

t empe~ca:turc co::.~ ·tnncy c.:,ul C. be 0btainsd, f nr inst,m ce 

u :":::Lng a. J.ong 11 i nva.r 11 cavity nountec. mn a go , d tt1ermostr,.t. 

FIG.12 

AL iNVAR 

wyself in describing some i1:11n·ovor:wnts. A 9r Eicir:;j_on-re­

ducing vaLve was U:3f.Hi to reg L1La:te thu f l ow oi' oxygen. 

I n addi ti ,)n the tLi~n voltage tr·ansfoz:-.u1er was i'ed by a 

conf, tant vo.L tage 3et, both measures taken as ·i;he ozone­

conte::;:t pro·1ed to vary more tha.n _pe.1.·,ni.ssi.i.)le. 

A flowme'ter 'IA~as ch.1signed which permi t i.ed to keep t h e 

pres ' ure constant a nd the sai1ic as during the ti tr·r:::.t ion 

period. Air was used in most cases as a standa rd gas , it 

was taken out o:f the room a11d dried --,~rough two dr y ice 

traps. 

] 'o:c the runs with we.terw·.,.r.,or t~r.t foll.owing arr angement 

provided the n -s:cessary satura.tea F.d.r· or oxyg eni 

l!'IG.13 
cavily 

0 

,.,_: .. -

No change o:f H?O content was noticed if one of tre two 



. - 28 -

3 , 
at a :flow r~ite of 2 cm / sec. 'l'..he tempera-

t u1·e of tiH::t wa:ter tn tte bub bling b,Jt 1 le s 

c·et1:;rmines tl:1e co n teY1t oi waterva;)or in 

the gas. 

on ·the powe.r· sup11ly oi the ;aixcr-a..;::plifier. 

Yower supply and niodu.11.rtor for tl ie kl;</ :~tron 

~vera d.c~SJ{peu. by H:i. :,o;::;~ He converte(i a 

f O cycle :.;in~1s:.;: idal voltH.ge in a square 

wave and t?.ftGr t .:1at tn-to n L1· i.e ::,_:u:~.hX v,i'rve-

·.1."'o Y •,r , t 1 r• u, p ,-, "c:, r. . t · 1o .,. ; _ : ·· -i o ''I. '~ "' ·; ;~ • .q ' ... . _., c_i ( . ,l ·("D-v, ..... .u.1-.;: .. :, ,6,. !:·'t., .. ,, ~ 1 , ...... 1;,; U-J.J- ,1 ,, c;;:.~ --~J.~1. .... .i.~ .... u.. J , l .J., 

i s no reason for such a _pr·oeedure wt th 

Tl.Ow' u ;.1r ca.ss of coi.nci d~'. 11c e t uni n,9.: , on t he 
Ht.TH 

FIG. 14 

r.::cntrar,y. SLms , ida l modalation o:f the 

rBpelLer voltage, pRTallel wi.th 

nous sinusoidal d. sci llor.:co pe dcflect ton 

would give bet"te:r :results and a simter 

moduiator. : ::: ru1 i ;;:iproved set t:.1i s would 

have to be considered, and as we ;';halJ. see 

later, a highe1"' module.ti on frequency should 

be u sed. 

The output of the cavi tief-1 is rectifled by 1 N 23 

crystals. Two coa:x:j_al c~bles c~onncc t ea t hn cry i.,,to.~ .. J v; j th 

the niixer-araplifier, essentially t he one decribed in the 

paper of Fairbanks and Ma.cNeal. A pen-thode i n one che.nnel 



- '.:. -) -
(jouble , 
a 'lr:fc,·a.e in the other one produce o:pposi te phase of tbe t wo 

component s ~hict aro super pone d in a mixerstage. 

F'lG.15 

The frequency recpcmf,e of ti:1e awpliiier had to be i mproved 

on t he low freq_uency ran1!,e. Actua.lly a new a1nplif'ier would 

have been necessary, but beca use of' shortage of time I tried 

to i mprove U .e cxistLJ.g one as g5sa as possible. If low 

fre : uency ;:.U~(i phaf;e r1::-spo!:1se a.re insuf iicient, th 2 :f:'oailowin;-; 

ef'..: ect occurs: 

FIG.15 
f; i\ 

!\ "\ I \f\ I V I ! \ \ 

) l) L 
a b C 

The four peaks which are p:co duce r: c:nring one sv;eep as a 

result of the supHrposj_tion o:f t he two resone.nce curves 

cannot be adjus·t,s<i to er ual arnpl :i. tud i:; as j_n a.'}. We may 

ej.ther adjust according to b) which would be cor} ect in 

·this case bu-t can be done much less accur ate or like c) 

which can be done accurfately but ;1,riG1 d.s w:n•nc cesul ts 

from the following roason: With the chr nge in tempe:r-e ture 

a nd with the alternatively dif:fer ~nt gases in t he cavi ti r!) s 

the O will change considerably. So the ~ceJ.i:;,,"i.,i ve s1ope of 

the cavity output e:nvelore varies. Tlrn f, t ~ic f-:mall dc~.rif.,·U.on 

f'rom exuct tuning wnich results if w,, tune according to c) 

is not constant and introduces an error of uncertain value 



but at le-si.st 9. few times larger than the error du,c: to 

unavoJ d·;' \;L : Ln ·:tc J.~';:.cies . 1)nly if at all rnea.rrtu·ements 

the Q is app:r.-o x i :,ia-~cly equal the r<➔q uirements on t l:: e a :npli­

fier :' re less riz id. 

l n e: orH' ecti<>n w j_ t L t his v~e ma1, :ce,nark that 

can be done rnucb ea ::.>,i t.~ r n.n d more accun:rtely i.f ...... \., ,••• . 

v :. -~ \.:~ c avj_t :L .'-- s 

h £ve diff ernt Q's, ao thRt the resnonses de not c nncel en t i re­

ly on t :1e sc r een b :.; t g ive pattern$ Like }!i6 . j . .For 0qual Q 

it was very hard to determine the point of exact ca11c el J. n.tion, 

whe.re~.s the two peaks of superposed unequal Q-curves can 

be matc hed Sven with c on s iderable noise backtrouud. 

AA R result of t h~ ex~dri ments • 1t h the s at I w~ul d 

pro ,,cse t he follo wi ng i ;r _prov·cm2nts .. ~Ph 8 use of a s weep 

f r e.- uency of a.r '. und 500 or 1000 cps; this wou.l<J aL .. ow ~ 

cut1~off hum. It i s n etca·ly i mpos1;:; ible to a vo id , o rt _,:, p i c ku p , 
of hct.rn, especial l y wj_+h the, high r;;ri n s neceF :-: s.r y (l o•:,c 

coup Lin(; to 

60 cp s too, 

FIG.16 

i.s 

this hum ap,_, ea:r -i::. syncbronous:l.y f:t:iperpo sec on 

1 t is how0ver pos ~:, ible 

to bu.ilo. a good ampli­

::t.icr I'or the t,and from 

30C to 15000 cycl es 

wi thout ~uch troubl e 

and witbout clumsy 

condensers e nd dange:t 

of motorbo:::..ting . The.r-e is D.o o:-,,ng0r t bat a i'rec:(t:.Emcy of' 1000 c 

would not allow proper building up of' the o scil:Latiou i n t h e 

cavities: ever with a Q of 100 000 th~ bui~d up time would be 

only about 10 :adcror:ecord .s wi"dch does not af·:·cct the slope 

of trrn Q-curve on the scope. Seconu ; 1 would build two 

exactly a.like a.rnplif'ier channe.i.s and inv,3.rt one oi' the 

ci:-yst e.ln in the set. This would si ,rrpli:fy the ;::.et an<i mak e it 

more symmetrical. Calibrated input potentj_ometer s would 

make it easy to measure thE. va:ciaticn o:f the Q o:f t.he 

6a.vities and thus to determine the absorption of the gases. 



If we need the equipment onzy to measure the dielectric 

COE '.' t 11t1t t '::lo rG i r: cf;r <-1 i :3 torttr) ns in the £1.ii:pl.ifj_f!I' are un­

i ,nr;ortant, r,owever for mea!7Uremtm"ts on U1e Q li1:f,u:c-chty :.:,houlc. 

The system was tuned up and tl:e cavities roughly matcl1ed 

by tbe L'.,icrometer of cnvj_ty 11. '.!.'he COi.'>ling .systein:f:'or t :1e 

ozoniser refillet ~ith ice and ~he H20 traps with dry ice. 

Then the actual tn·oced.urc (for oz0:1iG n.ms) w,:is i.hc; l'o l Lowtng : 

2 ovacu.c3t.j n,3 bell j8T a nd refi1 ling v,;i th 3tandard t;as 

4 matching C;f the i:'l equency wj_th pressure in cr-::..vi ty II 

5 rea.di1.1,g pres sure II, te1P}:eretures I & 11, tir.· e 

6 ozonizer on, pump for ,:ool :i<1g w:.Jt s., · c ircu}d, ion i n 

ozonizcr oL. 

7 a.wa.i t stable condi tio.trn ( ozone content), ;:;rnimwhile 

prepare bot t le f or ti t r9,tion 

8 

9 

10 

11 

ft 
13 

matching roughly 

measure flow 

aecu:cate tuning 

read pressure Il, ten.:perEriiure l & II, time 

_b~~,bl~ng .Jihrout~~ Kf~~o_;~~~ion ,(1 ~r . t~:o rninµ:tes) 
ret.:uning if necessary 
.• · .. . , ' ·. ·, . . i 



• 1~- :read presr,ure Il, teDip . I & II, tin.1e 

15 flci.r rr:ear-,ur cment ( to interpolate f1oVJ at ti .De of 

·titration) 

16 m~oni..zer and pun1p off, fflfE.(;Ua:ting II 

17 shart fl n r.: h i ng of I w.:. th f..:lirttl.y j_ncr G::;J;c 0 :Clow r a te 

sample 

19 as 4 a.s.o. 

The:ce were c.iway-s ~Light shtf'ts in frequency wi th time 

and between corre2ponding m2 G.sur:-rn1011ts a wi u i rnum of a few 

min 1✓- t c, i;:1 was necessary- ( for· :.Clur2hing cavity, fl ow ;;1 01:::,:, . and 

The Tuns a.tr -- oxygen 

oxygen or e-_ j_r --w9ter vapcr 
s•j_r -- f :: cQn WC)~G made a.na_wgous 

aveYTtg e value o f the d.ielectt'ic cor: st ,i )t we :.; s'. r: t •:,-::-:·, i.:~c<' 

with the j,n.terpo lated date.. If the n~eess i ve vr.1_luez i n a 

run 1iv£1re ri1uch different, the nm WAS repe~t?d ,.1. ntil :repr o­

duca.bl,~ ~r,easurEn:ients iNere obtai £led. A lar,?:e number of 

measurement~ could not be usec. because of too mucb :frequency 

shift, impuri ti€ s in the te s·t ca vity, ve.cw1m 1 eeJ<ag e 

larg e decomposi tio1yate of ozone and vax·.ious otr? er di:fi i­

cul ties. 

'h' OXYGJ~l\J - Ai.H ~---·-- --
I 

thes e values are cal culate0 on the baseJ ai r=. 000580 

T1 T2 P4-P2 ~ 
OG oc mm Hg r ed.to 00 760 mm 

23ka 23.5 6! : ' • 0005J4 l ib baro 
49.8 25.1 58 t 4 .000533 1% 

'737 
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the values are plotted on ]'ig.17 

.5 % 
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,, , 
70 

.5 • "' 

~i.> 9 - '7 - 4-8 
.5 ~-' p 

The di f f erence betv,(; • .. r~ air ar;.d oxygen is some\~hat larger then 

the one det er?:lined by Crain hut wi t bi:r: t.he error of lfo 

I - 6 
.D 6 =- • 000046 :1;. 5• 10 

/-A = 1.87 :1;. o. 05 ----------

l I 
C) 

... ,,.. r-1 ,.{ . 
1 ,.:. , , • vO 

f 
I • V092'. 4 

890 

flA.2 
8;,6 
759 

0° 1 760mm 

l 

1 
l 
3 

.BA.RO 
I 738;·735 

~-2-48/ 
r-'/-48 

The actual value, determined a t J.ow fre c; uenci_.<:;f. ir 1.84 (Sanger). 

(see graph Fig.18) 
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c) OXYGEN --OXYGEN + OZONE 

'Ehe ozone r uns caused most of· the troubles of the 

expe:ciments. At the beginning the values obtained were 

never re ;..,,roducable. but the diffigul ties were finaJ.ly over­

come and an unavoidable rate o-:f decomposition was determined 

by a set of titrations at several temperatures at the input 

and output to the cavity (decomposition could certainly be 

avoided by a completely new de sign of the cavity using the 

experiences made wi.th these measurements) . For the calcula­

tions I assumed that the process of decomposition itself 

does not affect the dielectric constant. The difference in 

ozone content between input and output was the same for both 

directions of :flow al so the tuning compared with cavity II. 

So I assumed that most of the decomposition t akes place 

in the cavity itself where the fas star for some time; 
for calculation I took the averag ed content of input and 

output. 

Typical run for the determination of the decomposition r ate: 

l: 

Date : 11 - 5 - 48 
room : baro 739 mm, t 
cavity temp. = 22.0 °c 
:N ( thio ) = • 0981 
bubbling f or t~tration 
V{fl) == 100 cm 

I 
I I i 

60 s ec 

time 1 f l ow titration .-t. V1 V2 V{thio) ! 
min. sec. cm3 cm3 cm3 

I 

l entering 1654 105, 3 1 
0040 0430 3.90 

') leaving 1700 105. 0 1 0430 08G)J) 3. 71 ~-
105. 2 I 3 entering 1706 0802 1195 3. 93 

4 leaving 1 '(12 105. 9 I 1197 15'13 3. 76 
' 5 entering 1718 105. 5 i 1573 1971 3. 98 .. ; 6 leaving 1724 10~.3 1 1977 2353 3,.76 
I 

LBAVING 

I 

I % 03 

8. 33 
I 7.90 

i 

s .37 
8.03 
s .50 i 

' 8 . 02 

I 
l 
l 
' 

' ' I 

! 



Typical ozone run: 

Date: 11 
baro 
N(thio) 
titr ation 
V(fl ) 

graphical interpolation: 
:re: . . : :",- -, '' ·',", - : • '·· ··, _,:• 
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- 4 - 48 
738 mm 

.0981 
60 sec 
100 ccm 

average J = o. 001 '78 ± 3 

make a correction of 2.5 % 
decomposition 

if we 

for ozone 

1812 
55 

l ''/05 
08 
18 
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Using the method of giqphical interpolation, i.e. plotting of 
the f'r equency shi:ft, relatively accurate values could be ob­
tained even with considerable frequency shi:ft.(The example on 
p.36 ie a rather stable one) 

The following table gives a summary of such runs which were 
used for the determination o:f the dipole moment. 

~ 

date baro '1 iW>zone p4-p~ t'- I 
red. borr. 

OK corr. ecomp. 
I . 

J 

10-14 738 194.5 7.,35 256 23.8 • 002297 -.t25 
I 0 I 

11-19 739 194.5 8.24 269 123. 6 2190 30 I ½ ,<f ,~ 
11-24 738 194 .. 5 6.84 230 22.0 22!5 40 1 0 
10-21 739 273 8.12· 156 23.0 1855 20 

1
2. 5 o1 

;') 

11-17 740 273 8.29 156 21.4 1840 30 2.5 
11-2 740 196 8.lG 144 22.9 1870 30 ? 5 -· 9-13 735 303 6.78 110 25.6 1830 70 
10-29 738 303 s. 29 ·141 22.8 1840 20 2.5 
11-·4 738 317 7.63 118 21.7 1780 30 2.5 
11-15 740 342 1.ao 116 21.7 1740 70 6.5 

I 

> 

these results are plotted in Fig.21 p.38 

from '16) we get the value ·:for the di pole .moment: 

µ.. = • 52 :1: • 03 • 10-18 cgs 
! 

d) OXYGEN - FREON 

There are no special difficulties with the freons, the~y 
are easy to handle and not corrosive. The dielectric constant 
i s too large so that the available pressure range in cavityII 
with air is not sufficient :for measuring the diff er ence 
between freon and air. There are several ways to use the 
method also for these cases: 

' • 1 use of a standard gas with larger diel.const. 
2 design of' cavity II :for overpressvre too 

3 invert the procedure in the following way: 

a freon in I, freon in II 
b oxygen in I,freon in II 



.... - . 
<-+·++-+1 _.,_,_. ++-t-t-t,-t--t-++-+-H-t-t,-t--H 
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v, e 1SSe_:--d the third alternative, i.e. pressure cavity always 
• 

filled with freon, test cavity alternatively with freon 
and oxygen. At first the dielectric constant of f :reon at 
one point was determined and then the calculation is the 
same as in the other runs except for a small corr ectli!Pfll 
due to the temperature dependability of.the :freon polariza­

bility. With freoA3at around o0 c with i'r-eon 12 already at 
room temperature a. strange e:ffeet occurred: there were two 

pressures where an equilibrium wa.s possible; a; a certain 

point {around atflllospherie pressure 0 .•. 25°0) increasing 

and decreasing the pressure in the freon filled cavity II 

shifted the frequency in the same direction. I did not have 

enough time to follow up this phenomenon which would have been 

interesding, so I used the one value which fitted into· the 

measurer_nents at higher temperatures. 

Results for Freon 12, Clr;,C F.2, dichlorodifluoromethane: 

(averaged values of individual runs) 
I J ( 

date baro T1 t? l P4 - p., red I 

I 

I ! corr. OKoC I mm I 

12- 9 744 ! 330 24 565 • 00348 
12- 9 744 364 24 49, 334 
12-10 · 744 406 24 417 323 
12-14 747 297 24.2 633 346 
12-14 747 324 25.2 572 341 
12-14 747 365 25.8 491~ 330 i 

I see FIG.21 

The resulting dipole moment· of 

c. g. s. 

compares pretty good with the measurements of Smyth & McAlpine *) 

But we saw in II b) that we should no:c rely too much on this 

result, because of the effect of inertia. The dipole moment 

should at least be checked at '1nother f'requency which has not 
/G 

necessarily to lay very much of'f' :from the used one (10 or 1 cm 
waves would be interstHng). 

,) Smyth and McAlpine give a value of .51 in 
Journ.Chem. Phys. 60 {1933) 1 

see also Tables of el. dipole moments, techn. report II 
lab • . for insulation research M.I.T. april 47 
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R e s u l t s for Freon 13, Cl C 1'3, momochlorotrifluorornethane: 

date I i ( 
baro 'r1 t 2 j P4 -p2 l red ·• 
cor .. I 

• ' mm OK oc mm ! 
I 

12- 6 744 297 I 2fl.5 644 l • 00350 I 

12- 7 745 335 22.5 509 l 249 I 

12- 7 746 370 22 450 i 245 i 
12- 7 746 413 22 I 392 ! 240 
12- 7 746 415 22 I 390 i 239 
12- 8 746 273 21 I 637 l 254 see fj_,g. 21 

we calculate a dipole moment of 

= 0.39 * .025 • c. g. s. 

The sanie remark as for the Freon 1 2 spplies here too. The r e~mlt 

is i nsofar interesding as we would expect a hi gher di;,ole 

moment f or the ilfi symmetr ical Freon 13 - moleculeo 

f) REMARKS TO THE OZONE RUN 

As a cheek for the deter mination of the dipole moment 

the value -of for T = co may be used (no dipole movement). 

Though it is not possible to predicht the accurate value, if 

not all the re sonance frequencies f r om oo to ;fl • 3 cm are 

known, we can all t he same give a lower limit and in t he 

case of ozone the proper value is not expected to differ 

very much f11om this limit ( see Ila) ). Measurement s on 
the indE; X of refr action *) in the vi s ible spectrum let us 

extrapolate to an -value of around 1.00102. Fig.21 

shows that the diff erence of this value from our measure­
ments is within t he lirni ts of err or. 

*) Landolt & B::5rnstein, Fh;yB.Chem.Tab. 

International Critica.l Tabl es 
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8) SUMMARY OF RESULTS 

gas temp. r·ange 
investigated 

OK 

( ooc 760mm )iJ.1018 cgs f o:, extra.pol. 
red. to O 760 

H20 320 + 390 1.0108 :A. 2 1.87 ± 5 
03 194 f 360 1. 00190 2 0.52 3 1. 00108 :I: 10 

ClCF3 27.3 + 420 1.00257 2 • 39 2.5 1. 00210 10 
Cl2CF2 300 + 410 1. 00355 2 0.55 3 l. 00263 10 

[f 00 for 00 1:!emperature or otherwise eliminated movement 

of dipoles. .All errors given in units of the last given decimal J 

VI CClCLUSIOl~S === :;;.::::===== • = 

As a whole the method gave some interes<i"ing results 

and proved to be very convenient for measurements of this kind. 

However the desired accuracy has not been entirely obtained. 

I a.m convinced that a completely new design could i mprove the 

accuracy of the method by a factor 0£ 10 or more. The 

proposed improvements would be: 

1 higher scanning freque·:hcy and i mproved amplif'ier 

with prQper amplitude and pha.se response. 

2 bett,._,r vacuum techniqv.e3, eventually design of 

cavity II for over and underpressure. 

3 improved design of the cavities: use of I NVAR steel 
or probably the best thing to do would be to use 

quartz .tor the construction of the cavity and 

metallize it in vacuum. 

4 use goJ.d plating for all parts which come i nto contact 

with the test gas. The drop in Q agai.nst 

silver plating can be tolerated. 

5 use vacuum sealing also for the test cavity 

and design this cavity for use in hell jar as well 
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as for continuous flow. 

6 cal ibrated t nput of mixer amplifier to be able 

to make absorptmon measurements. 

7 eventually design of a ca.vi ty for Bbsolute 
measurements as mentioned in IV c) 

8 study the poss ibj_l i ty of using the method over 

an extemled frequency range. 

As to the method in general I w:, uld make tbe fol lowing 

remarks: The method is a verJt nice idea., as the high Q 
of mj.crowave elements can be used to determine small 

frequency shifts in a very convenient manner. However as,we 

sa.w, we get into trouble with absorption bands if we 

measure heavier molecules. But just these a.r e -the ones 

which are most interesding at present. If we Wflnt only to 
determine the dipole moment, it would probably be better 
to go back to lower frequencies. Beat methodei-s in connection • 
with crystal oscillators could yield as good results as 
this method· does. 1.remperature and vacuum troubles would 
be about the same as we had. 

But if we could extend the microwave method fror,h. 

single frequecy to a cons:i.derable band on at least to 

a number of discrete frequencies, this woul d be an ideal 
method for absorption and. refraction measurements. 

C° - ~D •· Cf@ 
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