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Summary

The dielectivic congsiants and divole moments of
several gmces (i.e. oxygen, dry air, water vavor,
czone, difluorocicnlorcustihane aid ucmocinloro-
trifluorometiiane) have been determined by a
microwave meinod, using cowparisvn to a gag

of known dicleciric constant. Accuracy of shout

2 % has been obteined for thne dieleciric cousbtant

and 6 # Ior the dipelie moweat. The weitued is

¢iscussed from iheorsiicald ano practicel poines

of view, pnossible improvementits are pointed cut
and its general suitability for nmezsurements of

this kind ise investizated.



The measuremnents described here were carvried out in

continuation of the experiments made by ME Hines, R.:i.Macheal,

and A.F,Fairbanks. The purpose of these invesiigations
was to get an accurate and easy way to measure the dielec-

tric constant of various gases. The chemisivry departement
of the California Institute of Technology was especially
interested in geliing the value of the dipole moment of
ozone in order to have ancther clue to the still uncertsin

structure ol ozone.

With his originael set .ines tried to mase abosoluie
measurements; he had consicderable cifficulties with
tewperature effects, so that the accuracy of uls resulis
vas not as expected. hachNeal and Fairbanis changsed the
ecupmeat tc allow relative measurcments only, obut these
with increased accuracy. lhey extended tme gset for tests
on ozone and got rather accurate values in thelr

measurements suk comparison of cxygen, <y &ir aud ozone.

w

However thei® set proved not to be sufficient for
messurements on cther than room teupgersture, I took ove
their eruipment at thie point with the intention to oo e

it suitable for use on an extended temperature reonse,

The investigations described here were carsied out
Irci thobﬁf 1947 to Decemver 1948 during three teris
and part of the sumneryacations., Actually most of lae
time required was use. for mechanical work (ispcovements

orn the eguipment).

I should like to express my thanks to all of those
who were helpful to me in any wey in wmy work especially
to Dr. W.ti.Pickering =sad L, R.H.Macsneal snd particularly
to Dr.C.Wulf for his fruitful suggestions and his help

as to the cnemical aspect of the procedure.
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11 HUO‘bTI AL CC4d ID RATIONS

g8) POLARISATIONy DIuloCiiIC CONSTANT, ABSCRIPICON, vIFCLE MOMELT

Iin our nethol we detemine the dipole noment by

measuremnents of the cielectric consitant gt verious lempera-

<0

tures. This is done at a frequency of 5400 megacycles,
using the chauge of freguency in a cavity caused by the
dielectric constant of the gas in the cavity.

-

There are escsentially three kinds of polarissgbility:

rt0t21.l = Pe + Pm + Pg

The first efiect is due to the displacement of the nucleuse
respective to the electron shnell in aatowm. It is indenen-
dent of temperature and state of aggregation. Sccond there
is polarisation due to changes in interatomge ditances
within a molecule; this effect is generally very smsll,

The third infiuence is dipcle orientation which part can
be rgther largs. It is not obssrved in solid state and

1o its full exteat only in gases or very dilute sclutions.

Dipole polarisation varies witln tempersiure as the rsndom

motion of the molecules tries to ccunteract nay oricutation.

Atoms and molecules have vsrious poseibilities of
oscillations if they are excited by electromagnetlic
fields., In the vicinity of such resonance frequencies the

diclectric constaat shows the following geinersl behavior:
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At infinite frecuency all materisls are transparent (g =1)
as there is nc particle which would follow the oscillation.
going to lowei Jreguencies in passing over a resonance ire-
puency there is e final increase a ¢ in dielectric con~
stant. As part of the energy of the pescsing waWes ig

lost at the resonance freguency, we czll these recions

\)

S

"absorption banas® too. There are tie following zrou:
of absorption bands: rescnances of imnner electrang® (uitra
viclet znd X-rey rangse); resonances approximately in the
vier electrongdf); intermoic.ular vibrations

viglb ey

le e (o
(f= 161(...lb 5 cps). Dipole rotation does not zive rice
to a true resonance (the disturbdbing Torces of tenperature
colliisions cannct be looked at like an elastic force)
there 1s asscrption due to the iime lag of tie cdincle

mevement which gives & complex dielectric consiant,
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Generslly the critical frequency ior dipole inertis ?@i}s
at wavelsngtns of millimetors and fractions thereof, but
with heavy molecules it wmay be in the ceantiseter renge.
1f we want to get the dipole moment oy means of sessuring
hie dielectric constgant we have Lo meke our vxperiments

in the shaded area of fig.2.

Suppose this condition fulfilled (i.e. inertia of
dipoles ”lé?ilblw} we know that the dipole polarisation

is inversely proporticaal to temperature (Curies law). In

concentratcd sclutions the effecv of the neigibouring

iy e

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

*} Cnsager Journ.Ass,Chem.Soc. 36
bebye Ann. Fhys. 19357
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ChLlrta

at low oressures we have not tc consider this point and
we way use the uvebye toruula:
: — s
- 45

P = 5= Nog (x_+3kT)

% s T 0 ; .
w = el.dipoie wowent |

M o= giam wol

7oL
£ cmd )

ers/ Ok

€2)

Tou MN/d = Avogadro uumbor

= gdensity

N = Jixlolgjch = Lozchnidk numb,

and apulying the Clausius-o=0tii relation

'-‘t; ea '—l ﬁ
g+° d

we gets
-1 N 4%

£ 3§ = U (& +42/3kT)

The dielectric constants with which we are concerned are
in the order of 1.001 -~ 1.005, so we cen sinplify (with
lesc than § # error);

X oo,
¢ =€-1 = 4gn ( x + i/ 3kL)

If we have two valucs of ¢ at difierent temncraturcs, we

vet/u in the Zoiiowing manuer:

(]

4T N (> + 4 /sml)

1
n o= TR (ot + I /3KT9)

i

-

dq dn & = BTN A3k (/T -1/00) = A b &

]

(ad L2255 x/a i)t

(3)

(4)

L T
7k T1T9

(6)
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b) SATURATICHK, INcRTIA, MOLECULAR HOSILITY,

LS

ii very Ligh zield swrengths arc used, o .e saturaiilii-
eficet of polarigation snould turn up, a in agﬁxtr&mc Coee
all C¢ipoles would bo oriented ap.roxiaete#ly parallisl and
no further increase in dipolar polerigation w uid e
posuiple., Lei us check if such an efiect would bhe pogoible

in our case. The highest field strength tus1 can occur

the
in sny case would be break-down Ticldetreagth oi iie tested

zas. witn air tonie is around 20 oco V/cm. Bhe energy eontent
of 1 cm3 18, expressed in terms of feeld and dieslectiric
constants
.
w= E£ER°/2

anc¢ tne incresse due to the ef ect of diponles:
™
AW =60k /2

On the other hand we have for the energy due to bue displace-

mnent of the dipovle charges

e

Aw=H1lqB =Nmg

b

uait charge

w otatistical efiective
dipole lenzia in

field direciion

i‘“' ,-Q

Let us take the following average relation odetween /M and m:

Combininz the above eguations:

S B
o B .
K= v.éﬁ;‘;l.l} 6()

Taking the following values aAd = 005 B = 2000073
1

18

B 2( 1¢ fh= 10

[}

we get &
™% N 1/100 A
For +this small angle we can certainly not cetect deviation
from linearity even at the breakdown ficldstensth which we
shall never reach in our sed.
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But there is another point to consider, whici proves

o be more dangerousg, the iueriia of the mo.sculss. ve mske

b
a e
G g . B B o M. . ..
in tne used cavity (of 50 em”) wiich is 1/ 501077+ 10
1054

=

Jouleg;cycie = n, assucing all energy to be found

&% a perticulsr insteant in the s-field, we get vitlhh 2 ¢ of

5C WuC ( Q = stored energy/dissipated enerzyoscc cyctle):
2

n = §____m2 = q (2un/g)®

g
20

E ap.rox. 107 V/cm

The forece on urnit charse is

. 28800 4 n907% @ 1.5:287F dy s (8)

g

Al= 7500

Now we want to compare Hiiis iorce with the icice needud
Tor acceleratiocn. %e reduce the mass of lhie wolecule 4o the
centers of charge by multiplying with the scuwres 70 10
ratio of tne radii,

- mg{%\fg mt o= r:-rﬁuc-“.

! deh

: i Witk
ac.eleration force: ‘
do+= Giuviance o I the

ceters ol mesce

T the
¢ BYLe

dops dlotanee

Z o
fa = day, W nm! (9) conters o
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m“ . S —-C
Taking Ais .5+10 = deh 4.8:107%° .4 =107

unit mass= 1.7 10 7, angle of osciliation & 1/100
-3

W

-

22
i

~-10

8

gives for ozoae I~ around 10
for the Freons  f2 around 107~ dyn

dyn

Thue we see that for ozoune faef) and probably we have
nothing to fear from inertia, but for the hesvier ¥reons
ot

il

B P - o) AR $ =Y A, - R woss wmead din, B ow . mox 4
tie Torces are of the same order of Daghibuce il we Wi

Y Y

e}

expect sone trouble. (Cf course these very rou . ap rox -

&

tions could easily be wrong by a facior of LC,
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Not only inertia counteracts eny forced motion o
the molecules but also ltemperature agitation, resulting in
an energy loss (this is an efiec’y apsrt Iroa ine tempersture
infiuence on divole orieatation). we have secn thet ihe
anzei of rotation is very =mall, =o for an estiamste
gssuce linear motion e¢nd use the mobility K {for iong which

’ v

. ; = ! Ciid
is in the order of 1 ==/— ,
e ‘e

X = v/E )

accelerating . B B
© = B v R e/K VAs /cm 10
force = q ; = ef (Vas™/cm™) (10)
"resistive® = )
force =¥

[

sing the same values as on p.8 OUr vLloCivy 18 Ga4W/LuC
and ws gets
RV dnt W i .
W— = P i A, s g
E = looke =~ 610 (1)
This vesult dcmanst ‘ates, that resistsnce (sowewant like
v1ﬂcOusreq1 tance) ageinst movement of the molecules is
nv~iee%able against tae thermal distardbiry Jorcee of dincle
orizutation.

Conclusively we see that nsitlher poviliiy nor "'muratijﬁn
efiects will occur in our exgeriment., but inertia could have
some influence although we expect it ouly ifor heavy molecules
and scarcely for ozoneg

¢) BFIFECT OF PARAMAGHNLTICH

As mentioned above we are goiny to determine the
difference in resconance frecuency of a cavity fillcd firet
with a standard zss and thea with tue tell gas. As we have
both electric and wasagnetic field in a caviity, the maxwell

field theory proves that we actunlly deteruine the v

@

Locity

T propagation v = C/(ifkﬁé of el.magn., Weves in the gus

O
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{or the index of refraction) anc not the dielectiric congtant.

in a di=nvsszretic suostance tne devimtion of f&iﬁOﬂ 1 i=
negligh=ble but as oxyren ie perasma.netic, we heave to

investigate this case too.Curie *) gives the following value

=

Srobre magnetic suscepuiciilty of oxygen:

~6

ae 2. 11 10 at room tempersiurs

i o= B/H = 3 + 47 ¢

Thus ; RPN
“ = 1,0000LGL4
2 ,,IUQQ

;{;00 = L.000%3

The effect of narams-netisw will therefore be sbout 1/3
of the influence of diclecitric polerigebility, so we shall

neglect its infiuvesce and assume pu= 1 for all goezes in our
5 _

teegts, in this case ¢ =1 ( n = index of refraciinn), wahich

aclde in the transpareat regions of fiequency.

*) ref. Landolt BSrastein, FPhyeikslisch Chewische Tebellien

ITYI DLs ‘NIOi\ CF Tl J?’MJ..HUD

8) O-LlpRalnATION OF Tub DIoiwCRniC CUASTANT

Two cavities are fed by & kiystron (723) the reseller
P

voltage of which is modulated’tc sweep the freguency cver g

-«

rtain range in which the :escorances of tne two covities

1ay. dhe output of thne twu cavities, rectified by crystal
diodes, is amplified and supernosed wit: opoosite sion in
a nixer stage. The result is ouserved wiin ancacilloscose.

The idea is, to tune tue carities tc tne saue Lrequency by

djusting the two reconance pesks on the scope te coincidence.

0SCILLOSCOPE PATTERNS

cavity It
- —

out of tune near coincidence tuned



- 11

FIG.4

ONYH

6v-2T'd3

SV 1S3

K
4vyL - 0TH &
dWnd
OYA oivyL
"9 L70A HOIH
(> <]
o
° dvy Ll
z
v
VA 1.18% " m
Algd0sS — a<a_
I3Mod = | L nﬁn 3ATVA'03Y
‘SO
Vi
o, I R \m ~ 3
N\ \ ’ dv31'dWaL -
. % < \
i A SYOLVANILLY Hive ‘dWaL—
m ‘5S0 .
2 "DIN dWIL

)

SNIdROD A3 L

——

Y3XINH

20

\

AV3S VoI

-em twd 1™ 28 2 )

7

R-FANE

CEREIL P Tt



- 12 -

Measurements were made in the following maunner: both
cavities were filled with the standard gas sund tuned, first
by adjusting the leggth of tue cavities by a wicrometer,
then by varjing the gas pressure in the bell jar.,Then
gavity I was filled with the test gas (or its mixture with
the standard gas) and the pressure in cavity II readjusted
to coincidence of the rescnance frequencies. Frum the difference
in pressure (about one mm Hg change in pressure could be
detected) the variaticon in dielectiric cousiant of the standard
gas was calculateds

£ = CQ/(E}J)% Co = factor of cavity (12)
af TSTS | _ ) ]
it = -5 Ce/{p¢7) !xé\ ;cgnst.:: 1
d 2 & =1
af = k d¢ =k d& (13)

In the ronge of presgsures and temperatures with which we are
coucerned, the following Tormuls holds:

é\ =(§° g;—f% = const. p/T (14)

Let us use these indices:
test cavity (1) filled with gas A \)
comparison cav.(II)} filled with § (éigat Po) Ratched

20Ut N

test eavity filied with B )
q
comp, Cavity filled with § Bateked

-
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For the case, where we have a mixture of the test gas and

a standard gas im cavity I, we write the foliowing relations

in order o extract the desired dielectriec constant:

\ Iy
L} — . -
Udig = Vg cgz + U3 df
the respective volumes: Jp ey =V
1 Lo P
! A il [
e 70T +7(‘BE"“L}
4 g \. {
‘ e ~de | o+ d
Or - T I UT W T + e
T Ve L ) L
U'-;;'
\}ﬁ = ‘;;::’
d = L}3 = L
In the actual case: [958
and remembering that (;31 ’ «-.,\ T, J{ -
measured at Ta , Pa
we get (j |
[ fum i 2k T St '3y _ lape
AK = A Uy-;}-v i A \ 4‘7(:{'__” gl
v A AV aps  Tape

° y

15)

(16)

-
i

-d

(17)
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in our cxperiments we whall generally deal with a simpler
case, where Ty= T3 ; this yields to & siuplification of (17):

AID B éﬁ T, P>

’E“Mﬁ”“‘} t’-%] ""“"‘(?w 3”—% (18)

and if in addition p1 = p3

i

i (4 (Pu-bITi |
Qro wt—;:)) 13'6‘8%)3’ -~ JSO e “\‘ (19)

If convenient we might also take the sane gas for A and S,
so that.we can write {19) as:

CS.. . Jéa (o (pumpo)T (o (Pt T ) T0)

£ Sefe e Oy T

If the temperature differences are only small, we can, instead
of using the more complicated formula with different tempers-
tures, take constant tempersture and mske the correction

by ealculating & pressure p!' instead of p. Tor a positive
temperature differencoe we make a negative pressure correction
of the sane percentage:

Ty = refer temperature Ty~ meassured temp.
Px= measured pressure pe = corcvected pr.

Topx/Tx = po/(1 +x ) 2 px(l <o) = pe

Formulas (18),(19) and (20) give us the dielectric constant

if the test gas is inserted only in mixture with a known

gas. If however the whole cavity is filled by the test gas,

formula (15) can be simplified for analogous conditions as
for (18) and (19) and we have:



‘CiB = _.f.. f. dAg P‘ N Jf' E::_Z&(pu,.tjz} (1‘)

° P32 25 * Ay
AR o Ty Ty
f { | T 3 Py - o :
c) = o) + ) —
BC’; !A\a 50 Tz P' ('l.'?-)

Tt"T& leTV = b

b) STANDARDS USED

Applying a comparison method, we need a standard gos with
¥nown dielectric constant, preferably wii.out dipole moment.
Oxygen and dry air served this purpose. ¥alues given in the
literature differ by several percents, Although Hinzs' value
for dry air was suspected not to be accurate suough i uged
this one, as at first it was the only vaelue availsble forx
a freguency of 9400 Mc. ( £ PR 1.000580 ). Comparing
air and oxygen I daived Q'ox from Haclieals and my own measure-
ments which differed less than 3% (€ ox = .000533 & 2.107°),

Later, almost at the end of my investigaticns, a paper
of Crain *) (University of Texas) was published and these
values seemed to be pretty reliasble. In conseccuence I re-
calculated all the ruas with Crains vealues:

dry air 1 0 = 0.000572
oxygen ¢ O = 0.000530

ot 0°C and 760 mn Hg.

¢) CONSIDERATIONS ON THE NECESSARY PURITY OF THE GASES

Ve stert with the reguirement, that the error intro~
duced by impurities of the gases should not exceed g few
tonths of a percent. The following holds for a mixture of gases:

*) Crain, Ph,ys. Rev, Sep’b. 15 1948 p0691
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rj,( ‘v"“lc—:l‘)» t 59. €y = Csm.

All o CS' K. ey , €2 = volume % of component
J téeoo
i
Jz,- A, | for .1 % accuracy

(j 1o D .
' gl
) )

C, 4 (A ma (23)

one source of ervor i water vapor with a €ieleciric counstant
- of gpproximately 1.010 at 20°C (red. to 0°C 76G mm) *)
d, ‘ e d,=0e0s

e eI %f;.v 53:)

€2 Al ivco  2e000 al =, 01
(requiring the erior of each individual component rot to
exceed .1 %) Water vapor is separated by us.ng dry ice iraps.
The vapor pressure ot -78°C of water is ,00056 mm. This is
about 8-10”7 of ithe pressure used in she test cavity. The
same holds for the cavity in the bell jar, as the trap is at
athmospheric pressure. Thus ihese traps are suliicient.

If there is any vacuum leakage in our egquipment, impuri-
fication-by air becomes iuportan®, The most important component
of air beeing watervapor and assuning & maximum avsolute
hunidity of 3 % 3

‘ Vo ume

This proved to be the most difficult conﬁiticn to fulfill
with our eyperimental getup., Vacuunw legskssze in the structure
of waveguides and bell jar was often the cause of intolerable
frequency shifts, especially at low pressurses in cavity II

ag expected. Hewéver in a more permanent set this condition
would not be hard to fulfilly.

*)the diel. constant of watervapor at this temperature
is aimost entirely due %o dipolar polarisation,
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As %o carbon dioxyde ite content shouléd not excesd
15%, if we apply (23) to its diel., coastunt, or should not
geviate by more tian that smount from its norwal percentage
if air is used 28 reference. As normal 602 content of air
is .03 %, there is no error 1o be expected from it.

Using Cr as standard, its Heo content musi be less than
1 %, The purity of the Co tanks is guar=zntsed t5 contesin less

than .3 % ko (.9 % botal iwpurities).

4) PIPRATION

o dutermine the content of ozons in Lie 0zone-oxygun
mixture, we dotermire the vate of Ylow threugh the test
cavity snd the amount of ozone lesving (re:n. entering)

the cavity per tims unit,

Titration is done in the following way: ozone is
bubiled through & solution of potassium iodine, Two flasks
in series were tried, outl a siagle one proveld Lo be
sufficient as rno detectable

aaxount of €7 went thro

tiie second ond., This is the

reaction which takes place:

2 KI + HoO + Oz ——> Io + 2 KOH + 02 (24)

A few drops of acetic acid were added to keep the sol.
on the scid side and several cocm of starch sdution as an
indicator for free iodine.

For titration sodiumtuiosulfete was used iu aprrox.
0.1 ¥ solutbn {(titretion until soiution éolorless).
The concentrations of the solutions were chosen in a
manner o hsve ample KI in 50 em o, ggope PUPSL1iNG
througn at a~rate of arcund 2 cn’/sce. anc 1o use ap, roxie-
wately 10 cm”’ of sodiumthiosulfate for the titration (.1 %

accuracy).



Titrstinns

Ip + 28003° ——> 217+ 5406 (25)

Ac.ordingly the ozone content is calculaited fros wie following
equationss -

4

5 n{thio) = & B(thio).V(thio)

I

n(0%)

, n{Gs) Vo pa o n{03) T 7410. G0
vo3) = TN, = Tp I 120

224107760/ 277 = K V = volune

I = noruality

Vo= 22,41 1

D = pressure

t = hubblinse hime

r = rvate of flow = V(IL)/T

b o= volume of flowmetor

T = tive reguired to Ffill “lsvroter

V{mix) = r %

N(thio) V(thioj} T K
2prt

% Oz=

y §(thio) =, = ¥(thie)'T.T
203 = SN(FL K o (27)

&) TiMPLRATURE SFFECTS

The considerations in II1 a) were based on the assump-
tions thet the resonance Ireguencies of the evacuated cavities
do not vary with the teaperature., %e chall see now that the

considerable.

¢t
@

effect of thermal expansion is gui

The resonant wavelength of a cylindrical cavity obeies
the folliowing relations:

Ay

Ay = 2012 4 z/r 2 (28)

1 = length, r = radius of cavitly



4/ X2 = 1/12 + &/x2 =(r2 + €1°)/ 12r2

g' & ¥e beiny the coefficients of theimal expension for
radial respe longitudinzl exvansion, we write:

1=1g(1+y3t) 1 =vo(1+4%)
Now let us calculate the change in £ ecueney cue 1o expension:

Q_}_g DA

A)skzae A€+ 5—;—&::'
0 & v
)\ W e
e frrec?
J/ (L
gy (etsce®) e Or Grcenna e y
:_——' = = R ; #He
2e N (rt4ce?)
3
('>\ )\W
P TR it
ae 4>
> 3 & 3
o B} 24€ _ = A
e T e e e - l
or (i’lq(‘ ez e ik *
3
S
AN = g ‘ﬁs"" r3j
3 /) - (29
Ay _ndfke, B ’
At b o\ er 3
L -
if we set XC "XL we get
d X -
et 5 A 2 q C
S Byl v @)




+ 000019

= 26 om

r= 2% ppmm

¢ = 1.48 for the TE (Ol1l mode

in our case with k”(brass)
- 1

prals LOO0013 /9

e made the splitiing in » & ?@ in order %o have a
&

possibility to compensste the cwponsion ciiect. 5o v set

now

At 2 b, 3
—m = 0 =(=) (J6/1% $fe/r")

o~

(we have neglectsd higher orders of Y~ and
the fact that Y is not exscily contaat, so
strictly speaking this cerivation holcs
only fer one poiut)

&

Texing X—(bra.ﬂss) = L,0C00LY , we gab Y‘az-. I slalox1e;

ke cannot expect the temperature Ho be more accurate than

5 °¢ with our exporimental sct, so an uncompensategd cavity
would cause an error of 10 parts in 10“6 which is not
tolerable (from both cavities together about 4% error in € )

We used therefore a compensation wethod to reduce the
error substan#ially. The compensation for the f£irst cavity
consisted of an arvangoment similar tuv the one used in
compensated clocks.,

S

Lca’\/

Fig. 6

|
|
Ae krﬁss

(

2

0)



From this definition and the exvansion coefficient for
1
iren bveing JCC0LUZ, we get for 17 = 50 mm 17 = 40 mm

and as 1l = 26.5 o ... 1' = 66.5 mau lo= 16,5 om

We esmlculate the necescary 1o to meet eqg. (30):

YlFe) 1(re) = Y81 (L(Fe/-1p) = - Yeu

lp = ( X@‘g** %36 103/ Fae = Ve )= 70 mm

For the second czviity, nct haviig aveilable enoush soace fof
this kind of compensation, we used tne following system:
The siction of the
FiG.7 principle is evident

Qrinss =03 we do nol resroduce

' "éﬁh%m tne calculztions for

i e R ¥ “{;nla CaEE,

Another impcroant guestion is, it the gas, parvicularly
in the test cavity where we have contiuucus flow, accopts ac-
curately enough <the tempersture of the cavityd Az iz we ~hall
tolerate an error of .1 % for € or ebout .3 °c. ve
reguire tuis temperaturce being reached beforc the agas enters
the cavity. DLet us calculate the necessary length of glass
tubing immerged in the teuwperature bath,.

&
3

Assuming turbulent flow in the tubes, we make the

foliowing simplified assumptions for the teuperaturc .otentials

L

ray
F.d Ly
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Fig. 8
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We assume only radial flux of heat anc the rollowing snecifi-

cationg:

Jo= 4 LLAA./S;,
’Q"oﬁsl ~ 0,1 °¢C : ,9‘,_.93“ ~ 100°C
iha

3
s T



Fodhal ((Anx o{- heat = &

O\: Q[It

o

oiq - 2W )\c, JL—” (8‘,*&‘1) | &) (31)

Cc;\/\\.‘eg{':em‘,
X = 3'(3_5‘,}_ &(c&ﬁ-/mzac (32)

ﬁiq, = {15 )\c,i‘g',,*&z} d (33)
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combining (34) and {(35):
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Let us take the following numericali values:
zlass tube 6/8 am
AR ot o= 1000

’ I
« 26 Xealjks

O
3
i

L] o 1 m ;i -
N 3;'1 = 4,2 ” h /.‘.‘{f.?c‘;:!_.]_

Kn = 12.6 10~

e
1 = 4 cm

B ]

(this ecalculstion shows that, dus to the swell ¢, of
zases, the temperatu-e drop ic located nearly only in

the ehect of co qvhht‘VL)
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The two cavitises are consectetito a kiystiou by a
shunt T~section. Attonuaters in all three braucnes reduce
capling between vranches aul source ( a roflex kiyst.oon
is influenced considerably by gvarying load as tnis one)
The pranches are matchgd by tuning screvs, ihey sre terminnted
by csvities which have both an output caxling te a crystal
detector., Coupling hoies in the cavities ar: made as szoll
as possible in order to get a hisgh 0.( 6 = 3 mm}.The cavities
are cylindriczl a:xd osciliate in the TH CL1l mode.

e

Let us assume that we axre alle to detect a froguency-
deviation of 1/10 of the hall vaudwidibh. THe cavities have
a calculated unloaded Q of apnroxiuately 30 00C (silverplated].

4

: !
Q= L/2H8L =¢u/ dg ™ = nei¥ bandwdth/detectable
dGeviation

=g %/0=320"0C if m=1/l0 1

‘ ,
which is around 1 % of ¢ in our case Actually the 0 was
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probsbly worse, bul the experiments proved that with nroper
pf;cpuﬁﬁamﬁ «n ™ of */ivﬂ would bes possible.
One of tiie cavities was mounited &n 2 bell jar, the

conoeting weveazuicde ig sealed off atl a choke flange

polyctyrene sheet. The length of the cavity can be varied
by 2 wmicrmeter screw for coarse freguency adjust ont, (» the
op.ocsite si

ad ed:

idec of the cavity a temperaiture comuvensation wae

ama
THLALALL, || AL
or—, :0

_-1RoNv
BRASS

OSSN PR
R 1 ERRRRIRLN
”IIIIIIIII afl=s lﬂlllllll’l/ A

/ B T P RS T T e r Oty

DIAPHRAGH
ccts oy

@ spring
I 4

Moreover the emply cpace of the bell jar was filled up o
sonie extent with iron bars to give the whele thine o lor e
hest capacity to rmirninize tempersture varistion resulting

- D el

from evecuating snd refiliing tre jer,

Two 1-g=l. bottles orc conrected to the L2ll jar, one
of them filled witl the stendard ges, ithe other evacuated.
This ellowe easy ecjudmenw of the prescure.

The other cavily is submerged io oile A4 wcawosiet

anc ern clectrical resting elenent al.owed 1o keup the
tempersture constant within § C. Thic cavi.y hac the

following design:

TEMP. ADJUSTING 25/im 17/"“

Fig.10 1

o
/
DIREERENTIAL AL = BRASS
SCREW 7 U

The performance of the cowpensation was checked and adjuﬂted.
i1t was possible to keecp the freguency variation within 2,107 /OC.
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To rrevent coriceion by the ozone, the inside wes coated with
a very thin layer of tygogn. It was necessary to isol
the wavezuidees »t the colrance to wue teuperature bath
acainst heat fhw., Utherwise on the hot runs too nuch heat
was conducte’ to the ~utside, which was harmful to the
crystal set., Cn the cold runs condenswalsr drops and lce
inside the waveguides dicturbed the experimont. fhe corling

was done with ice water and with dry ice in & alcohol bath,

Mica shcebs werc usaed in counnection with the

plumbing.
RSPESTOS

AN\N
S
{
%
NN\

RIS

TEMPERATURE
LSOLATION

ANANNZ1 NN
AN NAREANN NN

I
[

This cavity was the wealk poinit in the set, uno was scarcely

5 g

possible to find s scaling compound which 1 attacked

{47}

ne

P

C1T
either by hot ozoue or hot oil, The cavity could not be
soldered off for the sake of the tygoon coating., A wster-
bath could not he used either as the high dipolar momcent of
water would degstroy the measurements if only very minor
leaksges would cccur, Finally at the high temperatures
only air circulstion was used fo. acating, which is of
course less accurste than a Lickid bath. Very small
amounts of impurities which had leakec into the cravity
acceleratec the decomposition of ozone., I mads one preliminary
test with gold coabting which looked satisfactory and it
seems to me that the only possibility is, to goldplate
the entire system as far as in contact with the test gas,



'

ugir? no ;lastes coating and soldering off the cavity.

Hines’ icdea of absolute measurement shnuld be tried
again. It seems to me that with pioper design sufiicient
temperature cowstancy could be obtained, for instance

ucing & long'inver" cavity mounted &n & gond thermostot.

We could use the feliowing design:

% I WP IO CI IR IR T TS ELE

T i i i

FIG.12 e entes T b
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b) CAYGEN=0ZCNE, WATAR VAPOR ~MOUTTMENT

This ecivment is easentinlly the same nas has been
deacribed by R.H, MacNesl in his rewort and 1 confine
myself in describing sonme improvomonts. A orecision-re-
ducing vaive was used e regulate the flow of oxygen.
In addition the hign voltage transforuer was Iced by a
congtant voltage set, bolh measures itaken as the ozone-

coutent provec to vary more than pecaissiole.

A flowmeter was designed which permitied to keep the
pres-ure conetant and the sawe as during the titrsiion
period. Air wes used in moat caaeg a8 a gtandard zos, it

taken out of the room and dried tarough two dry ice
vIaps.

For the runs with watervacor the following srrangement

provided the necessary saturated sii or oxygen

¥I1G.13

aspirator

A"l | I“l | cavﬂ‘y

—

No change of Ho0 content was noticed if one of tle +two
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Flow r=te of 2 em’/ sec. The tompera=-

o
%

botiles wonn ramovel at a

£

ture of tue water in the bubbling bot:les

i
¢eteraines the content ol watervapor in

c) PCWIR SUPFLY AND MODULATOR

wotiing in perticular has vo be seid

onn vhe power supyly oi the mixecr-acpiificr,

Power supply and modulmiéor for the klystron

werd dssigneu by lilu.cse He converited a

£C cycle sinuscidal voliage in a square
el wave and after that into a lris 2 ulur wavee
Al _form§ 1 suppose that suls wee indenéed Jor
HI a differeant kisd of indication, as there

# 1 ie no reazson for such a procedure with

Flow var case of coincidsnce tuning, on the

METES
contrary. Sisussidal modulation of the

| Y
| i

NS IEr——

repeller voltage, parallel with =yehro-

|”.v

nous sinusoidal dscillo=cope dxflection

|

would give vetier results and a simber

modulstor. I an isproved set tuis would

have t¢ he considered, and as we shall see
later, a nigher modulation frequency should

be usetd,

FiG. 14

d) O:-TECTION AND ISDICATOZ CIRCUIYL

The output of the cavities is vrectified by 1L N 23
crystals. Two ccaxial c=bles connccted the crystalyg with
the mixer-amplifier, essentially the one decribed in the

paper of Fairbanks and MacNeal. A penthode in one channel



double,
a triode irn the other one produce opposite phase of the two

components vwinickh are superposed in 2 aixerstage.

jk' {
,*L_

TLG. 16 i ;;\m.—\t\,f’, *
LG i { { Kﬁ/\ | Lhamce e ly b
\ ¥
\\\ X////
\! [ Ty
¥
Dse

The frecuency responseof tue &mpliiier had +to be iumproved
on the low frecuency range. Actually a new smplifier would
have been necessary, but because of shortage of time I tried
to imgrove the existing one as g&%& ag possidle, 1T low

fre:r uency ancé phase resggounse are insufiicient, the foalcwinsg

ef ect occurs:

Yy L Mo
T's 5 il ‘f; :’. ‘;‘
F1G.15 g :&} i‘f% ii\,{\ ;,j.‘. i\j‘:’ ‘KA
PV f v A \ L !
I I A
- ./ L / \“/ L/ // o
a b c

The four peaks which are produced during one sveep sz a
result of the supergpositicon of the i1wo resonsnce curves
cannot be adjusted to eruzl amplitude as in aj. We may
either adjust according to b) which would be cor:ect in
tnis case but can be done}much less accurstie or lLike c¢)
which can be done accurately but yiclds wrong results

from the following reason: With the chrnge in temperature
and with the alternatively difiersnt gases in the cavitics
thie © will change considerably. So the relative slope of
the cavity output ¢nvelope varies. Thue the small deviction
from exact tuning wnich results if wo tune according to ¢)
is not constant and introduces an errcr of uncertain value



but at least o few times larger than the error duc %o
unavoidoul lpac urncies., 2nly if at all measurements

the ¢ is aprroxisately egual the renuiresents on the anpli-

in convectian witn this we may renark that Tie tuniag

can be done much easier and more accurately if the caviilis
heve differnt Q's, so that the resnonses de ot coancel entive-
ly on the screen Lut give patterns iike Fig.’. Foxr egual

it was very hard to determine the pcint of exact cancellation,
wheress the two peaks of superposed unequal O-curves can

be matched even with cousidersble noise backeround.

As a result of ihe exyeriments with the set I would
pro,cse the following ixproveaments+ The use of a2 aswecp
fre uvency of ar-und 500 or 1000 cps; this would alliow B
cutggff hum, 1t is nearly iwmpossible to aveid rove pickun

of hdm, especially with the high ~fins necercory (lo-e

ot

coupiing to the csvities), but ar the sweep Freguerncy is

60 cps too, this hum ap;esrs syachronously superuosed on
the screen and reduceg accuracy of adjustuent,

it is however poscible

he a to buila a good ampli-

- Pyl " Al : y ; 5
Fig,16 1Yy : zier Tor the vand from

. 1 [ g I
R A 3CC to 15000 cycles
// - & v ¥y
3\ L without much trouble
L —

and witihout clunsy
condensers sud danger
of motorboating. Thers is no danger that a freguency of 1000 ¢

“

would not allow proper vuilding up of the oscilisticu in the
cavities: ever with a §Q of 100 OO0C the build up time would be
only about 10 microceconds which does not aflect the slope
of the (-curve on the dcore. Secenu: 1 would build two
exactly alike auplifier channeis and invert one oif the
crystals in the set. This would simplify the cet anc make it

more symmetrical, Calibrated input poterntiometers would

.J
o
1)
(.L
ERY.
by
o
£
o)
)
,;.L
3% nd
>
©

make it easy to measure the variztic:
€avities and thus to determine the absorption of the gases.



If we need the equipment only to measure tue gielectric

conctont, nonliresr distortions in the asplifier are
important, rowever for meacuremenis on the ¢ linsarch

be pretiy good.
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BiviHAL FROCLUURS

A ¥

un-
ty chouléd

The system was tuned up and the cavibies roughly matclied

-

by the wumicrometer of cavity 1I. The cooling systeanfo

7 the

ozoniser refillec with icc and the He0 traps wilk dry ice.

Then the actusl procecurc (for o0zciie runs) was tne {oliowing:

3 reading rocomienversture suG stamosiicyic tie

-~

N

continuous flow ol standexc gas in cavity 1

reading »ressure I, temverptures I & II, t

ozoniger on, pump for coolicg waltc: circukt

OZONigZCY Cl.

) f‘ 12 .3 /\
Sl ol

evacusting tell jer and refilling with sztandard gas

matecnding of the iieguency with pressure in cavity Il
e

ion in

7 aweit stable conditions (OaOﬂb content), meanwhile

prepare botile for titratio
8 netching roughly
9 measure flow
10  gecurate tuning

11 read pressure Il, temperavure L & II, tine

fg bubbling throuyh KI~soLution (l or two mlnutes)

& retuﬂing if noceSn.ry
o el .- W



9 J'J'a:i}hi}_)ol & l.[, ‘tif.',le

i

"
Jdo

@

14  read pressur

15 flow messurcrent (to interpoiate flow at tise of
titration;

16  ozoniger and pump off, evecuating II

17 shat flushing of I with ¢lightly incressec Liow rate

18 avait stable conditiond, meanwiile titrate laot

sample

19 as 4 8.8.0.

There were always slight shifts in frecuehcy with time

and between corresponding measuremenis a winimum of a few
minutcs wasg necessary (for 1luching cavity, flow uess. and
titeatica). So eacihh poiut of the wmeasuraments was oblaiced

by 2 chgin of &t least 3 + 5 coumplele “cyclss® 4 vo 19,

The runs air -- oxyyen

oxysen or

4 o3
e
h o
!
t
r]
W
S o+
pi
<3
Sn
()
=

-— ficon were made analogous
with onmiscion of titrotion and flow mensurements Yapor c¢rntent
c

ulate: from water temperature, From esch rur an

average value of the dielect¥ic constuut
with the intervclated date. If the sucessiw values in a

run were nuch different, the run was repeated until renro-
ducable xmeasurenents were obitaianed. A larege number of
measurements could not be used because of too mucnh frequency
shift, impurities in the test cavity, vacuum leakage

large cecompos 1tloqvaue of ozone and various other difii-
culties.

b) OXIGiH - AIR

these values sre calculatec on the tased air= » CUCHBO

T T2 P4=p? 4
mm Hg red.to 0° 760 mam

68 + 6 . 000538 1% bare 737
58 + 4 .0005%3 1%

)
> 3
o
el =]
P 1O
Ut
L 3
HU |G

49.



o) To D4 ~po 3

€9.8 2745 54 2 0005354 .5 7
2 i

109.5 26. 72 é e e WOUH 5

R TR
N

96.5  25.¢ 1 2 L000526 .5

the values are plotted on Fig.l1l7

The difierence belueun air and oxygen is somewhat larger than
it

the one deteruined by Crain but withir the error of 14

)
A C = 000046 = 5.107°

¢) DRY AID —~=— OXYGENy SATURATCD HITH WAWER VAIOR
These measurenenis were only mad:s as a check on Li¢ methcd

t )
T, Twater partial v o E2 b4 - po .
Vap. prese :

O Q | : I
C ¢ Pome Hg vol. b

mm Hg rod.to 07, 76Cum

¥

m

49,6 |27.0 526.74 .52 PT.8 1367 %
49,4 1 27.2 27.06 I 3,56 P7.8 1546
79.8 | 24.5 |27 4 260
90, 1 25y 2 ;24.04 3 lee
109.5 125.2 ' L2 1205

Lty

BARO

138/ 735
H-2-48/
D~ =48

i

U

W3

O 4
et ot

VIR 0 RN
00
Ut
T

L e

from(6)] we get

) L
JA = 1.87 & 0.05 (erg cma)z

The actual value, determined st low frscuencies is 1.84 (Singer).

(see graph Fig.18)
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- ¢) OXYGEN --OXYGEN + CZONE

The ozone runs caused most of the troubles of the
experiments. At the beginning the values obtained were
never re roducable. but the diffigulties were finally over-
come and an unavoidable rate of 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 completély'new design of the cavity using the
experiences made with thece 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 also the tuning conmpared with cavity 1I.
So I assumed that most of the decomposition tzkes place
in the cavity itself where the gas stags for some time;
for calculation I took the averaged content of input and
output.

Typical run for the determination of the decomposition rate:

Date : 11 - 5 = 48 °
TOCH baro 739 mm, b o= 21.5 "¢
cavity temp. = 22.0 C

N(thio) = .0981

bubbling for t%tration : 60 sec
V(fl) = 100 cm

es %z

} time f%?w titration % Oz
'S Vo | V(thio)
min. sec. lcmd cm3 cm3
1 en¥ering| 1654 | 105,3| 0040 | 0430 | 3.90 8.33 |
2 leaving | 1700 | 105.0 ] 0430 | 0800 371 7490 |
3 entering| 1706 | 105,21 0862 |1195 | 3,93 S.37
4 leaving | 1712 | 105.9| 1197 1573 | 3,76 | 8.03
5 entering! 1718 | 105.5! 1573 | 1971 3. 98 | 8+50
6 leaving | 1724 | 105.3| 1977 | 2353 | 3.76 | 8.02
ENTORING 8. 40

LEAVING =58 ) 1%



Typical ozone run:

bate: 11 « 4 - 48

baro 738 mm

N(thio) . 0981

titration - 60 sec

V(£L) 100 cem
1 hf Etitratien itrgom v%oz t2  mano readg. 'i ¢ time

\, 4 ‘ﬂ P KCG U 760
i sec \ cem. Qs % %¢ mm. ot Q%i win

44,0 21.8 5@8 389 179 1607
44,01 92,6 | 0214 0624 | 21,2 770 {21.8 | 623 326 297 116 001782 17
44,01 92,2 4,10 21.8 | 624 825 {299 : R I
44,0 21.8 | 570 %87 (183 i
43.8 | B9.5 | 0625 1250 21.8 | 626 323 303 o
43,7 1 59,7 | 6.25 212 1157 15178 | 627 322 305 129 e %
4%.6 21.7 | 571 386 185 55
43.6 | 60,0 | 1252 1877 « | % 217 | 626 323 303 - 1705
43.4160.3 | 6,25 | 210 ) T63 |5y7q | 6o 303 og 18] 18121102
43,4 | | |21, 6 | 570 386 184 ] 18

ranhlcal 1nterpolatlon-
[ ................ e ) el e R R

}

average = U, C0L78 &£ 3 if we

make a correction of 2.5 % for ozone
decomposition
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Using the method of grphical interpolation, i.e. plotiing of
the frequency shift, relatively accurate values could be ob-
tained even with considerable freguency shift. (The example on
P.36 is a rather stable one)

The following teble gives a summary of such runs which were
used for the determination of the dipolie moment.

" Xx\

date baro | B jozone | pa-po | to é red. orr.
. corr, [ °CoTD.
10-14 738 {194.5 | T7.35 256 123.8 1.002297 %25 | ©
11-19 739 {194.5 | 8.24 . | 269 23,6 2190 3C | & %
11-24 738 1194,5 | 6.84 230 122.0 2235 40 ©
10-21 739 (273 8.12- 156 23.0 1855 20 2.5 %
11-17 740 | 273 8.29 156 121.4 1840 30 2.5
11-2 740 1806 | 8.,10C 144 22,9 1870 30 |2.5
9-13 135 1303 6.78 110 [25.6 1830 70 .
10-29 | 738 | 303 8.29 141 [22.8 1840 2¢ 2.5
11- 4 738 317 .| 7T.63 118 21.7 1786 30 (2.5
11-15 740 | 342 7.80 116 21.7 17406 70 16.5

these results are plotted in Fig.21 p, 38
from ¢6) we get the value for the dipole noment:

«18 - & :
A = «52 % .03+10 2 cgs erg'cm3/2)

d)  OXYGEN - FREON

There ére'no special difficulties with the freons, thecy
are easy to handle and not corrosive The dielectric o nstant
is too large so that the available pressure range in caﬁityII
with air is not sufficient for measuring the difference
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 overpressure +too
3 dnvert the procedure in the following way:

a freon in I, freon in II
b oxygen in I,freon in II
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We wse_d the +third alternative, i.e. pressure cavity always
filled with freon, test cavity alternatively with fréon

and oxygen. At first the dielectric constant of freon at
one point was determined and then the calculation is the
same as in the other runs except for a small correctivm
due to the temperature dependability of the freon polariza-
bility. With freok>

room temperature a strange effeet occurred: there were two

at around 0°C with freon 12 already at

pressures where an eguilibrium was possible; & a certain
point (around athmospheric pressure O...25°C) increassing

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
measurements at higher temperatﬁres.

Results for Freon 12, CloC Fp, dichlorodifluoromethane:

(averaged valuee of individual runs)

date baro v t» %p4-p9' (} red%

COTT. | gpoc i
12- 9 144 35@ 24 565 | .00348
12« 9 744 364 24 498 334
12-10 744 406 24 417 4
12-14 147 297 24.2 633 346
12-14 747 324 25.2 572 341

12-14 | 747 365 25.8 4919, 330 | see FiG,21

The rasulting dipole moment of

/x, = 0.55 % .03 s 10“18 Co e Se

compares pretty good with the measurements of Smyth & McAlpine *)
But we saw in II b) that we should not rely too much on this
result, because of the effect of inertia., The dipole moment
should at least be checked at another frequency which has not
necessarily to l&y very much off from the used one (10 or 1 em
waves would be intersding).

%) Smyth and McAlpine give a value of .51 in
Journ, Chem. Phys. 60 (1933) 1
see also Tables of el.dipole mouments, techn. repsort Il
lab.  for insulation research M.I.T. april 47
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Results for Freon 13, C1 C F3,_momochlorotrifluoromethane:

: | !
date baro Ty t2 { pa -p2 | J red |

Vele) i o g %

min OK oC mn E ;
12= 6| T44 297 | 22.5] 644 | ,00350
12« 7y 745 335 22.51 509 § 249
12« 71 746 370 | 22 450 g 245
12« 71 746 413 22 392 2 240
12« 7] 746 | 415 22 390 § 239
12- 8| 746 2731 21 | 637 | 254 see fig.21

we calculate a dipole moment of
o= 039 & .025 . 102 e

- The same remark as for the Freon 12 gplies here too. The recsult
1is insofar interesding as we would expect a higher dipole
moment for the %&ﬁﬁ symmetrical © Freom 13 - molecule,

£) REMARKS TO THE OZONE RUN

As a check for the determination of the dipole moument
the value.of for T = o may be used (no dipole moveument).
Though it is not possible to predicht the accurate value, if
not all the resonance freqﬁencies from o to R = 3 cm are
known, we can all the same give a lower limit and in the
case of ozone the proper value is not expected to differ
very much fwom this limit ( see Ila) ). Measurements on
the index of refraction *) in the visible spectrum let us
'extrapolate to an  -value of around 1.00102 ., Fig.?2l
shows that the difierence of this value from our measure-
ments is within the limitis of error.

*) Landolt & Birnstein, Thys.Chem.Tab.
International Criticsl Tables
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£) SUMMARY OF RESULTS

18

gas temp. range . i 5 ¢ st panol.
investigated € 00 760m '/L'lo i g;@exﬁé"go%Go
DK ' 2 ]
H20 320 + 330 1.0108 & 2 1.87 £ 5
03 194 & 360 1.00190 2 .52 3 1.00108 = 10
C1CF=3 213 + 420 1.00257 2 39 2.5 1.0021C 10
CioCFp2 300 + 410 1.00355 2 .55 3 1.00263 10

[;% oo for oo %Temperature or otherwise eliminated movement
of dipoles. All errors given in units of the last given decimalw

As a whole the method gave some interesding results
and prgved to be very convenient for measurements of this kind.
However the desired accuracy has not been entirely obtained.
I am convinced that a completely mew design could improve the
" accuracy. of the method by a factor of 10 or more. The

proposed improvements would be:

1 higher scanning frequency and improved amplifier
with proper amplitude and phase response,

N

beticr vacuum technicues, eventually design of
cavity II for over and underpressure.

3 dmproved design of the cavities: use of INVAR steel
or probably the best thing to do would be to use
quartz for the construction of the cavity and
metallize it in vacuum.

4 use gold plating for all paris which come into contact
with the test gas. The drop in Q against
silver plating can be tolerated.

5 use vacuum sealing also for the test cavity
and design this cavity for use in bell jar as well



as for continuous flow.

6 calibrated input of mixer amplifier to be able
to make absorption measurcments.

7 eventually design of a cavity for absolute
measurements as mentioned in IV ¢)

8 sgtudy the poscibility of using the method over
an extended freguency range.

As to the method in general I wuld make the following
remarks: The method is a verg nice idea, as the hiigh ©
of microwave elements can be used to determine small
frequency shifts in a very convenient menner. However as, we
saw, ve get into trouble with absorption bands if we
- measure heavier molecules. But just these are the ones
- which are most interesding at present. If we want only to
determine the dipole moment, it would probably be betier
to go back to lower frequencies. Beat methodes in connection -
with crystal oscillators could yield as good results as
this method does, Temperature and vacuum troubles would
be about the same as we had. |

But if we could extend the microwave method fromh
single frequecy to a considerable band o at least to
a number of discrete frequencies, this would be an ideal
method for absorption and refraction measurements.

e e e e pe 2]
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