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INTRODUCTION 

BecaUse microwaves of frequencies exceedint 6,000 megacycles have poor 

propa.gational charac teristics , spectroscopy us i ~ microwaves as t he incident 

or exci ting radia tion has led to developments which make pos ible extra- or dinary . 

r esolution of spectral lines. Microwave pectroscopy is t he class ifica tion 

of t hose discrete f requencies between approxi mately 6,000 megacycles and ·the 

infra-red region which are absorbed in pa9s ing through gases , liquids , or solids . 

13ecause only certain eri ti cal f requencies are absorbed by a specimen, one. 

thus ha a r ela tively si pl e and reliable me- n of determining t he pr esence. 

magni tude. and relative concentrations of molecular elements of matter • .For 

example . water va or of t ha air exhibits molecular resoru:mce at about 22,500 

megacycle where pro agational l osses i ncrease to over (?.4 decibel .:per ki lome-

t er. Oxygen i n t he a t mosphere pi:iovidea maxilllUm absor p tion or a.ttenuat-ion of 

microwave energy a t a frequency 0£ about 60, 000 meg cycles. wit h a ttenuation 
l 

being of t he order of 10 decibels per kilometer. The possibility arises that 

every element or compound of element s . bot h kno ·n and unknown t o seienee, will 

ab orb frequencies i n t he microwave region. 

Until recently. i dentificat ion of a t oms and molecules by spectroscopic an-

a.lysis has utilized r adi a tions i n the infra-red, visible, and ultraviolet , re-

gions of t he spectrum. 'l'hese metho s limited inve tigations to a toms and t he 

simpler molecules. I n t he fields of medicine and industrial chemigtry, where 

t he larger and more complicated molecules are found. t he pas t met hods of spec-

trosco:pic analys i s have no t been sui t able. The expl anation of t his :foot is that 

t he heavier molecul es r ot a te a t slower. r a t es pro ucing s ectral lines which f all 

wi t hin t he microwav'e region. The larger molecules which may be subjected -to 

l 
S . Freedman, "New B'ield of Microwave Spectrosoopy 11 , Radio ~ 

Television News, XLII: 27-9 (July, 1949) 
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CHAPTlll l 

P.llOJ!LEM AND MlffiIODS OF SOLTJ'.l!ION 

ne proble as to construct a microwave spectroscope for the 3 to 4-l 

eent1meter r ~ e. :Bloek dia,;ra.ms for two different Taria.tions of such a spec

:trosc ... a.re shown in J'igu.res 2a and 2b o• Pa.t:e 5. ::Because the initial cost 

of new equipment £or 111.ierowave spectroscopy was considered too great. t e prob

lem at hand was either to convert wa.r-s.urplus equipment t o the immediate needs 

or t.o con.struet the equipment from easily obtained materials. 

o war-surplus pieces of gear were 1 diately available; one, a kly

stron oscillator ineluding a. power supply and attenuators, was easily modified 

to meet the need ~or a microwave oscillator; the other, a. cavity ave meter, 

vas of secondary importa.nee; however, it cont~ined a mieroampere meter hich 

facilitated the proCUl"ement of relative power output measurements. 

Also necessary was ad ice to detect the .bsorption of frequencias with

i n the range of the klystron. For this, a crystal diode of the germa.ni.Ulll type 

was employed.. lJ'ollowing the detector some method of i ndication \fas nee sa:ry, 

either a direet re ing output meter or an oscilloscope whos c trace i:.1ould show 

a cha~e of amplitude at the absorption frequency. Between the detector and 

the indicator, a difference amplifier was needed for balancing the out,ut 

voltages from t he detectors at the ends of the specimen ar and balancing arm. 

exhibiting uo output whenever t he tvo ar s remn,ined balanced but givin • an 

indication if abso tion occurred in the specim n arm. 

To facilitat e the location of an absorption frequency; the output from 

a saw-tooth sweep generator was applied to t he repeller grid of the kly tron 

in ad i tion to the bias voltage; this caused the frequency of the klystron 

oscillator to sweep through the range being i nvesti ated for the presence of 

absorption lines . The microwave eneru from t he oscillator was ma.de to pass 

4 
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through two pa.rra.llel paths, a specimen arm a.nd a 'ba.lanc.ing arm, to their re

spective detectors, t:he signals from which were then fed through the differ

ence amplifier to the oscilloscope whieh was synchronized vi th the sweep cene

ra.tor. Because of the extreme difficulty encountered in the search. for two 

cr7sta.ls of si ilar eha.ra cterietice. adjustable in:put impedances were incorpora

~ed. in the difference amplifier. 

~o allow for a wider choice of specimens in the form of liquid.a, solids 

or gases, tvo different arra.ne;e ents £or p sing microwave nera through the 

specimen ere em loyed. A pressurized wa.ve-gu.ide section procured from surplus 

equipment was utilized. in t he first arran&.ement. This pressurized s ection ras 

attached to one arm of a series-fed •T" wave-guide section, the other end of 

which fed. into a raveguide section containing attenuators for load matching. 

These two sections fed into identic l detector systems employin& germaniWI crys

tals. The output from the detectors t hen led i nto the difference amplifier. 

The aeeond arrangement cqnsisted of wave-guide horns attached to ea.ch end 

of the series-fed 11 '?ff section. Located at convenient distance fr om the horns 

and in eo-axia.l a.licnment with them were . two other horns hich were connected 

through eo-a.xial cables to the detectors. !he specimen was inserted between 

one of the pairs of horns, leaving air between the other pair. is pair of 

horns provides a. balancing a.r similar to th tin the previous arrangement. If 

ga.s eons ti tutes the specimen, either arra.ngement can be used, . t he pressurized 

system bein& much more aceurate for quantitative measurementa; however, for 

liquids or solids the harn arrangement must be employed. 

Another epectroacope which is leBS a.ccura.te, 'but which simplifies the con

struction of the equipment and enables more ra.pid operation vi thou.t the need. 

tor the tedious balaneb1g steps, employs the double odula.tiou principle (see 

Figure 3 on page 7.) It also utilizes a kl.ystron o cillator whose :f'requeney 

1s changed by varying the repeller grid bias with a saw-tooth genera.tor. How-
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l 
ever, the tvo --ae-t-ups differ widely in the other components. In addition to 

t he bias and sweep voltages, the output from a r adio-frequency signal genera-

tor is a lso i mpressed on t he grid. This r-f signal frequency modulates t he 

output. of the klystron which is then fed i n to a pressurized wave-guide section; 1-

the ba.lancil'l8 a.rm is not necessary itl t his settup . A~ absorption t aking place 

w,i t hin t he specimen chamber· . then ampll tude. ·modulates the i ncident l'a.di a.t ion, 

hence t he name "double modulation" .' The ou t put fro t he pecimen, chamber is 

fed i nto a single det ector. The usual <:rysta1 detector removes the micr owave 

component from t he i ncident radiation leaving t he modulated r dio-frequency to 

pass into a comm11nications receiver tuned t o t he r adio frequeney {200 kilocycles 

was used; h-owever , t his frequency was no t critical). The receiver output is 

displayed on an oscilloscope, t he horizontal plates of which- are synchronized 

with the l ow frequency saw-tooth voltage. Signals resulting from t he absorp-

tion spec.tra of t he specimen gas can be observed wi t hou.t introducing serious 

dis tort ion. 

There is one ser ious objection to t his set-up ,· however . All irregular1- · 

ties in power r eceived by the germanium detector are am:pli:fie.d t he same as the 

spectral line. This results .in a l ar ge signal at t he ·beginning and end of t he 

mode wit hin the wave-guide; llo ever. if t he .absorption path is ·restricted to 

short wave-gui de sec.t ions , the reflections a.re wmally broader t han the s pec-

tral lines observed a t 1.ow pres.sure and can be distinguished visually. Any 

met hod i nv..olving. sha.1:pness -0! the r ·espom ·e" on t he. os.ct.:l:lose,Qpe · a.s · a ,e:ri t.erion 

of absor p tion is definitely limited by t he length of t he specimen chaJIIQ.er. 

These three-set-ups all ow -one t o graduate ~rom the coarse t o t he fine in 

both qualitative and quantitative measurements of microwave speetr a.. 

l 
R. Watts and D. Willia.ms, "A Double Modulation Detection Met hod for 

Microwave Spectra" , Physical Review,LXXII: 1122-3 (Dec., 1947) 



or b tter undGrata.nding of mtcx-ovave apcetr , consider the o:rygen mole-
1 

eule 1n .,.ts norm3l ffound st te. :a cause oxr, en has one uni-t tlf spin 

lP..r en tum. it has e. netlo ornent ,eq l to t o Bohr • 1. • • 

ii! wher e 1s the cha.r-ge on an electf'on in electro- ettc unit , b f. 
4 ,r 

9 

.:Blanck ts con tant, m 1 tho sot the electron and c is the velocitT ot light • 

1'h1s pel" nent · nettc oment allows the olecule to -coupl ·to the et.ic 

field of n electroma.enetic wa.ve. Because 1 t ts coupled to lhe r ot ttonal. 

t1oa of th oleeule, tbs unit of pin ~lar :omentum perintrb the rotational 

st te. 

Having three ti.al orientations 1th respect to the given olecu.lar ro:-

tationa.1 ngular mo entum vector. k, the unit 

ttonal level to split into thr&e states: J = JC + 1, X, Md K-1 ·hel"e ea.eh J 

a te of this go-e lled f> -type triplet ari e fro different orient tion of 

the ep1n vi th respect to th irota.tional motion ot the olecule. '!he energy 

df.ff&rency betveen euecess1ve I te in~ ot th e tr-tpl t 1s bout 2 c -1 

(with the single exception of the J = 0 ~ 1 ·ifferenee hich is about 4 cm-1). 

'r'nere!ore, within the 2 cm-1 region there ar two &bsorpt1on trequenct a fo~ 

each v lue of the rot- tiona.1 angular omentum -quantum number., I:, a. de,1cted. by' 

the aelect1on rule tor eUc di ole transitiona allowing indue. 4 tranait1one 

1 
Stand.berg, M9J'l6, and Inger oll, 11!0.croua.ve Abao tion Spectrwa or 

Oxygen•. Phypic.~ ev1ev, LXXV': 1524-S(Ma.y, 1949) 
2 

ey E. 1te, lntl"oduetion to • P• 53 

2 
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between t he successive members of t he triplet, ( AJ : 't 1) • . 

The ol6 nucleus has zero nuclear spin angular momentum. so that symmetry 

l comaidera tions dem<m.d t hat K hav~ only odd values . 

Considering the 2 cm-1 region. there a.r-e a.bout t wenty-five lines which 

OTerlap a.t . atmo.sphe;ric pressure a.nd which contribute significantly t o the ab-

sorption within this section of the spectrum. 

1 
Standb~c. Me~. and ersoll • .22,• cit, .. , PP• 1525 
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as r 1· usly ntion~d in Cha ter l, two piee of a.r-surpl anpa.

r atu ere modified to set the neod for a klystron oscillator· d a. avemeter . 

Th-e first of these. a. ttfest Set 3.51t, cont ine a 2K25 reflex k~tron be · 1th 

the soc! ted p ·er upply-. To adapt this iear t.o -1der0t :Ve spectro copic ua-

• the ori~i l id connections r removed (so 1 e 4) . A a -tooth eep 

gener tor u i an 884 ~ tron tub& (s e i e S) w connected to the term1-

nal ot th repeller grid of the klystron. '1'o rocure 11n rise on the av-

tooth wave for e of the tur~tion ch~ cteriatie of a 6G6 entode 

tube connected in aeries 1 th output condens ~ to int n eon tant charg

ing curr nt . 

The ~e eter could b U!'I d 'to detormin the frequency of the 1cr~ :ves to 

thre To nable ta.tur calibr tion of the ter , an 

a.urlli y- e t hod o:f d ter in.1 tho fr uency of the lystron output was u.sed,. 

ts. herein the ou .. t from the kly-

etron re-fleeted fro tot 1r et!on ot 

Uon. • .i th r- tl ctor le.te t cert n diecr fro the ~e-

1de o t, pove.r outp\lt 1n ie tfon ere noted on a ter 

~ed to 1 ca te the standing ave ratio. Beeaus the di t!!nce that th 

reflector plate as moved between the ob ervation of two ucce ive or 

as a half- -ave length of the crov11v ,_.,, ia.tion, the 

v1th an ev-1 tion tro the frequency 

p rcen.t . lthougb t is e.thod is more accurate than the U8e of t he 

of 5.14 

-surplus 

v ':'I etere a-vailable, t-he ls.tter ethod 1 more. sily adapted to dfna,mio us a . 

Connect d into the lanci • the ave etar acts eh s an :beorl>tDC 



~ 
H 

8 
~ 
.,f: 

t 300' VOL TS 0. C. 

--
POWER t r'J 

SEt ',-f 6.3 VOLTS 

/ 
._/ 

WAVE M,ETER 

ATT-2 

2K25 
KLYSTRON 

CRY.STAL 

R-F 
OUTPtJT 

R.,...F CABLE 
.. 

HORN 

r: 



B+ 3 50 VOLTS 

- 30 
VOLTS 

8-

... 
::, 
Q. ... 
::::, 
0 IO 

20 

IO 

IW 6G6 
170 K .i MFO 

. LI MFD 10 M· ... 

OUTPUT 

SAW-TOOTH GENERATOR 

lOO 1000 I0,00 0 

SAW-TOOTH PULSES PER. SECOND 

FIGURE 5 



14 

specimen in that it absorbs energy when the cavity lw,s certain eritiea.1 d:t ... 

mens ions. As the oscillator sweeps through the frequency to Hhicl:i th-e we.ve-

ployed. ·The diffi.ealties encountered. t·thile eonstru.eti~ the: difference am, ... 

a.l eircui t e.mployi~ a 6Sir? duo-triode tube minimized spa.tlal requirements. 

In Figure 7 one will notice the eat.hode resbtor, Ilk• whose va.lue is eritiea.l 

if distorU.onaless output b to be had £rol:'1 t:he amplifier. In the equation. 

where a= R + r, 

fhis eondition will .sna.ble the l.~tter part of the equation fore& to become 

ins i€lli:f'i c0..nt .• 

A vsi.lue of twelve tbousancl ohms for ~ and a value of twenty for..u. sub

stituted in the above condition yieltls: 
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(10,.000 + 750) = 10, 7$0 ohms. 

tion for the 6$~7. A tu.be stteh ~.,.g the 6SL'7 w:111 give a hlgher.<.C., if incre::,,s-



tn the st;l'.!"Jii~ wra;'i/f$> method of ft"~u~.q de,te;rmtnation:, use ~ r~de o:f 

the ·ve-x-Ue,~l ~~~ter-, tor- tlt!.e ~w~nt tJf J1~1r ... ~va le~tke, wit~ e ~.., 

ctaion 0£ t..l:.e Olr'dm' ot o.OOJ ~nt1me:tGrsf thei :rfJsul.U~a -&••• v&rsmt r~ 

pell• gr1d volkge mrre tw the. 2!!2j k~t~ la. dti1d.t1e1! ln fi~e 6. the 

;~equ~ ~ng an ~~~ 4ev1t .. timl. b"ort tlltt maa!l -et 5. 14 _J$r e:~nt.. l)a,ta _ 

£0:r: thh ~e 111 ligteii h ft1'ble i ·l!Uld !~ble n at the end of th~ clia~tor. 

~a dif£tautt3 1», ~~1~ g. g;i~ 1!f'hie1t -w~Jld. beve a'bs:otpUoa 11~ t11th1a 

~ 6.000 w 9.000 ~~~~le"~~ covered b7 the 21t:2..$ ~lJ';:~Nn t1et ... tt:? ~vent .... 

ad t-ht:J l.n-ca.tion of ~it!c linoo.- !lope. Vtl$ prfftd~nt. at first when it i~ 

a.~ t11~t t~!!lf: ®nodllo.t1i&i 101,3S ~td l:OL. YI, 7ielt!ed .,o ~t).Vat'.i.~l 

' ' l 
abstll"pti~ llnea: a.t 6-980 _ ta~l~ ~ -~ lllsgaey,cle1h '.IWPdlt 'b~~ 

Iodi.ne or-:,st.~l& ,s.oo liquid cluorim COU:ld 'oo- ttitKl t.o y,ietd 1-0/.i.J.oo monl)$.hloriae 

vhiel-1 eou.td then: be:,,~ into tl"-.w wa.v-e-giJ.id$1t lm;t. the temperature ~ld 

hG.v-e W;, 1>e, ~i~~ine.t1 at l!fl .. pp.t"o,:iuetel,v 100° i. m:2T"ing tl1e !J1'~fi$ to ~~t 

~1'ti- dla:e-~$rLrCbit1~n flt the ~. 

l~"Je r;~t-er ~ ~:lso prod:110~ 1.ndiea.t1-oM on the ftn1ll:oscope t:rac~. 

e-x-ti"e11Wly $tslils fflUT&t ~l.e.tor tua~a '1e:"e ~Jrploye4; ~er, 01li$ f.)f ~• 

tubes,, $. '!.:f!J,..Ul-A, foiled to fttlfflt.toa r.t.olTectly·, -e'Jaii ~tl.roup an ordel'! ~, pla,e ... 

dt the tl1be t~1led t¢ ~tv0,.. 

1 
ll.. f .. tltd..4.?lef'.t trMt.Qrc.V&Vo ~peetrum ot Iodin~ ;Jos.pohlortde at 4l ~~ti

metera wav•l~h''• tbl!;iS!Q; &fata-. Iatl: l.a68-9 .(!le~ .• ,. ~947) .. 





tr an os·cillosco.pe wS.th a five ... inch ea.thode r~ tu.be udng a 2.000-voli 

accelerating potential is employed. :for the indica,tor, the 1.Y.lini:rm:uu value of 

the a.i!"f'erence between the ou:tpu.ts of the tuo <letectors,. (ei - e2} • that will 

produce an obse:rvable in,diCA.tion on t.he oscilloscope 1s approximat.elj? 0.4 volts. 



REPELLER GRID HALF-WAVE 
VOLTS LmIGTH {OM$.) 

170 1.640 
160 1.742 
150 1.780 
14() 1.787 
120 1.88,3 
100 1.,a6 
80 2~0.39 
60 2.080 
40 2.127 
20 2~184 
0 2.211+ 

TABLE I 

WAVE LENG'fR 
(Olgs,.) 

FREQUENOI 
(MEGACYCLES) 
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TABIE II 

REPELLER GRID CATUE'fOMETER AVERAGE DIFFERENCE 
VOLTS READ DIGS (CM.) (RALF-WAVE LENGTHS) 

170 40./1$5 
39.205 
37.415 
35.915 
.34.265 
.32.55; 1.,640 

l.60 40.uo 
.38,650 
36.945 
.3;.0.35 
33~260 
.31.450 1.742 

150 40~390 
:38~;;0 
.36~790 
34~950 
.33~235 
.31.490 1 .. 780 

140 40.200 
3s.445 
.36.610 
34.s25 
:33.125 
31.265 1.787 

l.20 40.930 
39.000 
37.225 
35.325 
33.:39; 
31.;15 1.is3 

100 39.a20 
37.5,0 
35.715 
3.3.660 
31.775 
29.S90 1.986 



REPELLER GR;ID 
VOLTS 

00 

60 

40 

20 

0 

TABLE II (Continued) 

FREQUENCY DETERMINATION 

CATHETOMETER AVERAGE DIFFERENCE 
READINGS ( CM. ) (HALF-WAVE LENGTHS) 

39.625 
37. 640 
35.170 
:33. 445 
31. 340 
29. 630 2.039 

41. 375 
39. 300 
37.290 
J4.96S 
32.635 
J0.975 2. 080 

40. 615 
38.575 
36. 240 
33. 970 
Jl. 745 
29. 980 2.127 

40.840 
.38.790 
36.735 
.34. 495 
.32. 255 
29.920 2.184 

41.940 
39. 710 
37.410 
35.120 
32.685 
30.570 2.274 

22 



!he problem was• to ~onstru:et a'.l'1 11'l~emsi.-• mteror1a.ve ttpeetrosco]'7e for. 

Qe in. the , to 41 aentimet,er 't'e:t\t:''- Outlined. in '111a paper are the r<.1ethoda 

used in eons~ot.1~ and. testus;g tbr:0e Va:Pie,tions o~ sueb a. miw11W'a.Ve spec

troaeopa:. 

Where ttpp-lieabl.a, ftar. ... s.u.rpl1.l& eg,1.li.p~t was empl>tlyed, to turt..ber redu.e:e 

the c~ t 0£ the micr<>wave spee:troscope.. and ecaslly obtainable parts were ~-

ploye.d ill the eoni!ltr"11eti0n ot· the au.'ldliary c011tp()llants. 

Ste.11ding ~- tt&re employed to ileta1tmiu the treque:ney of the mterowave 

radiation with a.11 e,vera,&e d:ltrla.tio:n from '~e tl'IElM ot 5.14 per eeat:. 

Alth~ no abtlo~:Jiou lines 1.-1ere toad,, the pos:sibiU.t;y 0£ lMl\V qf the 

heavi'Ol'.' mole®les :found ta the field.a of med.1,ue and industrial chemistry 

laa.vi.ng a'bso.rpti011 lines ta t.hts ~e is not reni(lte •. 

f,hu mterowave. s:pee~o~eope ea:n also be ad.ap~ tor the tutu.r·e s~ 

d: p~~tis11 and ferrl'.)~'.Gt,um ln certain su.b11ta.ncea.~ 
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