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butthelSynthesizing丘Itersarefairlycomplicatedbecause

they contain manyintegrating circuits that requlre

resettlng・
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Ahighsensitivitydetectorsystemformicrowaveresonancemeasurementsutilizingabridgebalanclngmethod
isdescribed．ThissystemconsistsofaparametronpreamplifierJaphasemodulatedpumpcircuit，andaphase

discriminator・ThepreamplifieramplifiesthemeasurlngSlgnalandthequadratureAFCerrorslgnalalternatively・

ICROWAVE resonance measurlng SyStemS Which

utilizethebridgebalanclngmethod，SuChaselectron

spinresonance（ESR）spectrometerandmicrowavebiased

photoconductordetector，lusuallyrequlrehighsensitivity
detectionoftwodistinctsignals‥themeasurlngSlgnaland

theAFCerrorslgnal・ThemeasurlngSlgnalarisesfromthe

ESR absorptlOn Or photoconductive effect of material

insertedinamicrowaveresonantcavity．TheAFCerror

slgnal，WhichisinquadraturewiththemeasurlngSlgnal，

arisesfromthefrequencyfluctuationsoftheklystronandis

indispensableforhighsensitivityoperation・
Thispaperpresentsamicrowavecircuitsystemwhich

permits high sensitivity detection of the two distinct

slgnalswithonlvonelownoise）phasesensitiveparametron

amplifier2inconJunCtionwithaphasemodulatedpumplng

SOurCe．

FIG．1．Thehighsensitivemicrowavebridgedetectorcircuitem－
ployedinaparametronESRspectrometerwithphasemodulated
pumplngSOurCe；PSD－phasesensitivedetector・
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A block diagram of an Xqband parametron ESR

spectrometerbasedonthisprlnCipleisshowninFig・1・The

klvstronsuppliesthemicrowavepowertothesignalcircuit

and also to the pump circuit throughthe varactor fre－

quencydoubler・ReferrlngtOFig・1，theinputslgnalofthe

parametronamplifiercanbewrittenas

α（J）＝dcos（ug＋βα），　　　　　（1）

andthepumplngVOltageas

e（′）＝Ecos（2（J′＋毎），　　　　　（2）

whereitisrelevantthatthepumpfrequencyistwicePthat

oftheinputslgnalfrequenc）▼・Inthiscase，ltispossibleto

show2thatthegalnOftheparametronamplifierbecomesa

maximumwhen

βp＝2β。＋訂／2

FIG・2・Output slgnals of the two phase sensitive detectors of
Fig・1・Theinput signalwas phase modulated by900atlOO Hz
repetitionrate．



2β。－3訂／2，

andbecomesaminimumwhen

βp＝2β。一打／2

0r
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（3）

（4）

2伊。＋3訂／2．

AIso，Whentheinputsignalisinquadraturewiththatgiven

byEq・（1），thephaserelation［Eq・（3）］givestheminiTum
gain and Eq・（4）the maximum gain．Therefore，ltis

POSSibletoamplifyalternativelytwodistinctsignalswhich

are9000utOfphasewltheachotherbvswitchingthephase

Ofthepumpvoltageby1800．Thisisachievedinthecircuit

ShowninFig・lbythe900phasemodulatorprovidedin

thepumpcircuit・Itconsistsofacirculatorandap十n

diodemounted入。／8awayfrom the shortin anX－band

WaVeguide・The two time divided outputsignals of the

parametron amplifier are then fedinto the phase dis－

CriminatorwhichconsistsofamagicTandtwohomodyne

detectorsasshowninthefigure，Wheretheyareseparated・
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Preliminaryexperimentswereperformeduslngaphase

Shifterintheslgnalcircuitinsteadofthebridgebalanclng

CircuitshowninFig・1・Thep＋ndiodeusedinthephase

modulatorwasanHPA－3001andwasdrivenbyarectan－

gularvoltagewaveformatlOOkHz・Figure2isanoscill0－

gramoftheoutputsignalsofthetwolOOkHzampli丘ers

ShowninFig・1・In thismeasurement，thephaseofthe

lnputSignaloftheparametronamplifierwasswitchedby

900bytheuseofavaractorphasemodulatoroperating

atlOOHz．Theinputpowerlevelwasabout－70dBm．It

isseenlaSeXpeCtedJthatthetwoslgnalsareseparatedand

amplifiedalternatively．
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ACavitySearchSpectrometerforFreeRadicalMicrowave
RotationalAbsorptionStudies＊

LAWRENCE W・HRUBESII，†RoGERE・ANI）ERSON，ANDEDGARA．RTNEIIART‡

上α紗re循CgRdfd如上αあOrdOrツ，打循ゐ椚カツげCdゆr循血，上如r桝OrちCα砂川ゐ舛5即

（ReceivedlOSeptember1970；andin血alform，21January1971）

AZeemanmodulatedmicrowavespectrometerlSpeCificallydesignedforKbandrotationalstudiesofgaseous

freeradicalsandtransientmolecularspeciesandusingaFabry－Perottyperesonatorastheabsorptionceu，is

described・Thetheoreticalsensitivityofthesystemisshowntobecomparabletothatofthemostsensitivewave－

guidece11spectrometers・ThepreviouslyasslgnedspectraofOHandNO2radicalshavebeensuccessfullylocated

Withthesystem・Theutilityofthesystemasasearchspectrometerforfreeradicalshasbeensubstantiatedby
locatingpreviouslyunreportedspectrafortheNO2mOleculeandNF，（di触oroamino）freeradical．

ⅠⅣTRODVCTIOⅣ

ASTstudies ofmicrowave rotationalspectra offree

radicals and other transientmolecular species have

SuggeStedtheneedforaverysensitive，broadbandsweep－

able system capable of searching for unknown spectra・

Some ordinary waveguide cellspectrometers have both

thedesiredsensitivityandsweepcapabilities，butgenerally

these are not usefulfor studies of highly reactive and

potentially corrosive molecular species・AIso，WaVeguide

Cellspectrometersarenoteasilyadaptedtothemagnetic

modulationschemesthataremostappropriateforstudying

theparamagneticfreeradicals．

An e庁ectivefreeradicalspectrometer requlreSSpeCial

designcriteria．Forexample，SOmemeanSmustbeincor－

POratedforproducingtheshortlivedradicalspeciesvery

JUNE1971

near・tOOr，ifpossibleIlnthemicrowaveabsorptioncell・

Metalsurfacesintheabsorptioncellmustbeeliminated

Orreducedtoaminimumbecauseoftheira伍nityforthe

unpairedelectronsofthefreeradicalmolecules．Electronic

COnSiderationsincludeextremedemandsforbothlongand

Shorttermfrequencystability〉aSWellastheabilityto

SWeepSearChfor unknown spectra．Magnetic（Zeeman）

modulationtechniquesareneededtoglVehighsensitivity
Withphasesensitivedetection aswellas to discriminate

betweenparamagnetic anddiamagneticmolecules．Most

important〉however〉istheneedforthesystemtohave

Optimum sensitivityfordetectingminuteconcentrations

Oftransientspecies．

Todate，SeVeralspectrometersystemsspecificallyde－

Slgned for free－radicalor transient molecules have been
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reported・lJ Allof these arelimitedin their ability to

SWeepalargefrequencyreglOnCOntinuouslyforunknown

SpeCtrallines・Inthispaperwereportamicrowavesystem

Capable ofcontinuoussearch，WhichinCorporatesallthe

designobjectivesforaneffectivefreeradicalspectrometer

andusesaFabry－Perotreflectiontyperesonatorasthe

absorptioncell．

Ⅰ．RESONANT CAVITY ABSORPTION CELL

AhighQresonantcavityisideallysuitedastheabsorp－
tioncellofasearchspectrometer・Thee鮎ctiveabsorption
pathlengthofaresonatingcavityisproportionaltoits

qualityfactor（Q）andcanthereforebemadeverylarge．
This，COupledwiththelargevolume－tO－Surfaceratioinan

Open Fabry－Perot type structure，glVeS SuCh a cella

distinctadvantageovertheordinarywaveguidecell．

Theeffectofsaturationisoftenalimltlngfactoronthe

use Of cavities as absorption cells for highresolution

SPeCtrOmeterS・Inasearchspectrometer，however，thisis

notofasgreatconcern；OneCanOperateathigherpressures
toavoidsaturation・WorkbyHarringtonbhasshownthat

the maximum microwave absorption slgnalincreases

linearlywithmolecularconcentration（andthereforewith

pressure）・Operatingpressuresthataretoohigh，however，

tendtodecreasethesensitivitybecausetheexcessiveline

broadeningcausesine伍cientZeemanmodulationforthe

Weakmodulatingfieldsused・Theonlyevidenceofpower

SaturationinthishighQcavityspectrometerwasonthe

NH3（3，3）inversionlineforcellpressuresbelow30mTorr

andinputpowerlevelsof5mW・Allsubsequentexperi－

ments have been carried out at pressures betweenlOO

and300mTorr andinput powerlevels oflO mW．No

Saturatione鮎ctshavebeenobservedattheseoperating
COnditions．

Thetheoryoftheresponseofagasfilledresonatorhas

beenconsidered6andsuggeststhatthemaxlmumchangein

thevoltagereflectedfromasingleendedcavitywhenthe

gas absorptionis coincidentwith the cavity resonance

CanbeglVenby

（Ay）m弧＝完㌃手偏2彿叫）， （1）

WhereQListheloadedQofthecavity，Voisthevoltage

amplitudeofthewaveincidentontheresonatorcoupling

port）FLijisthematrixelementofthedipolemomentofthe

moleculeforthetransitioninvoIved，Njisthenumberof

moleculesinthe higher energy state of the two states

iandj，Niisthenumberofmoleculesinthelowerenergy

StateOfthetwostatesiandj，Avisl／2訂T，WhereTis

themeantimebetweencollisionsforthemoleculeinvoIved

intheabsorption，andhisPlanck，sconstant．

The minimum detectable absorption can be derived

fromEq．（1）andthermalnoiseconsiderationsas

′4烏　Ⅳ△八を′2訂＼

h）min （2）

WherePo＝Vo2／Zo＝incidentmicrowavepower，kisBolt－

mannlsconstant，Tisabsolutetemperature，Nisthenoise

figuてeOfthedetectionsystem，4fisthebandwidthofthe

recelVer，andZois the characteristicimpedance of the

COnnectingwaveguide．

Thisequationsuggeststhatmaximumsensitivityfrom

thecavltySpeCtrOmeterispossiblebymaximlZlngthe

loadedQandinputpower，andbyoperatingwithsmall
receiverbandwidths．

AnumericalexampleofnearlyoptlmumparameterS

indicates the possible sensitivity・When T＝293K，

入＝1・25cm，QL＝3×104，N＝100，4f＝1Hz，and P。
＝10－2W，

（γ）min＝0・23×10‾11cm‾1，　　　（3）

Where（γ）ministhecoefhcientofabsorptionforthegas

SamPle・Thisvaluewouldbeneartheexperimentalopti－

munindetectionofweakabsorptionwiththecavity

SpeCtrOmeter（withoutsignalaveragingtechniques）．

Unfortunately，Sincethereexistsnoknownabsoluteline

intensityinformationforanyoftheparamagneticspecies

investigatedthusfar，therehasbeennowaytodetermine，

bycomparison，theactualexperimentalsensitivityofthe

Zeemanmodulatedsystem．

ⅠⅠ・FREQUENCYTUⅣⅠⅣG AND STABILIZATIOⅣ

Thecavityitselfo仔ersameansofbothstabilizingand

SWeeplngthefrequencyofavoltagetunablemicrowave

（backwardwave）oscillator（BWO）・Thesharpabsorption
Ofmicrowavepowerneararesonantfrequencyofaredec－

tiontypecavityisaccompaniedbyaphaseshiftinthe

Carrierfrequencyanditssidebands（ifitismodulated）．

Closetotheresonantfrequency，thephasechangesquickly

（dependingonhowhightheQvalueis）fromapositive

phaseangletoanegativeone，paSSlngthroughzerophase

angleatexactlytheresonantfrequencyofthecavity・It

isthenelectronicallypossibletoderiveadcerrorslgnal

PrOpOrtionaltothephasechangeandapplythisslgnal

totuneacontrolelectrodeinthevoltagetunablemicro－

WaVeSOurCe・Thedirectionoftheerrorslgnalcanthenbe

SuChastochangethefrequencyoftheoscillatortokeep

thephasechangetoaminlmumJthusstabilizingthefre－

quencyoftheoscillatortotheresonancepeakofthecavity

Nowanychangeinthephysicaldimensionsofthecavity

willchangeitsresonatingfrequency・Hencetheultlmate

frequencystabilityofanoscillatorthatislockedtothe

CaVityresponsewillbelimitedbythemechanicalmove一

mentofthecavltyplates・Barrlnganymechanicalvibra一
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FIG・1・MicrowaveresonatorspeCtrOmeter．

tionsoftheplates，thechangeincavitydimensionsis

usuallyslowanddependsonenvironmentaltemperature

Changes・However）the spectrometer describedinthis

papermakesuseofthefactthattheoscillatortracksthe

Cavityresonancetoprovideasweepablefrequency・Thus

itispossibletochangethefrequencyatanyrateby

Simplychanglngtherateofchangeoftheplateseparation

OftheresonatorwithavariablespeedstepplngmOtOr．

Thistechniqueisespeciallyusefulwherethecavitydoubles

as the absorption cellof the spectrometer because the

OSCillatorfrequencylSalwayslockedtothepeakofthe

Cavityresonance，Whereitisshowninthelastsectionto

havethehighestsensitivityforthedetectionofasimul＿

taneousabsorptionbygasmoleculesinthecell．

Theresonantfrequenciesfor a semiconfocalFabry－

PerottyperesonatorcanbeshowntobeglVen7by

勾＋（彿＋形＋1）

×
2

1－－tan－1

訂

2d－み

2［d（あーd津））1，（4）

Where cisspeed oflight，distheseparation between

theplates，andbistheradiusofcurvatureofthecurved

plate，andq，mタandnareintegerswhichdeterminethe

TEMnLnqreSOnantmOdeforthecavity・Itcanbeshown

fromEq・（4）thattheresonantmodesofthistypeof

resonatoraresu伍cientlyseparatedinfrequencythatone

modecanbetunedthroughseveraloctavesoffrequency
range beforeit becomes degeneratewith anothermode．

Thiseffectivelymakespossiblethedesignofaverybroad

banded，frequencyswept，microwavespectrometersystem・

13y making the appropriate phase adjustmentsinan

automaticfrequencycontrol（AFC）loop，thespectrometer

SyStemisabletosweeptheentirefrequencyrangeofthe

VOltagetunableoscillatorcontinuouslywhilekeeplngthe

OSCillatorstabilizedtotheresonantpeakofthecavity・

AsshowninFig・1，theautomaticfrequencycontrolfor

the systemis facilitated by the followlng electronics．

AlO kHz reference oscillatorinthelock－inamplifier

modulates themicrowave carrier frequency from the

BWOthroughanamplifierintheBWOpowersupply．
Thefrequencymodulatedcarrierentersthereflectiontype
CaVity througha waveguide circulator．The redected

microwavecarrieranditsmodulationsidebandsarephase

Shiftedinproportiontothefrequencydifferencebetween

thecarrierandthecavityresonantfrequency・Thedetector
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CryStaldemodulatesthecarrierandthelOkHzslgnalis

conducted to the preampli丘er of thelock－in amplifier・

The dc error slgnalderived by thelock－in amplifieris

appliedtothehelixoftheBWOIthusChanglngitsoutput

frequency・Thepolarityoftheerrorslgnalissuchthatthe

frequency difference between the BWO and the cavity

resonanceiskeptnearzero・Achangeintheresonantfre．

quency of the cavity then automatically causes the

HslavedりBWOfrequencytofollow．

The experimentally measured frequency stability of

our system，With a cavity of QL＝20000，isl partin

lO7／sec andlpartinlO5／hin an air－COnditioned room

keptat230C・Withthiskindofstabilityitbecomesreadily

possibletoreducethefrequencysweepratestoallowless

thanl Hz bandwidths for phase sensitive detection of

molecularabsorption．

ⅠⅠⅠ．MODULATION AND DETECTIOⅣTECHNIQUE

The modulation technique most commonly usedin

microwaverotationalspectroscopylSCalledsamplemodu－

lation．Here，Onemakesuseoftheinteractionofanelectric

ormagnetic丘eldwitharotatingmoleculewhichcauseSa

splittinglnitsenergylevels・Forthecaseofelectricfield

interaction，Whichismostcommonlyusedwithmolecules

havingpermanentelectricdipolemoments〉thissplitting

iscalledthe Starkeffect．Whenamoleculehasaresidual

electronicsplnangularmomentumbyvirtueofitsbeing

paramagnetlC，Orbybeinglnanelectronictripletstate，

amagneticfieldcaneasilycoupletothemagneticdipole，

causlng energylevelsplitting called the Zeeman e庁ect・

Ineithercase，amplitudemodulationofthegasabsorption

Slgnalresults from the application of an externalfield

whichisturnedonando庁atanappropriaterate．Whenthe

fieldis on，theintensity of the unsplit absorptionline

decreases due to the splitting caused by thefield，and

FIG．2．Zeeman modulator（current switch）

SChematicdiagram（alltransistorsareprovided
withheatsinks）．

whenitisoff，theunsplitlineis atfullintensity・With

thistechnique）aCampli丘cationandphasesensitivedetec－

tiontechniquesbecomepossible（seenextsection）・

Thefreeradicalsforwhichthespectrometerdescribed

inthispaperwasspeci丘callydesignedareallparamagnetic

byde丘nition．Thatis，theyallpossess atleast oneun－

pairedelectronspinthatgivesthemoleculearesultant
magnetic（Zeeman）modulation・

The use of Zeeman modulationin the study of free

radicals becomes more profound when we consider the

dilhcultiesinvoIvedin searching for unknown spectra・

Sincemostradicalsexistforonlyashorttime，thereare

usuallyother，mOreStablediamagneticmolecularspeCleS

coexistingwiththefreeradicalswithintheabsorptlOnCell・

ThestablemoleculesarelikelytohaverotationalspeCtra

inthesamefrequencyreg10naSthefreeradical・However〉

asystemwithZeemanmodulationissensitiveonlytothe

Paramagneticspecies・Oneisnotconfronted，then，Withthe

burdensometaskofseparatingunwantedspectra・

Themodulatingmagneticfieldcanbeproducedquite

easilyinthecavityspectrometersystembyuslngeither

apalrOfHelmholtz coilsnearthe cavity，OraSOlenoid

type coilwrappedaround thecavityvacuum enclosure・

SothattheZeemanlines（qcomponents）donotsmearout

theunsplitline，itisdesirabletoproduceamagneticfield

whichis zero based and which turnsOn and o任in the

fastestpossibletime・Thecurrentthroughthecoilwindings

Shouldcloselyapproximate arectangularwaveform・Be－

causeoftheinherentinductanceinthecoil，themaximum

frequencyforwhichthecurrentwaveformapproximates

arectangularshapeisgenerallylessthanlOkHz．Ahigh
power current switch，designed to produce the desired

丘eld，is shown schematicallyin Fig．2．The circuitis a

Simple two－Stage Current SWitch with a single transistor

（2N1702）drivingfourparallel，highvoltagepowertransis－
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tors（2N3902）・Thehighvoltagecapabilityisneededto

prevent breakdown from the highback emiproduced
when the current throughtheinductanceis shut off．

Peak－tO－PeakcurrentsoflOAormorecanbedrivenby

thiscircuit．

Phase sensitive（orlock－in）detectionis usedin this

speCtrOmeterbecauseofitsdistinctadvantageoverother

types of homodyne detection schemes・By allowlng eX－

tremelv smallbandwidth selectivity while at the same

time e鮎ctively ralSlng the frequencyfor amplification，

phasesensitivedetectionandamplificationminimizethe

commonnoisee仔ects．

WithreferencetoFig．1，themodulationanddetection

of agas absorptlOn OCCurin thefollowlngmanner．The

powerredectedfromtheresonantcavityatitsresonant

frequencychangeswhenagaswithinthecavityabsorbs

at the samefrequency・Arectangularcurrentwaveform

Suppliedtothecoilsproducesamagneticfieldofnearly

thesamewaveforminsidethecavlty・Thisfieldinteracts

Withthemoleculestosplittheirrotationalenergylevels・

The splitting effectively removes the gas absorption to

Other frequencies，CauSlng an amplitude modulation of

theslgnalreachingthedetectorcrystal；thismodulation

isatthesamefrequencyasthatatwhichtheZeeman丘eld

isbeingswitched・Theoutputofthecrystaldetector（after

demodulation of the carrier frequency）then has a fre－

quency componentidenticalwith the frequency driving

theZeemanmodulator・Areferencefrequencyoscillator

is used both to drive the Zeeman modulator（current

SWitch）and as the reference for the phase detection．

Sincethefrequencyofthesignalfromthedetectorcrystal

isidentical with the reference frequency，thelock－in

amplifierproducesadcoutputproportionaltotheampli－

tudedi仔erencebetweenthem・Avoltagevstimetraceof

thedcslgnalfromtheamplifiercanthenbeobservedona

Chartrecorder．

FJG．3．Ferritevariableattenuator．
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FIG．4．BWOpowerleveledwithferriteattenuator．

ⅠⅤ．pOWERI．EVELIⅣG LOOp

Standardmicrowavetechniquescanbeusedto assure

areasonablvconstantmicrowavepowerlevelenteringthe

CaVlty absorptlOn Cell as the frequency changes．The

desirability of a constant powerlevelis conditioned by

the need to determine accurate relativeintensities of

molecularabsorptlOnSWithinthecavitycell・

Twocommonmethodsareavailabletolevelmicrowave

powerfromaBWO・Oneistocontrolthepowergenerated

bvtheoscillatorbyapplyingaslgnaltoitscontrolgrid・

Thismethod hasthe disadvantageofcauslngunWanted

frequency variations due to Hpullingりe仔ects，and the

inconvenienceofneedinghighvoltageisolation．Theother
methodistoattenuatethemicrowavepowerafteritleaves

the generator，With some kind of continuouslv variable

device・No commercialdevice operable over the entire

Kbandfrequencyrangeisknowntobepresentlyavailable，

although atleast one Hhomemade〃device has been re－

portedtooperatesuccessfullvoverthisreglOn・8

Theneedforanextremelvbroadbandedvariabledevice

prompted the design of the ferrite variable attenuator

ShowninFig．3anddescribedindetailelsewhere．9Aferrite

rod has magnetic properties which can cause Faraday

rotation of themicrowave electromagneticfields propa－

gatingonitssurface・Itisknownthatthedegreeofthe

rotationcanbechangedb、▼magnetlZlngtheferriterodby

applicationofalowintensityfieldappliedalongitsaxis・

Additionally，under certain conditions，SuCh a rod acts

as a Hdielectric waveguideり；thatis，it supports the

propagationofmicrowave丘eldsalongltSSurfacewithlow

attenuation・I）ielectric waveguides have notablvlarge

bandwidths・10ThedeviceshowninFig．3wasusedsuccess－

fullyinthespectrometersystemtolevelpoweroverall，Or

part，Of the frequency reglOnincluded by the system

（seeFig．4）．

WithreferenceagalntOFig・1，thelevelingloopoperates
in the following manner．A portion（－10dB）of the

microwavepowerfromtheBWOiscoupledfromthemain
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FIG．5．CavityspeCtrOmeterVaCuumSyStem．

transmissionline and madeincident on a thermistor

detector．Thedetectorrespondstofluctuationsintheinci－

dent power，CauSlng a bridgein the power meter to

unbalance．The amplifiedvoltageslgnalfrom the power

meteristhentranslatedtoacurrent todrivethesolenoid

COil on the ferrite rod．Thefield produced by the coil

CauSeSarOtationofthemicrowavefieldstravelingonthe

ferriterod．Anabsorptivematerialislocatedstrategically

alongtheguidetoabsorbaportionoftheincidentenergy．

Wheninitiallybiasedtopassthelowestpowerlevelina

glVen frequency range，thisloop can respond to up to

3kHzfrequencyvariationsandholdthepowerlevelto

土0．3dIi．

V．FREQUENCY】ⅦEASUREMENT

PrecisefrequencymeasurehlentSOfthespectraobserved

byamicrowave rotationalabsorption spectrometerlead

to accurate determinations of molecular parameters．

Hence，itisdesirabletodeterminethemicrowavegenerator

frequency of the spectrometerin a simple but accurate

A standard techniqueis used to count the K band

frequencies（18－26・5GHz）directlyovertheentirerange．

An electronically tunable，Variable frequency oscillator

（VFO）（180q270MHz）drives a step‾reFOVery diode

harmonicgenerator．ThehundredthharmonlCOftheVFO

frequencylS mixed with the microwave frequency，and

the VFOis tuned until their di仔erenceis some known

frequency，Say30MHz．The30MHzintermediatefre－

quency（i・f・）fromthemixeristhenphasecomparedwith

SOme Other stable30MHz reference（e．g．，the crystal

Standard for the frequency counter）to derive an error

SlgnalusedtotunetheVFO・TheVFOisthen Hphase

lockedりtothefrequencyofthemicrowavegeneratorand

follows anychangesin themicrowavefrequency．When

lockedinthismanner〉theVFOfrequencycanbecounted

directlywithafrequencycounter・Afterweaccountfor

the30MHzi・f・frequencydi庁erence，theVFOfrequency

isexactlyl／1000fthemicrowavefrequency，Whichthen

CanbereadtotheaccuracyofthecountedVFOfrequency・

Tomeasurethefrequencyofadetectedgasabsorption

Slgnal，amarkercanbederivedfromthefrequencycounter

BCDoutputanddisplayedonthestripchartsimultaneous

Withtherecorderslgnaltrace．Theabilityofthecavityto

SWeep bidirectionally over any part of the spectrum，

COupled withits excellent short term stability，allows

frequency determinations to j＝50　kHz at K band

frequencies．

The30MHzreferencefrequencyfortheabovesystem

is derived from alO MHz crystal（in the frequency

COunter）whoselong term frequency stabilityis deter－

mined by comparlngits phase with that of a standard

Slgnal broadcast by WWV at the National Bureau of

Standards，Boulder，Colorado．A commercialinstrument

（HPl17VI．F comparator）was used to determine the

Stabilityofourstandard（aboutlpartinlO8／day）．

Ⅵ．THE RESOⅣATOR AⅣI）DRIVE SYSTEM：

The semiconfocalFabry－Perot typeresonatorusedas

theabsorptioncellconsistsoftwoaluminumplates．One

plateis17．78cmin diameter andmachined月．at with a

highlypolishedsurface．Thecurvedplateis14．92cmin
diameter with a concave sphericalsurface（highly pol－

ished）of30．48cm radius ofcurvature．The resonatoris

Operated with a plate separation close to15．24cm to

ensure operation at thelowestloss resonances．Theflat

plateremainSstationarywhilethecurvedplateismoved，

tofacilitatechanglngthecavityresonancetosweepthe

SearCh frequency．

FIG．6．NO2E：－bandrotationalspectrum．
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FIG・7・NF2K－bandrotationalspectrum・

Thecurvedplateissupportedinsidethevacuumsystem

PnapreCisiongroundsteelshaft（seeFig・5）・Theshaft
lSSuppOrtedbyalargebearlngandi岳drivenverticallyby

aprecisionleadscrew・AvariablespeedstepplngmOtOr

drivestheleadscrewafteralOOO：1rotaryspeedreduction．

Thissystem operates over arangeof sweep ratesfrom

5kHz／secminimumtOlOMHz／secmaximum．

VII．VACUUM SYSTEM：

Thevacuumsystemofthecavityspectrometerisquite

Smple・With reference to Fig・5，the absorption cell

COnSistsofaPyrexglassindustrialpipe，15・24cmi・d・by

30・48cmlong，WithO－ringgrooveddangesoneachend．

Glass tubing outlets〉located radially around the plpe，

allowaccesstotheabsorptioncell・Theflatplateofthe

FabryqPerottypecavitycoversoneendoftheplpe，and

the other endis sealed by a nange that supports the

movablecurvedplate．Themetalplatesoftheresonator

andmetalbellowsinsidethevacuumenclosurearecovered

withathinlayerofTeflontoreducereactionswiththe
highlyreactivefreeradicalspecies．ATeflonplug，0．076
mm thick，Seals the coupling hole of the waveguide

entranceintheflatplate．Athermocouplegaugewasused

tomeasurethelO0－200mTorrpressuresintheabsorption

795

Cell・The remainderofthevacuumsystemconsists ofa

largeliquidnitrogentrapandamechanicalforepump・

ⅤⅠⅠⅠ．OBSERVED SPECTRA

Thesuccessfullocationofpreviouslyunreportedspectral

lines of the NO2and NF2free radicals has verified the

utility of the cavity system as a broad bandrsearch

instrument．

Intensiveworkhas been done byBird elal．110n the

microwavespectrumoftheNO2mOlecule．Intheirstatisti－

Calanalysis，however，they were unable to use several

linesobservedintheKbandbecausetheyhadnot ob－

SerVedtheotherlinesbelonglngtOthetransition．Figure6

Showswhatwebelievetobetheentiretransitionreferred

to above・Alllines below26480MHz have previously

beenunreported・ThisfigureexhibitsthesystemIscapa－

bilityoflargecontinuousfrequencysweepswhilemaintain－

lnghighsensitivity．

Therealtestoftheusefulnessofasearchspectrometer

WOuldbethelocationofanunobservedspectrum．This

isespeciallytrueforfreeradicalsearcheswheretheexperi－

mentaluncertainties canlead to many fruStrating at－

tempts・Thecavitysystemhasbeenusedsuccessfullyto

locate the K band rotationalspectrumOf theNF2free
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radical．uStructuralinformationfrominfrared13and elec＿

tron diffraction14studies allowed the determination of

possible frequency reglOnSin which to makeintensive

SearChes・Figure7showsagroupofhyperfinelinesfortwo

rotationaltransitionsoftheNF2freeradical．Eachrota－

tionaltransitionissplitbytheinteractionoftheunpaired

electron－SpIn angular momentum，With the molecular

rotationandeachofthenuclearsplnSWithinthemolecule，

in the same mannerasforNO211and C102．15A totalof

18hyperfinelinesis expected for each NF2tranSition．

Anexampleoftheresolutionfacilitatedbytheslowsweep

CapabilitiesofthesystemisshownbytheinsetinFig・7・

The cavity spectrometer systemis easily adapted to

gasnowstudiesforfreeradicalsorexcitedspeciespro－

ducedinglowdischarges・Amicrowavedischargecavity

Canbepositionedarbitrarilyclosetotheabsorptioncell

tooptlmizetheradicalconcentration，andthehighvolume－

to－Surface ratio of the open Fabry－Perot type cavity

limitsradicalrecombinationbysurfacecollisions．Kband

absorptionlinesfortheOHfreeradicalhavebeenobserved

Withthissysteminthegasflowproductsfromamicro－
WaVedischargethroughwatervapor．

Starkmodulationcanbeproducedquiteeasilywiththis

SyStembyuslngthetwoplatesofthecavityaselectrodes．

TheJ＝161K＝14NH3inversion absorptlOnline at

24777MHz（intensity approximatelyl．8×10－7cm－1）

WaSObtainedwithStarkmodulationonthissystemwith

aslgnal－tO－nOiseofabout30：1・Itwasobserved，however，

that severaldisadvantageslimit the usefulness of Stark

modulationonthistypeofsystem・Becauseofthegeom－

etry of the plates，thefield gradientis not uniform

between them and consequently，thelocally highfield

gradients within the cavity can causeionization of the

Sample gas at the higher peak－tO－peak voltagelevels．
AIso〉theplateseparationandthereforethefieldgradient

Changeduringthesweep．

The microwave cavity spectrometer describedin this

paperhasbeenshowntobeverysensitivetoweakmolecu－

larabsorptions，tOhaveinherentfrequencystability，tO

haveutilityasabroadbandsearchspectrometer，tObe

readilyadaptabletofreeradicalstudies，andtobeversatile

initsoperation・TheextensionofthedesignprlnCiplesfor

thisKbandsystemtohighfrequencyregions（eveninto
the submi11lmeter region）is direct andis our next
COnSideration．
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