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Introduction optical fingerprints are at the heart of Raman
spectroscopy. Fingerprinting has the obvious

Inseparable from any treaty or agreement is advantage that no prior knowledge is required of
the need for verification. This verificationcan, and whichchemicalsare to be interrogated,as is
does, range from covertactivitiesdesignedfor required for bothDOAS (differentialoptical
detectionof treaty non-complianceto overt, absorptionscattering)and DIAL (differential
continuouson-site monitoring. However,as absorptionLIDAR) (i.e., need to know the absorption
technologybecomes availablewhich can allow a maximumlocationsothat one lasercan be tuned to
party to easily engage in illicitbehaviorandhelp
conceal this behavior, the need for detection thismaximumand the second detuned)3 and
technologythat can flagthe undesirableactivities becausethe opticalsignature is species specific.
becomesan importantcornerstone for international Furthermore,Raman scatteringhas the advantage
securit,,. With the break-up of ihe FormerSoviet thatthe spectralfingerprintis not obscuredbywater
Union resultingin several of the new Commonwealth as isthe case for bothdispersive-and FT-infrared
of IndependentStates (CIS) possessingweaponsof spectroscopy.Some of the other advantages4"10
mass destructionand with acquisitionof nuclear, that a Ramansensorpossessesare: (1) very high
chemicaland biologicalwarfare capabilityby Third selectivity(chemicalspecific fingerprints),(2)
World countries,the urgency for independencefrom the excitationwavelength(ability
detection/verificationtechnologyhas neverbeen to monitorinthe solarblindregion),(3) chemical
greater. This new urgencyis highlightedbythe mixturefingerprintsare the sum of its individual
recent signingof the Chemical Weapons Convention components(no spectralcross-talk),(4) near
(CWC) which goes far beyondthe 24-year old independenceof the Raman fingerprintto its
NuclearNonproliferationTreaty (NPT) in many key physicalstate (verysimilarspectrafor gas, liquid,
respects,despite th_:fact that both are designedto solid andsolutions), (5) no absolute calibration is
help curtailthe prolifei'ationof weaponsof mass necessarybecauseali Raman signalsobse_ed from
destruction.1 Similarly, especially withchemicaland a givenspeciescan be compared with the Raman
biologicalmaterials, the need for sensitive, accurate, signalfor N2, whose concentrationin the
fast, andportable detectiontechnologiesare urgently atmosphereis knownvery accurately, and (5)
needed to undercoverillicitactivitywhether it be insensitivityof the Raman signatureto environmental
chemical, nuclear or biologicalweapon development conditions(no quenching,or interferencefrom water
ordrug manufacturing. Fortunately,state-of-the-art vapor). ResonanceRaman spectroscopycan offer
instrumentationis rapidlybecomingavailablethat the fingerprintingadvantage coupledwithhigh
can meet these widely varied needs and conductthe sensitivityfortrace analysis,providinga very
desiredtask at a highlevel of confidence,thus powerfultechniquefordetecting, identifying,
helpinginsurecompliancewith the relevanttreaties, monitoring,and, in thecase of destruction,verifying

Unfortunately, many technologieshave manyclassesof chemicals.
varyingdetectionand applicabilitycharacteristics Unfortunately,the inherentlysmall scattering
whichoften dictatethe conditionsunderwhichone cross-sectionsfor normal Raman scatteringhave
can use the sensor to monitor,detect,identifyor effectivelyprecludedthe use of the technology

outsideof the lab. However,when the excitation
verifya chemical species.2 In thisreportwe will frequencyapproachesan electronicallyexcited state
introducethe optical technique of resonance Ramanspectroscopyfor the remote detection,monitoring, ofthe moleculeTM 1-15 an enormous enhancement
identificationand verificationof proliferanteffluents ofthe scatteringcross-sectioncan occur,often up to

4 to 6 ordersof magnitude, and is referredto asrelevantto the productionof weaponsof mass
destruction. A resonance Raman chemicalsensor is resonanceRaman (RR), since the excitation
an improvementon many technologies,save Fourier frequencyis in "resonance"withan allowed
TransformInfraredspectroscopy(FTIR), inthat electronictransition.This enhancementinthe cross-

section,inconjunctionwiththe globaladvantagesof
Ramanspectroscopycited earlier,providea
promisingopticalopen-pathplatformfor the remote
sensingof chemicalsrelevantof chemicalweapons

*ThisworkwasperformedundertheauspicesoftheU.S. (CVV)agentproductionas well as toxicchemicalsDepartmentof Energy,ContractNo.DE-AC-O2-
76CH00016 andhazardouswastes. In addition,because water is

,-u_-,-m,_iiTiC_ tbpTHIS IDOQUMENT ISUNI_IMITE_



a poor Raman scatterer, the measured Raman I- ]2
fingerprint is invariant to environmental / 2 2

. _41 Ve +ro I = FA (3)perturbations. Furthermore, this scattering technique l o<(ro + Vkl) [( --.- _oi2has equal applicability to gases, liquids, solids, and Ve2 _solutions.

Theory of Normal and Resonance Enhanced Raman which is often referred to as the Franck-Condon
Intensities factor term, where Ve is the frequency of the

The fundamental equation which describes resonant excited state. The A-term presupposes
the Raman intensity5'7'10,11 under normal the existence of one electronic state being
scattering conditionsis responsiblefor the resonanceenhancement.

The second term of the polarizability tensor
2 corresponds to Albrecht and Hutley's B-term which

T= K(vo- Vk,)4,o T._'(Xpo-_GFI (1) deals with a weakly allowedtransitiongainingTa' ' , intensity froma nearby stronglyallowed transition.
The frequencydependence of this term is described

where K is a constant, [o is the incidentlightintensity as

(photonssec'lcm'2), vo is the frequency of the 2

incident light wave, Vkl is the vibrational L[( VeVs+ v_° _)] Jfrequency, and (_xpa)GFis the transition [ °<(v° + Vkl)4 V_oXv2%2_ _ =F B (4)
polarizability tensor which, derived from second-

order perturbation theory, is where Vs is the frequency of the second electronic

transition. In additionto being called the B-term, this(C_Per)GF = "_"IZ'L1"" (FIplI)(IG)GI- " (IP IG)(FP°II)+ term is also commonly referredas the Herzberg-Teller term.5
(2) Under what conditions2'5'6 does one term

dominate? Generally speaking, the necessary
where the transition involves IG), IF),and II), the conditioas are reasonably well defined. When the
initial, final and intermediate states, respectively, p transition matrix element is large and the excited-
and o are the incident and scattered polarizations, ["1 state potential function is shifted significantly from

the ground-state equilibrium position and has a
is a dampening factor reflecting the homogeneous different shape, then the expected dominant factor is
widthof state il) and !_is the electronposition the Franck-Condonoverlap(i.e., A-term); that is to
operator. A very importantresultof Eqn.2 isthat as say, there mustbe a largeforce-constantchange
the laser frequency,Vo, approachesthefrequency of associatedwiththe excitedstate. Under these
an allowedmoleculartransition, VGl, the conditions,the relativeintensitiesare governedby
denominator, VGl- Vo+ irl becomesvery small and the overlapof vibrationalstates and consequently' overtonescan have significantintensity. Also, in
the first term inthe sum dominates,therebymaking orderfor the matrixelementto be non-zero, it must

(°_Pa)GFVerylarge:this is the resonance condition, be invariantto ali symmetryoperationsof the
molecularsymmetrygroup,consequently,only totally

lt is importantto understandthat otherfactors,such symmetricvibrationswillbe enhanced. When the
as symmetry, add furtherrequirementswhich laserfrequencyis in resonancewith a weakly
mediatethe strengthof the resonance enhancement, allowedtransition,significantenhancementcan be
but inprinciple,every moleculewill havethe observedifthere isa nearbystronglyallowed
resonancecondition satisfiedwhen excitedwith transitionfromwhichintensitymay be borrowed.
radiationwhoseenergyis closeto an electronic Underthese circumstances,the second term will
transitionof the species, dominatebecausethe Herzberg-Tellerinteraction

Albrechtand Hutley16derived an expression willbe larger thanthe Franck-Condoninteraction.
for the polarizabilityhavingtwo majorcomponents The majorconsequenceof thisterm is that both non-
suchthat the frequency dependence of the Raman totallysymmetricand totallysymmetricmodes will
intensitycan be understood. The firstterm, undergoenhancement. This broadenhancement
correspondingto theirA-term inthe polarizability, resultsbecause the intermediatestate no longer
hasthe followingfrequencydependence in needsto betotally symmetric. Finally,inthe limit
scatteringintensity that an excitedstate'spotentialenergysurface is

similarto the groundstate (i.e., littleshiftof the
potentialenergycurve), the Franck-Condonoverlap
willresultonlyin Rayleighscattering. Under these
conditions,the B-termis expected to dominateover



the A-term since the vibrational overlap will be very
small. Following this initial finding, we then measured the

differential Raman scattering cross-sections for the
ExDerimentalArrangement 802 cm"1 and 1028 crn"1peaks as a function of

The experimental configuration employed to excitation wavelength. In an effort to understand
collect the Raman signal from chemicals is typical of more completely the mechanism responsible for the
most experimental approaches. The output from an observed enhancement, the cyclohexane data were
excimer laser (Lambda-Physik:LPX)-pumpeddye fit to Albrecht'sA-term and B-term16 (Eqns.3 and 4)laser (Lambda-Physik:LPD)isdirected intoa 2 mm x
2 mm quartz liquidcell (NSG PrecisionCell Inc.). However,fittingthese 802 cm"1data to Albrecht'sB-
Frequencydoublingof the dye-laserradiationis termwas unsuccessful.The 802 cm"1data set was
accomplishedby nonlinearcrystals (BBO 1). Both then fit to a modifiedversionof the A-term in orderto
the Rayleighand Raman scatteringis collectedin accountfor a frequency-independentcontributionto
the 90° configurationby a double-gratingSPEX the enhancementin accordwiththat suggestedby
(F/6.5, .75 meter) monochromator(2400 Asher.12 Plottedon the same graphin Figure2a is
grooves/mm,blazed at 250 nm) and detected by a
opticalmultichannelanalyzer (EG&G 1471 blue- the predictedv4-dependenceof the Raman intensity.

Inthe figuresbelow,the solidcirclesrepresenttheenhanced). If desired, the scatteringarrangement
can be quickly alteredto a 180° backscattering Raman scatteringcross-sectionsmeasuredinthe
configuration. The excitationbeam is broughtinto presentinvestigationand the opencirclesare data
the sample frombelow thusenablingmore efficient fromotherstudies.17-21
couplingof the irradiatedarea intothe spectrometer.
Boththe monochromatorandopticalmultichannel _ 10s . , • • , • , _-

u Ramanshift= 802cm"1 ' " ' "
analyzer (OMA) are interfaced to a Macintosh Ilfx
computer where the collected signals are storedfor 2 104
later analysis.

Resultsand Discussion _ 103 .......--"" ..... .
Figures la and lb show the fingerprint _'

regionof cyclohexane followingirradiationat 440 nm 102
and 220 nm, respectively. Alsoshown, inthe inset
of figure la, is the ultravioletabsorptionof ==
cyclohexane. The striking feature between these _. 101 . ' , ' , , . , . , . , •
two spectra is thatthe 802 cm"1 peak appears to lsooo2oooo2sooo3oooo3sooo4oooo4soooso_)oo
grow weaker as the excitationis shiftedto shorter ExcitationEnergy(cm"1)

wavelengths. Instead, however,the othermodesof _ lOs, . , . , . , . ,.... , . , . ,.,cyclohexane are undergoinga significantpre- RamanslY=ft
resonance enhancement. _o 103
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3.0 xl0s, . As is readily observable, the fit to the modified
' ' ' ' ' ' ' ' _cttat_'=;22_nra. Albrecht A-term isquite goodand showshowthe

_'2.5 - enhancementbecomesgreater as the excitation
,_2.0 energy approachesresonancewiththeallowed

E. _____ _),k,_ electronictransition. Since the modifiedA-term

•,_1.s slightlyunderestimatesthe energy of the lowest_=
electronicstate and the originalA-termslightly

__1.0

_'o.s A overestimatesits value, the energyof the lowest
f J electronicstate that couplesto this mode istaken as

0 .- -'- the average fromthese two extremes. The energy of
1600 1500 1400 1300 1200 1100 1000 900 800 700 the lowest electronicallyexcited statethat couplesto
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Figure1 the 802 cm.1 vibration is estimated to be -82500

li



cm . An examination of the vacuum ultraviolet
(VUV) spectrum22 of cyclohexanerevealsthat a Althoughwe have notyet mapped out thisrnode's
stronglyallowedo'-a* (CC) transitionoccursbetween resonanceenhancement,several strongbroad

absorptionfeatures existjustbelow -170 nm and
75000 cm"1 and 95000 cm"1and is probably representthe mostlikelytransitionsresponsiblefor
responsiblefor the pre-resonanceenhancementthat the hugeenhancement. Currentresearcheffortis
isobserved, aimed at mappingout the frequencydependenceof

Since the data set for the 1028 cm"1 thescatteringcross-sectioninorderto obtainan
vibrationwas not nearly as complete as for the 802 estimateof the energyof the lowestelectronicstate
cm"1vibration,this modewas fit to onlythe A-term. thatcouplesto thismode.
As is clearlyobserved in Figure2b, the curve r_ting
is at best marginal. This probablyresults from(1) RemoteResonance Raman Chemical Sensor
too few data over the large rangeof excitation The whole purposeof measuringthe
energiesused inthe fit and (2) the energyof the resonance Raman cross-sectionsisto estimatethe
lowestelectronicstate that couplesto thismode is potentialfor a remoteresonanceRaman chemical
predictedto be -57700 cm"1andthereforethismode sensor. Since thisphenomenonis inherentlya
is probably undergoinga resonance enhancement scatteringprocess, its extensionto the remote
and the approximationsused to derivethe A-term detectionof effluentsshouldbe straightforwardwith
are no longervalid. A transitioncentered around the onlycriticalrequirementbeingthe size of the

resonanceRaman scatteringcross-section.To
63000 cm"1is the mostlikelycandidateresponsible properlyevaluatethe potentialof thisextension,we
for thismede's enhancement. Fits to the other haveexaminedthe resonance Raman signal
functionalforms did not result inany significant dependenceundera varietyof conditionsusingthe
improvementinthe fit. followinginelasticscatteringreturn-signal

The resonance enhancementof equati°n'2'24

acetonitrile23 inthe UV is even more impressive.
Collected in Figure3 is the C-H stretchingregionof S= 2.69x105 T/N E AL do"
CH3CN as a function of 3 excitationwavelengths, /_o R2 p_--_.[exp- 2((zs + O_o)R]
440, 225 and 220 nm. On the scaledisplayedfor the (5)

440 nm results,the v5 modeof CH3CN at 3000 cm"1 where11isthe totaldetectionefficiency,N the
is not even visible;however,at 225 nm it isof nearly numberofexcitation/probingpulses,E the laser
equal intensityto the v1 modeat 2950 cm"1, and a pulseenergy,mothe laser frequency,A the collector

reductionof the excitationwavelengthof only 5 nm area (cm2), L the range increment(m), R the range
resultsin a furtherdramaticenhancementof this (km),andoreand o(6the atmospheric
mode. Calibrationof the area under thistransitionto absorption/aerosolscatteringcoefficientsat the laser
the 973 cm"1mode revealsthat the v5 mode and scatteringfrequencies. The numericalfactor out
undergoesan enhancement inexcess of 106, in frontof the equationallowsthe concentrationof
resultingin a total resonanceenhanced scattering the species,p, to be expressedin ppmand do/d.Qis

the RR differentialscatteringcross-section. Forthe
cross-section of -lxl 0.23 cm2. followingassessment,we have assumeda 5% total

1= =105 collectionefficiencyat a laser wavelengthof 266 nm
x" ' _==z_0m ' ' ' " ' _ (quadrupledNd:YAG laser) ata repetitionrate of 500

le e.... x_=..,,z',s=m A Hz, with a collectorarea of ~104 cm2 and a visibility
c ..... x===440 of 23 km. We evaluated Eqn•5 undera signal-to-

14 noise(S/N) ratioof 10 (_/S)• Other factorsused are

..1:, collectedin Table I.25
=_
• Shownin Figure4a is the sensitivityof a

_'10 UVRR remotesensoras a functionof bothrange
==5 _ and integrationtime. lt can be seen that integrating

! _ B/..\_ scatteredlightfor 60 secondsfroma stack I km

= s away witha differential cross-sectionof 7x10"25
cm2/srwillallowdetectionof an effluentat the sub-

4 v5 vI ppm.m level• Alternatively, at a distanceof 5 km, the
2 / '/ _-I..i'r_ effluentcouldbe detected at the lowppm level.

j .... ." c:'_:,.'_,_ Evenwithan integrationtime as shortas 10_,.---.--.".._p0..-" -":--.._.
-0 ..... , , , , , . seconds,ppm.mcould easily be detected at a
ss= s200 sloo 3ooo 2eoo 2i00 27oo distanceof 1 km. Displayed in Figure4b is the RR

Ram,shin(=m"_) remotechemicalsensorsensitivityas a functionof
Figure3
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both range and differential scattering cross-section, project, a doubled ruby laser (_.exc=347.15 nm) was
Here we can see that even when the differential employed along with the state-of-the-art
cross-section is as small as 10 -27 cm2/sr and the photomultiplier tubes (PMT) and collection optics.
laser pulse energy is as low as 10 mJ, the detection Using a range resolution of 10 m, their instrument
concentration, with 60 seconds integration time, is at could measure the concentration of SD2 at 30 ppm
the 100s ppm level. The ability to use laser and kerosene at 1.7 ppm at a distance of 200 m with
excitation below 300 nm is significant because a 36 inch collection optic. These results were
interrogation of a plume can be done during the day without the aid of resonance enhancement, which
without necessary solar background corrections that would lower the detection limits or increase the
would otherwise be required. Of course, care must monitoring range.
be taken when working in the UV because of the
strongly absorbing ozone.

UDARIlensitlvityn. Range: Conclusionsand Prognosis
TemporalIntegrationDependence We havediscussedthe potentialof the

10z , ' , ' , , ' , ' ' '_i resonanceRaman chemicalsensor asaremote
_. 101 _10 seconds_ sensorthat can be used for gases, liquidsor solids.
s 1 ._ Thisspectroscopyhas the fundamentaladvantage
_. _ _ that it is based on opticalfingerprintsthat are

= 1°"1 __"'_- _"'""""" i insensitiveto environmentalperturbationsor
10-= excitationfrequency. By taking advantage of

"__ 10o= resonanceenhancement,the inelasticscattering
10.4 / d(_/d£_,7.3x10.25cmZ/=r cross-sectioncan increaseanywhere from 4 to 6PulseEnergyat260nm:100mJ orders of magnitudewhich translatesinto increased

, _,,, i, _ , , . , . , . , . , . sensingrangeor lowerdetection limits, lt was also100s0.00.5 1.0 1.52.0 2.5 3.0 3.5 4.0 4.55.0
Flange(Ion) shown that differentialcross-sectionsas small as

10.27cm2/srdo not preclu_..ethe use of this
UDARSemdtivltyvs.Rings: techniqueas being an importantcomponent inone's

DifferentialCro=-eectionDependence remote-sensingarsenal. The resultsobtained inthe

1°5_ early 1970son variouspollutantsand the more1°4 recentwork on atmosphericwater cast a favorable

"= -7_

10'1r 102 light on the prospects _orthe successful
1°2 developmentof a resonanceRaman remote sensor.

"" ____..-_. Currently, of the 20 CW agent-related"signature"1°1 24cruZ/=, chemicalsthat we haveinvestigated,18 show
._ enhancementsrangir,_]from 3 to 6 ordersof

° 1°'= ' magnitude. The absolute magnitudesof the_" 100= !,
10.4 . _ ,, ,,, , ,, , , , ,,, , ,. measuredresonance enhancedRaman cross-

0 0.5 1.0 1.5 t.o 2.5 3.0 3.5 4.0 4.5 5.0 sections for these 18 chemicals suggest that
Range(km) detectionand identificationof trace quantitiesof the
Rgure 4 "signature"chemicals,througha remotoresonance

Raman chemicalsensor, couldbe achieved.
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