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Thesub-Doppler fluorescenceim aging method hasbeen devel opedto deter minevelocity distribution,
angular distri bution, andvector cor relation of state-sel ected photofragments. Using thisnew method, photo-
dissaciationdy namicscanbestudieddi rectly inthecenter-of-massframe, evenwithanuncollimatedmolec
lar beam. Wehaveper formedtheex peri ment of photodissociation of ICN at 308 nmtodemonstratethat recoil
veloci tiesof photofragments can be ob tained with out collimating the par ent beam. Thefor ward- and back-
ward-scattered CN(X ") photofragmentsareimaged si mul taneously for thefirsttime. Therecoil veloci ties
of the CN photofragments are measured and the bond dis so ci ation en ergy Do’(I-CN) isde ter mined to be
26960+ 120 cm™, inagreementwiththeliter atureval uesreportedrecently.

1INTRODUCTION

Recently, we have pro posed and devel oped a“sub-
Dopplerfluorescenceimagingmethod” (SFIM)todeter mine
velocity distri bution,angular distri bution, andvector corre-
lation of photofragmentsin the stud ies of photodissociation
dynamics. Thismethod modi fiesthefluorescenceimaging
tech niqueswhich werefirst ap plied by Chenet al. toin vesti-
gate photodissociationandreactiondy namics2®Toobtain
bettervelocity andangularresolutionsusingconventional
fluorescenceimagingtechniques, thereactionzonehastobe
confinedinatiny vol ume, which can beachieved by crossing
awell-collimated molec u lar beam with an other well- colli-
mated re agent beam or afo cused laser beam. Thedrastic de-
creaseinthe num ber den sity of reaction prod uctsdueto the
ex pansionfol lowingtheevent of bi molecular col li sionsor
photodissociation, unfor tu nately, haslimited the num ber of
fluorescenceimagingexperiments.*® Nev er theless, it has
been shown in our theoretical study of SFIM that three-
dimensional (3D) dy namicsof state-sel ected photofragments
can bemeasured di rectly inthe cen ter-of-massframe (CMF),
evenwith an uncollimated molecular beam. By doing such,
thesig nal-to-noiseratio should beprogressively im proved
becausealarger number density of par ent mol eculescanbe
retained. Therel evant theoriesof SFIM havebeenderived
usingdensity matrix for mal ism. Thefeasi bil ity of thisnew
method has al so been dem on strated by the ex per i ment of la-

ser ablationof B at omsat 248 nm.*

Inthispaper, were port the photodissociation ex per i
ment of cyanogeniodide(ICN) at 308 nmto dem on stratethat
recoil velocities of state-selected photofragments can be
measuredinanuncollimated molecular beam, astheorigi nal
proposal claimed. Thefor ward- and back ward-scattered CN
photofragmentsareimagedsi mul taneously for thefirsttime,
fromwhichthebonddissoci ationenergy Do’(I-CN) isde ter-
mined.

Therest of thispaperisor ganized asfol lows. Section2
givesanover view for thedesign of SFIM. Next, Section 3de
scribesthedetailsof the | CN photodissociation ex per i ment,
and Section 4 presentsand discussestheresults. Finally, con
clusionsareaddressedin Section5.

2. OVERVIEW OF SFIM

Fig. lashowstheex peri mental designof SFIM for the
studiesof photodissociationdy namicsusingalinearly polar
ized photodissociation laser. Thetime se quencesfor ev ery
ex peri mental eventaredisplayedinFig. 1b. Ingeneral, the
tar get molec ular beamisex panded into the vac uum by a
pulsedvalve. A photodissociationlaser crossesthemolecular
beam in the collisionless re gions. Then ala ser sheet, coun
ter-propagating with the photodissociation la ser, probes the
photofragmentsdistrib utedintheplanedefined by themolec
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ular and photodissociation laser beamsat aselected delay
timewith re spect to the on set of photodissociation. Theband-
width of the probelaser should be muchlessthanthe Doppler
widthsof the photofragmentsfor the pur poseof selecting cer-
tainveloci tiesof photofragmentsal ong the prop agating di-
rectionof theprobelaser. Theinter nal statedistri bution of
the photofragmentsisdeter mined by the probelaser viaala-
ser-inducedfluorescence(LIF) technique. A 2D imagingde-
tector, e.g., anintensi fied charge-coupleddevice(CCD) cam
era, isuti lizedtoregister thespatial posi tionsof the photo-
fragmentsby detectingtheemittedfluorescence. Thepolar-
ization-statesof theemittedfluorescencecanbeanalyzed by
mountingalinear polarizerinfront of theCCD camera.
Assumethat the probelaser prop agatesalongthe -
directionand the CCD detec tor ismounted inthe X-direction
(Fig. 2), thenthedi rect ex traction of 3D distri bution of the
photofragments is accomplished by the following proce
dures. (1) Thethin la ser sheet slicesthe Y Z-plane of the ex-
panded New ton sphere and selectsthe photofragmentswith
thevelocity componentv x = 0 (Fig. 2a). (2) The sub-Doppler
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Fig. 1. (a) Schematic diagram of the experimental
setupforthesub-Doppler fluorescenceimaging
method. (b) Thetime se quencesfor ev ery ex-
perimental event (nottoscale).
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laser fre quency selectsthe photofragmentswith vy = c(* -
o)/ (Fig. 2b), wherewisthelaser frequency, * is the Dopp-
ler-freemoleculartransi tionfrequency, andc is the speed of
light. (3) Finally, the distri bu tion of photofragmentsin the
Z-dimensionisdeter minedfromfluorescenceimageusingv ;
=Z/t (Fig. 2c), where Z isthedistance measured from the CM
of photofragments, andtisthe delay time between the probe
and photodissociation laserswith short pulsedu ration (< 20
ns). DuetotheDopplervelocity selectionintheY -direction,
the par ent mo lec ular beam need not bewell collimated. For
par a lel beamswithmul ti plephotolysiscenters, theimageof
photofragmentsislike that de picted in Fig. 2c; for beams
mov ingwith adlight cur vature, theimageisshowninFig. 2d.
It canbereal ized from Fig. 2c that theim age pat ternsalong
the Z-dimension are the same for ev ery photolysis cen ter of
dif fer entini tial Y-positions. Therefore, thesig nalsinthe
Y -dimension can beintegrated over toim provethesig nal-
to-noise ratio, and only the image profiles along the Z-
dimensionarenecessary for deter miningthevelocity andan
gulardistri butionof photofragments.

Two schemes of SFIM have been pro posed.' Design of
Scheme | fixes the polarization vector (Eq) of the photo-
dissociation laser atB = 07 (Fig. 1) and scansthefre quency of
theprobelaser. For each frequency, i.e., for each selected vy,
the v,-com po nents of photofragmentsaredeter mined from
the recordedimage. Af ter scanning to cover the whole
Doppler profileof photofragments, velocity andangular dis
tri butionsof photofragmentsin aspe cific quan tum-state can
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Fig. 2. Schematicdi agramfor di rect ex traction of the
3D distri bution of photofragments (seetext).



Photodissociation of ICN at 308 nm

beanalyzedfromlexp(vx=0, vy, Vz), wherel e isthe measured
fluorescenceintensity asafunctionof velocitiesintheY Z-
plane. Onthe other hand, Scheme Il measuresthefluores
cenceintensityl e (v, B) asafunction of velocity and scat ter-
ingangle,i.e., thefrequency of theprobelaserisfixedatv,to
sin gle out the photofragmentswith vy = 0, and Eqisvaried
(Fig. 1). At each selected B, theveloci tiesalong thisscat ter-
ing an glearedeter mined fromtheim age. Schemell ismore
versatile than Scheme | when using a linearly polarized
photodissociationlaser,* but Scheme | ismore gen eral and
canbeappliedfor other ex peri mentsof molecular dy namics.
For ex ample, Schemel hasbeen suc cessfully ap pliedto study
thelaser ablation mech anismsof B at omsat 248 nm, which
clearly demonstratesthefeasi bil ity of SFIM

Therel evant theoriesof SFIM havebeenderivedfor
Schemel and Schemel | using density matrix for mal ism by
Chen and Chang’ and Chang et al.," re spectively. For in-
stance, thefluorescenceintensity for mulaof Schemell can
bewrittenas"

lep = CP(V)P(B)Ip(di, J2, 3, V, B, %, W) 1)

where Cisaproportionconstant, P(v) isthevelocity distri bu-
tionfunction, P(8) istheangular distri butionfunction, and

15 (31, 5,35, V.8, W)
=SS, > Xq (31,32, 35 %, ¥)Pg (31, V,B) @)
ka

where Sisthetransi tionampli tude, Ji istherotational quan-
tum num ber, pg is the state multipole of rank k with com po-
nent g, and X isthecor respondingcoef fi cient ofp . Theef-
fectsof anisotropic distri bu tionsof the photofragment rota-
tional angular momentaonthefluorescenceintensi tiesare
embeddedinl,. Ex plicit formsof the above equations can be
foundin Refs. 1and 7.

With out apri ori knowl edgefor the photodissociation
systemof inter est, thepolarization ef fectsof thephotofrag-
mentrotational angularmomentaonthefluorescenceintensk-
tiesshould al waysbeclari fied beforeone canex tract theve-
locity andangular distri butionsof photofragmentsfromthe
LIFdetectionscheme. Thatis, I, in eq 2 ought to be de ter-
mined prior to the mea sure ments of P(v) and P(E). Ina 1+1
LIFdetectionscheme, eight alignment parameters(i.e., p2_,
and p;_,) can beuniquely deter mined by vary ing the %~ and
1—an glesthrough two typesof transi tions(e.g., PandQor R
and Q), for amini mum num ber of 13 measurements.* When
the eight param etersare known for the photofragmentswith

J. Chin. Chem. Soc., Val. 48, No. 3, 2001 621

selected v and#, P(8) can bedeter mined by vary ing 8, and
P(v) can be ob tained at themagican gle (i.e., 8 = 54.73%)
where P(#) becomesaconstant for all v.*

3. EXPERIMENTAL SECTION

Inor dertoil lustratethat re coil veloci tiesof phote
fragments can be ob tained with an uncollimated molecular
beam, wehave per formed aphotodi ssociation ex per i ment of
ICN at 308 nm. In the photodissociation of ICN at thiswave-
length, Fisher et al. measured theinter nal energy distri bu
tionsof the CN photofragmentsusing LI F spectroscopy,® and
Hall and co-workersstudied vec tor cor relations of phote
fragmentsusing high-resolutiontran sient fre quency mod u
lated absorptionspectroscopy.'®*! Theex peri mental setup
for the photodissociation of ICN at 308 nmwassimi lar tothat
depictedin Fig. 1 ex cept that nopolarization studieswere
made. Theex peri mental procedureshaveal ready beende
scribed in Sec. 2. Specifically, aneat beam of ICN (~110
Torr) was ex panded into vac uum (~10° Torr) by a pulsed
valve (General Valve, Series9) withanori ficeof 0.8 mmin
di ameter. Thenoz zlewaskept at 100 =C dur ing theex per i
ment. Thepulseduration of thepar ent beamwas~800us, and
thepressureof thevac uumsystemin creasedto~5:10° Torr
when the pulsed valvewasop er ated at 3Hz.

The photodissociation la ser was the out put of aXeCl
excimer laser (Lambda Physik, Compex 200) and was aligned
tocrosstheCN beam ~12 mm down stream the noz zle. Note
that when the photodissociation laser was positioned at
shorter distances(< 6 mm) rel ativetothenozzle, quitedif fer
entim age pat ternswere ob tained show ing that the CN photo
fragmentscol lided withtheremaining | CN mol ecules. The
probelaser wasthe out put of adyelaser (LambdaPhysik,
L PD 3000) pumped by an other XeCl excimer laser (Lambda
Physik, LPX 200). The CN photofragmentsweredetected via
LIF of thetransi tion CN(B?Z", v = 0) += CN(X ?Z*, v = 0).
The2D imagingdetector wasan ICCD (PrincetonInstru
ments, 576G/RB) with an elec tronic shut ter gated at a pulse
of 100 ns. Thetime se quence for each in stru ment was con
trolledby adigi tal pulse/delay gener ator (StanfordResearch,
DG535).

4. RESULTS AND DISCUSSION

Fig. 3depictstheex ci tationspectrumof thenascent CN
photofragmentsgen er ated from the photodissociation of ICN
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at308nminaflowingcell containing1l5mTorr ICN. TheCN
spec trum ob tained in thiswork is con sistent with that re-
ported by Fisher et al.® While the P-branch peaks of the CN
spectrumareclustered to gether for the B« X transitions, the
R-branch peaksarewell sep arated from each other (Fig. 3). A
strong band-head is formed around 388.34 nm for the P-
branchowingtoB‘=1.9701 cm™ > B" = 1.8996 cm ™. The
weak signalspresentinthevi cinity of thev * = 0 peaks are due
to the CN(B °Z*, v’ = 1) &« CN(X 2, v* =1) transi tions. The
im ages of the CN photofragments were taken at the res o-
nancefrequen ciesfor theselected quantum-states.

Figs. 4a-4c show threeim ages of CN probed at the de-
lay times of 0.2, 1.1 and 2.1 us, respectively, af ter thephoto-
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Fig. 3. Excitationspectrum of the CN(X 2Z*) photo-
fragmentsgen er ated from the photo dissocia
tion of ICN at 308 nm.

@) -

Fig. 4. Imagesof CN(X %= *) photofragments probed at
388.34 nmwith adelay timeof (a) 0.2, (b) 1.1,
and (c) 2.1 psaf ter photodissociating ICN at
308 nm.
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dissociation of ICN at 308 nm. Theim agesin Fig. 4a-4c were
obtained by av er aging 5, 600, and 1800 laser shots, re spec-
tively. The probe la ser was tuned at the band-head of the
P-branch (388.34 nm) to de tect the CN(X *Z*, v' =0, N" =
27-30) photofragments.’ Simi lar im ageswith poorer sig

nal-to-noiseratios(not shown) wereal so obtained for the CN

fragmentsinasingle (v = 0, N) rovibrational state by the
LIFof CN throughtheR-branch. Asmentioned ear lier in Sec.
2,thecur vatureintheverti cal di rectionof Fig. 4isdueto
uncollimated par ent beams (cf. Fig. 2d), and only theim age
profilealonghorizontal di rectionisuseful inthevelocity de
ter mi nation. Theim ageprofilesof Figs. 4aand 4c aredis

playedin Figs. 5aand 5b, re spectively. Thefol low ing con
clusionscan bededuced di rectly fromFigs. 4 and 5. (1) The
for ward- and back ward-scattered photof ragmentsareimaged
simul taneously. Accordingly, theav er agerecoil velocity of

the CN photofragments can be de ter mined to be 1800 + 25
m/s, cal culated di rectly from Fig. 5b wherethe distance be-
tween thefor ward and back ward peaksis marked. Duetothe
conservationof (linear) momentum, theav er agerecoil vel oc
ity of thecoun ter part | atomic photofragmentsis 369+ 6 m/s.

(2) Theimageprofilesaresymmetricand single-peakedin
both thefor ward and back ward di rections(Fig. 5b) meaning
that only one photodissociation chan nel isactive,i.e., ICN +

hv(308 nm) — 1(?Py,) + CN(X *Z"). The I* (?Py,) at omswere
not pro duced in the photodissociation of ICN at 308 nm. The
bonddissoci ationenergy Do’(I-CN) can becal culated by

(a) 0.I2 us

(b) 2.1 ps 7.56

Intensity (Arb. Units)

L !
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Distance (mm)

Fig. 5. Imageprofilesof CN takenfrom (a) Fig. 4aand
(b) Fig. 4c. The ar rowsde notethe distance be-
tweenthefor ward and back ward peaks.



Photodissociation of ICN at 308 nm

DS (I-CN) = hv + E, (ICN) — E (CN)
1

2 1 5
_EmCNVCN _§m|V|. (©)]

where h = 32647 cm isthe en ergy of apho ton at 308 nm,

Ei(ICN) = 340 cmistheinter nal en ergy of thepar ent ICN

mol ecules(seealater discussion), E;(CN) = 1600 cm* isthe
average internal (rotational) energy of the detected CN

photo fragments(Fig. 4), and thelast two termsaretheki netic
ener giesof photofragments. By insertingall theaboveval ues
intoeq3andconsideringtheuncer tainty inthemeasurement
of theCN veloci ties, onehasDo’ (I-CN) = 26960+ 120 cm™.

(3) Finaly, the par ent ICN beamsmoveat an av er ageveloc-

ity of 610 £ 25m/sinthelaboratory frame, deter mined from
the move ment of the CM of the CN photofragments (Figs. 4
& 5). Thisisdueto thefact that the CM veloc ity of photo-

fragmentsisidenti cal tothat of thepar ent mol ecules, sinceno
ex ter nal forcesareim posed on the photodi ssociation system.

Con sequently, oncetheim ages of photofragmentsare ob-

tained, likethosein Fig. 4, theanal y sis of photodissociation

dy namicsisquitesimpleandstraightforward.

Inthiswork, the band width (~0.2 cm™) of the probela-
ser was only slightly less than the width (~0.3 cm™) between
themax i mum and mini mum Dopp ler shift of the CN photo-
fragments. Inad di tiontotheef fectsof recoil veloci ties, the
image profilesin Fig. 5 arethere fore blurred by the photo-
fragments scat tered at any an gle within the prob ing area of
thelaser sheet, theveloc ity spreads of the par ent beams, and
thecontri butionfromdif fer ent quantumstates. How ever, the
imagesin Fig. 4 clearly dem on strate that the for ward- and
back ward-scattered photofragmentscan besi mul taneously
detected by thefluorescenceim agingtech niques. Hence,
when the band width of the probelaser isim proved to be sub-

Doppler for asin gle state of photofragments, theim age pro-
fileswill show two distinct and well-resolved peaks, which
result fromtherecoil veloci tiesof photofragmentswith mi-
nor contri butionsfromvelocity spreadsof thejet-cool ed par-
entbeams. Fol lowingtheex peri mental proceduresproposed
by Chang et al.,'velocitydistri bution,angular distri bution,
and vector cor relation of state-selected photofragmentscan
bedeterminedaccordingly.

Notethat theinter nal energyE; (ICN) wasnot char acter-
ized inthiswork and wastaken as340 cm'*, assumingthat the
CN photofragmentsare gen er ated predomi nately from ICN
initsfirst vi brational state (bend, 304 cm™)®withrotational
temper ature~50K, esti matedfromthemeasurement of rota
tional tem per aturefor NO.molecular beams. Itisbelieved
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that vi brational hot bands play anim por tant rolein thered
wing of thel CN ab sorption spectraintheA band continuum,

such as at 308 nm.>™ Wesup port thisar gu ment by thefind-
ingthat theCN fluorescenceintensi tieswerereduced asthe
ICN mol eculeswereseededin 1 atm Heserv ing ascar rier

gas. Wethereforeassumethat thevibrationally ex cited states
arerespon si blefor the photodissociation of ICN at 308 nm.

With out theassumptionfor theinter nal energy of theICN

mol ecules, alower bound for Do’(I-CN) = 26620+ 120 cm'™
canbedeter minedby setting E(ICN) = 0in eq 3. The value of
Do’(I-CN) = 26960+ 120 cm* deter minedinthiswork isin

agreement withthelit er atureval uesreportedrecently, such
as 26980+ 100 cm™ by Hall and co-workers™ and 26500 +
500 cm™ by Wittig and co-workers.**Inaprelimi nary fluc

rescenceimagingex per i ment of photodissociationof ICN at

248 nm,* however, the Do’(I-CN) was determined to be
28700+ 100 cm™. Thisvaluewasprobably over esti mated be

cause, in that work, only the for ward-scattered CN photo

fragmentsweredetected and the CM velocity of the par ent

beamwasnot measured. Incontrast, simul taneousdetection

of thefor ward- and back ward-scattered photofragments (Fig.
4) a lowsustounambiguously deter minetherecoil velocities
of photofragments di rectly in the CMF. As such, the CM ve-

locity of the par ent beam need not be measured, a beit it can

beinferred from theim ages of photofragments, as al ready

shown above.

Atthispoint, weshall com parefluorescenceimaging
withthewell-devel oped ionim aging tech nique.'>® While
fluorescenceimagingadoptsL | Ftech niquesto probereac
tionproducts, ionimaging detectsprod uctsviaresonance-
enhanced multiphotonionization(REMPI). Itisgenerally ac
cepted that aREMPI tech niqueismoresensi tivethan LIF. In
anionimagingex peri ment, how ever, only avery few ions
can be gen er ated per laser shot; oth er wise space charge ef
fectscanseri ously destroy thevelocity distri butionof thena
scent prod ucts. Toobtainanionimagewithreason ablequak
ity, the sig nalshaveto be av er aged for ~10* laser shots. In
sharpcontrast, fluorescenceimagingdetectsphotonsemitted
from neutral mol ecules; thenum ber den sity of prod uctscan
thereforebecontrolled ashighaspossi bleunder col |i sion-
freeconditions. It takes~10°laser shotsto ac cumulateagood
fluorescenceimage(e.g., Fig. 4c). Besides, bothimaging
tech niquesareableto deter minenot only velocity and angu
lardistri butions, but alsovector cor relationsof state- resolved
products. The usage of either technique will depend on
wheth er the tar get mol e cules are suit able for the LIF or
REMPI detectionschemes.
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5.CONCLUSIONS

Thenew “sub-Doppler fluorescenceimaging method”
has been shown to be a use ful tool in the stud ies of photo-
dissociation dy namics. The photodissociation of ICN at 308
nmdemonstratesthat recoil veloci tiesof state-sel ected photo-
fragments can be mea sured with an uncollimated molec u lar
beam. The forward- and backward-scattered CN(X *Z*)
photofragmentsareimaged si mul taneously for thefirsttime.
Thebonddissoci ationenergyD,’(1-CN) isdeter minedto be
26960 + 120 cm', inagreement withthelit er atureval uesre-
portedrecently.

Theprelimi nary resultsshowninthispaper promisede-
tailedinvesti gationsof photodissociation dy namicsusing
thistechnique. Itismostvaluableif polarizationex peri ments
can be per formed. By vary ing the vec tors of thelin early po-
larized photolysisand probelasers, ani sotropy parameters
andvector cor relationscanbemeasuredfor thestate- andve-
locity-selected photofragments.® The experiment of ICN
photodissociationincludingpolarizationstudiesisunder-

way.
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