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L~scr.~nduccd ~uorcsccncc 1~1s been observed from Cl followmg pumptn~ of 3 t~vo-pIloton &owed transitron ~1110 
nm The detection tc&mque reported here 1s not mtrusive, htghly selective and has good spatwl and temporal rcsoIntmn. 
Trrratton of the Cl Wh Brt mdlntes ;I detection sensitivrty of < 1 x lOI3 U/cm3 

1. Introduction 

There are a number of “light” atoms, e.g. H, N, 0, 
and the hghter halogens, which are parttcularly Impor- 
tant in numerous gas-phase chemical reactIons. The re- 
actions of these atoms control the chemistry of the 
stratosphere, play key roles in all of combustmn and 
electrical discharge chemistry, are central to the opera- 
tion of chemical lasers, e.g. HF, HCI lasers, and are par- 
ticipants tn the simplest and most fundamental of 
chemical reactions. Because of the ubiquity and signif- 
lcance of these atomic reactIons, much effort has 
been expended upon developing means of detectmg 
these atoms. 

ideally such a detection techmque should be htghly 
selectne and have high sensttivtty because the raptdity 
of the atomic reactIons restrict thesteady-stateconcen- 
tratlon of these species to low levels. As with any de- 
tection scheme it should be non-intrusive; m addition 
it should aiso be in situ because rapld wall and back- 
ground gas reacttons render samphng techniques im- 
mediately suspect. For many, but not all, applications, 
the detection capability should be absolute. Finally, 
any ideal detection scheme should combine three- 
dnnensional spatial resdution with rapid temporal 
resolution. 

Not su~~sin~y, none of the tec~~ques developed 
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so far fulfill all of the above attnbutes of an ideal de- 
tector for even one, much tess all, of the “light” atoms. 
Mass spectrometty IS hampered by sampling problems. 
Electron paramagnetic and laser magnetic resonance 
require the sample to be immersed III a large magnetic 
field which can alter the environment and severly re- 
strict spatial and temporal resolution. Also some en- 
vironments adversely affect their sens~ti~ty. Chemi- 
cal titrations and chemduminescence reactions have 
played Important roles tn determinmg atomic concen- 
tratlons, particularly absolute ones, but are clearly in- 
tru9ve techmques. 

It would appear that a technique that rnvolves only 
the absorptton and/or emission (or scatte~ng) of an 
easdy detected vistble or near IJV photon would be 
the best. However, the generic energy level chagram 
applicable to these light atoms, as shown in fig. I, il- 
lustrates the difficulty of this approach. The lowest 
excited state is typicallyZz80000 cm-1 above the 
ground electronic state. This means that any (laser) 
Raman scattering technique is going to be non-reso- 
nant and of relatively low sensltivlty [I] (;z 1016 
atomslcm3). Similarly standard laser-induced fluores- 
cence techniques are impractical due to the short wave- 
length (X < 125 nm) of these transitions. 

Previous work on spectrophotometric~ detection 
of these light atoms has eschewed laser techniques,and 
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Trg. 1 Schematic energy level &gram for “hght” atoms On 
the left hand side .I one-photon tmns~uon IS LUustratcd, on the 
rght ;I t~vo-photon tnnsttion. This energy level dragram apphcs 
to H, N. 0, C, I-, CI Brand other “11gh~” atoms. As sho!in by 
the cxphcit listing in table 1, the only cweptlon to the stated 
energy mtervals IS for r atoms 

their mhercnt advantages, for ;Itotmc resonance lamp 
sources *. Using ;t resonance lamp one can do ample 
optical absorption (with relatively low sensltlvity) nnd 
resonance fluorescence with Increased sensrtivlty. In- 
deed atomic resonance lamp spectropllotonletry rs 
probably today the smgie most popular technique for 
light atom detection. However, it is a very difficult 

tech~que requi~ng considerable expenmeut~ Ml. 
Processes hke self-reversal in the lamp can alter the 
emission lme and hence absorption profile, slmdarly 
radiation trappmg by the sample can make &ores- 
cence measurements diflkdt, at best, to Interpret. 

In thus paper we descnbe a new approach to the de- 
tectlon of “hght” atoms (wluch we now defme as ones 
with their first excited state in the vacuum UV) which, 
m principle, satisfies almost aU the critena earlier set 
forth for the ideal detector In an earlier pubIication 
[3J, we demonstrated the technique for H atoms and 
a bnef report on N and 0 atom detectlon has appeared 
[4J. In thus paper we apply &IS technique to the more 
chemical, and difficult, problem of Cl atom detection. 
Based upon our expenmental results with Cl and our 

previous experience with H we present schemes where- 
by all the halogen atoms can be detected. 

* For an excellent review of trahtional detection techniques, 
see ref. (21. 

The technique IS schemsticrdly XI forth on the 

right hand side of fig. I _ Rather than trying to drivr 

atoms to the lowest excited state using a one-pl~ototi 
pump, we drive them to the (usually) second lowest 
excited state via (I two-photon tnnsltion. Thrs shafts 
rfle wavelength requiren~ent on the pump from the 
vacuum, usually windowless, UV to wavelengths typ- 
idly greater than 200 nm. The production of h& 
spectral quaky, relatively htgh power, tun~bie adz&- 
(ion between 200 and 250 nm IS not routme. but net- 
ther IS It as dlfticult as would be the production of 
coherent light at ~v~velengtlls less than I25 nrn. We 
describe brieffy our procedures for genemtmg the 
pump radiatron m the experimental section. 

Once atoms have been pu!iiped to the two-photon 
resonance state they have avsdable three means of dc- 
cay. They can (I) dccdy non-radiatlvely (collisionally) 
In process (ii) the atom can absorb a third photon and 
tonrze. It would indeed be posable to detect the atoms 
by monitorrng their ion productron. In fact such 
niultI-pliotori roniz~tloi~ tecliniques have been wrdclJt 

used for atomx detectron [SJ. These techniques are 

Ir~ghly senwtive, but have the disadvantage of requiring 
electrodes in the sample. The mc(hod we have ernploy- 
cd for detectron involves the thtrd (in) decay mode 

whercby the atom spontaneously cmtts J vlstblc or 

near IR pIloton and decays to a lower excited state. 

Thus process we call two-photon absorptton, laser in- 

duced fluorescence (TALIF) 
WC wdl show that the sensitivity of TALIF can be 

expected to range from 1Oi3 to IO9 ~toms/cni3 for 
all the light atoms wrth the posstbdity of absolute con- 

centration deternltnatton. Since TALIF does not in- 
volve a one-photon resonance terminating in the 
ground state, problems such as radiation trapping and 
self ~bsorptlon are completely avotded. It IS a non-m- 
trusne, m situ technique wrth high temporal resofu- 

(ion i.e. the pulse duration of the lasers (typtcally less 

than 5 ns) Using 2 photons of the s3me frequency, i.e. 
one beam, the spritrai resolutton is defined (with no 
spatiaI dtscriminatlon in the detector) by the beam 

waist wherein the power density IS suftictent to induct 
two photon transitions, typically roughly a cyhndcr of 
a mm or two drameter and a few mm long. If one 
crosses two focused beams of chfferent frequencies 

whose sum equais the two-photon frequency one can 

attam a resolutron correspondmg to a volume of < I 

mm3, as has been demonstrated J3J in the remote de- 
tection of H and D atoms. 

459 
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2. Theory 3. Experimental 

It IS extreme’ty usefui to have an elpresston for the 
number of detectable. vtsible or near IR photons 
emitted as a function of such vanablcs as ground-state 
population, Idser power. etc. In general the off-drago- 
nal elements of the density matrLv may be neglected, 
and a simple rate equation approach suffices. At any 
given point m tune, the emitted photon flux wdl be 
proportlonai to the two-photon resonance excited 
state population, IN’]. [N’] wrll obey a rate equ~~lon 
of the form [6] (as long as [No 1 IS not depleted) 

d[N*]/dr = ft’[NO] - [N*]u,l- [N* Irrdd 

- LN*lx-,Kl, 0) 

whcrc IV = a/ 2/iia, I IS the Iascr power, a! the IWO- 
photon cross scctlon for excltatlon from the ground 
state, CF, the cross section for iomzation from the two- 
photon resonance state, Trdd the radiative lifetrme for 
spontaneous emrssion from the two-photon exerted 
state, and k, the rate cocfficrent for colhslonal deactr- 
vatron by the gas (or gasses) with concentratron [Cl. If 
we Integrate this cquatton assuming a square Iitser pulse 
of Icngth Tp, then 

By mserting reasonable [6,7] numerical values into 
the above equatrons it is clear that for a 1 cm-l band- 
width laser focusable to =lO-3 em3, l-10 mJfpulse 
cncrges are required to excite a reasonable fraction of 
atoms (0.1%). Such a source has recently been devel- 
oped 181 and we have used It m this work wrth only 
minor modification. We describe It very briefly here. 
The output of YAG-pumped rhodamme6G dye laser IS 

frequency doubled in a KDP crystal. This radj~tion IS 

converted to the ArF employer band pass as the fourth 
anti-Stokes line m a H2 Raman cell. Ttus low power 
coherent rndlatton IS amplified in two stages by ArF 
excmler lasers. The resultmg output at 10 pps has an 
energy of 125 mJ/pulse, a spectral width of 22 cm-*, 
and a tunabihty over ~300 cm-t between 192.8 and 
193.9 nm. The output of this source can agam be 
Rama~ shifted m a H, (Dz) cell with i= 10% efficiency 
on the first Stokes Ime. 

[N’] =(It’fN#3)(1 -I+‘), OGfGTp, (3) 

wth 

B = T;;~ + a,i~iru (3) 

and 

r--I = 5;; +k,[C] . 
Cl-l (4) 

Once the laser pulse IS over. t > TP, the excited state, 
and the detected fluorescence emission, decays expo- 
nenti~ly as 

\N*l = {(~~[N~l~~)(l - exec-sr,)))exp(-tl~,fr). 

(5) 

The Cl atom has a two-photon allowed tnnsitron 
[9J from the 3p zPf,I ground state to the 4p’ 1F7j1 

stateat95180cm- (lru/l=47590cm-10rX=~10.1 
nm). Thts trrnsitlon lies nicely wtthin the tuning range 
ofthe first Stokesshifted ArFoutput (x47450-47650 
cm-t). The 4p’ 2F,,2 state has as it shortest wme- 
length decay channel a transition to the 4s’ 2D5,2 
state at 9041 A, which we monttored with an RCA 
C3 1034 phototube. Unwanted chem~um~esc~nce was 
partially blocked by a combination of color filters. 

Intcgratmg the last equation from Tp to 00 gives the 
total number of detected fluorescence photons/pulse, 

IT* 

IT = (~~fNOl~cff/~)exp(-Tp/~~ff) 

X 11 - eW-BTp)l. (6) 

where A’ IS a proporttonahty constant depending upon 

response, solid angle, etc. 
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The Cl atoms were produced with a microwave drs- 
charge througha =3%mixtureofC12 m =?TorrofAr. 
Approximately I50 W of microwave power was sup- 
plied to the discharge by an Electrochemrcal Supplies 
discharge unit. The atom transversed a distance of 
~20 cm between the discharge and detection region 
with one right angle bend, fitted with a Wood’s horn, 
m the distance of travel. This portion of the Pyrex 
discharge tube was treated, prior to use, with phos- 
phoric acid. The presence of Cl atoms in the detection 
region could be established by the existence of a red 
glow from the reaction 1101, 

Cl + Cl + M + CI;&l, . 

it was found that the intensity of thisemission, judged 
by eye orphotomultipliercurrent, wasvery reproduci- 
ble as a function of Cl pressure or discharge current. 

To establish the sensitivity of the TALIF expen- 
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ment, it was necessary to independently establish the 
concentration of Cl atoms in the detection region. We 
choose to titrate [ 111 the TALlFsignal by theaddit~on 
of Br, The reaction sequence is 

Cl + Br, + BrCl + Br, 

Cl+BrCl+C12+Br, 

or overall 

Both of these Cl atoms reactions are known to be fast 
[ 12,13]. Clearly the overall reaction ren~oves two Cl 

atoms for every Br2 molecule added, 1-e. [Cl]o 
= $[Br2]endpo,n1 Interestmgly, the amount of cheml- 
luminescence emltted from the system was lrttle 
changed by the titration reactlondue to recombmatlon 
emission from BrCI* and Br$. However, the Cl atom 
TALIF was clearly tltratableevldencing the selectlvny 
of the TALIF method. 

Typically, strongTALIF signals were observed with 
a total pressure of 2-3 Torr in the fluorescence cell, as 
measured by a Bamtron capacitance manometer. The 
flow velocity in the system was determined by com- 
bining total pressure measurements and flow rates mea- 
sured by a Mstheson 604 ilowmeter in the Ar hne. 
With an imtlal Cl, concentratton of z2.5 X IOL5 mol- 
eculeslcm3 passmg through the dnchsrgc, a Cl atom 
concentration of 7.5 X 10f4 atoms~cni3 was deter- 
mined in the ~uorescence cell by the Br2 titration. 
This corresponds to * 15% of the Cl2 molecules being 
dissociated mto Cl atoms in the detection region, a 
very reasonable figure. 

4. Results and discussions 

Fig. 2 shows a frequency scan over the regron of 
the two-photon 3p 2P3,2 ++ 4p’ 2F71z Cl atom reso- 
nance. The resultmg TALIF signal IS clearly vlslble 
with a S/N = 50. For this signal the Cl atom concen- 
tration was = 7 X 1014 atoms/cmx. This particular 
trace was obtained with boxcar detection and a 2 s 

time constant. Consistent S/N was often observed on a 
single shot basis v&h an osciIloscope_ Under these con- 
ditions the ~it~g detectablflty of Cl atoms would be 
= 1 X IOl3 atoms/cm3. Increasing the modest mlegm- 
tion time on the experiment would place one m the 
10’” atoms/cm3 range. 

IIP’I ‘P’(4p’l 2F 

I I I I I I , , I 

28468 20472 28476 

TIN. 2 rrequcncy scan of TALK sqg~rl of Cl atoms The Ire- 
quency makers at the bottom of the trace correspond to the 
grating drive V, of the dye laser. To obum the true frcquc-ncy 
Fof the photons mtcractmg wrth the Cl atoms, usc F= 109/f 
+ 3 X 4155 cm”’ Tract a corresponds to thcTALlF signal ob- 
served on the 904 nm cmisslon from the 4p’ 2 I ,,2 - 4s’ *D5,2 
transltion. Tract b gives the rntcnsuy of the fiist Stokes shdwd 
emwon from the Arr ampldicr. 

Interestmgiy, m this experrment the notse wascreat- 
ed by the chemiiumlneseence background from Cl re- 
combination. Since this signal IS proportional to [Cl]‘. 
the noise should actually decline more rapidly than the 

TALlF signal for lower [Cl], assummg the noise IS due 
to amplitude fluctuations. kfforts to test this hypoth- 
esls were inconcluslve as at sigmficantly lower [Cl], 
laser scattermg from the apparatus (or fluorescence In- 
duced thereby) became the hmiting notse. Better baf- 
fehng and/or increased filtering of the ch~mdumines- 
cenee should improve this noise factor. However, we 
beheve the ultimate sensrtivtty for Cl atoms with this 
laser on thn transItion with this ievel of chemdumines- 
cence, would be m the low lOI2 atoms/cm3 range. 
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Tablo 1 

C\Jmplrs of two-photon ~llowcd Irausltlons snd rcsultmg 
rluorcsccncs cmIwons In “hght” aioms 

A1om Two-plloton /IV/2 b) I-luorcsccncc Irvb) 
tr.lnslllon J) tmnsltlon 

II Is %-3d 2D 105 3d’D-‘p2P 656 
N 3p4D--3s4P 871 
c 

;$ ;;-;“,;d’ 21 t 
280 3p ‘P-2p 3PO 910 

0 $4 ‘p-3p Jr 7-25 3p ‘p-3s3s 844 
I 2p5 ?P-3p 2Po I68 3p 2PO-3s ‘P 703 

Cl 3p5 ‘P-+-l’ ‘I 210 JP~~I-.-~s~*D 904 

“) Scr r,$ 115 1 for culcul,ltlonS 01 IWO-photon trJnSitlOn rJk5 

lor N. 0. Jd Cl 
II) 011~” thcbc transltjonb have scvcral lint structure compo- 

rr~nts, SO LIIU l~sfed wd~clcflgtl~ s1111ply Jppro\mlatcs the m- 

UlVldUJl kJnSlnOfl ~WqUCUClCS 

This IS about ,I factor of 300 less scnsltivlty than was 

cstimatcd for H atom mug J smlar apparatus. If the 
cl~enllluollncscencc wcrc rernovcd, the S/N for the Cl 

e\pcrunent would obwously be nnprovcd. probably 

by XII order of m+gmude. f4owevcr, the ultmlatc Cl 

scnsittvtty IS k.s than for H bccdusc of two factors. 

The Cl scnsltivlty IS hmned because of the mefficlency 

of detcctmg the 910 nm r.~d~at~on from the Cl ckclted 

srdte. as well as it being only one of several decay 

kmnels. It IS also true that tlic two-photon excltntlon 

cross scctlon is es~miated [ 14,15] to be about an or- 

der ofmagmtude smaller for Cl than for H; indeed the 
TALIF slgnul sbowed no signs of sJturatlon_ 

In table 1, we hst ;L number of l&t atoms, which 

WC beheve can easily be detected by the present laser 

system or other near-UV gcncrating systems. Based 

upon our experience we conservatively expect the Iim- 

its of detectability for all these atoms would be m the 

lOto-I@2 atoms/cm3.Onc distinct advantage ofa 

Raman shlfied system is that if one demonstrates 

TALlF detcctlon with the rrth (antr) Stokes Ilne, then 

one isguaranteed of bemg able to do two-beam TALIF, 

with Its hij$ spatial resolution, w1t11 the II - I and 
II + 1 (anti) Stokes frequencies. 

5. Conclusions 

We have applied D novel two-photon laser-mduccd 
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fluorescence detection technique to observe free Cl 

atoms. This TALIF technique has extremely high in- 
herent temporal and spatial resolution, and hgh sense- 
tivlty. This technique should be applicable to the re- 

mote detection ofessentlally any l&t atom witb pres- 

ently avadablc laser technology. 
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