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TWO-PHOTON ABSORPTION, LASER-INDUCED FLUORESCENCE DETECTION OF C1 ATOMS
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Laser-mduced fluorescence has been observed from Cl following pumping of a two-photon allowed transition at 219
nm The detection tevhnique reported here 15 not ntrusive, highly selective and has good spatii and temporal resolution.
Tiratton of the Ct with Bry indicates a detection sensitivity of <1 x 1013 Cl/cm?

1. Introduction

There are a number of “light” atoms, e.g. H, N, O,
and the highter halogens, which are particularly 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 combustion and
electrical discharge chemistry, are central to the opera-
tion of chemical lasers, e.g. HF HCl lasers, and are par-

hmpanc 1n the simnlest and maost fundamental of
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chemical reactions. Because of the ubiquity and signif-
1cance of these atomic reactions, much effort has
been expended upon developing means of detecting
these atoms.

Ideally such a detection technique should be highly
selective and have high sensttivity because the rapidity
of the atomic reactions restrict the steady-state concen-
tration of these species to low levels. As with any de-
tection scheme it should be non-intrusive; 1n add:ition
it should also be in situ because rapid wall and back-
ground gas reactions render sampling techniques im-
mediately suspect. For many, but not all, applications,
the detection capability should be absolute. Finally,
any ideal detection scheme shouid combine three-
dimensional spatial resolution with rapid temporal
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Not surprisingly, none of the techniques developed
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tector for even one, much less aII of the “hght atoms.
Mass spectrometry 1s hampered by sampling problems.
Electron paramagnetic and laser magnetic resonance
require the sample to be immersed in a large magnetic
field which can alter the environment and severly re-
strict spatial and temporal resolution. Also some en-
vironments adversely affect their sensitivity. Chemi-

cal titrations and chemijuminescence reactions have

nlmmrl mmnortant roles in determinine atomic concen-
mpe 1 aelermining aiomic concen

tratlons, particularly absolute ones, but are clearly in-
trusive techmaques.

It would appear that a technique that ivolves only
the absorption and/or emission (or scattering) of an
easily detected visible or near UV photon would be
the best. However, the generic energy level dlagram
appncaulc to these ligul. atoms, as shown in ug I,
lustrates the difficulty of this approach. The lowest
excited state is typically>>80000 cm~! above the
ground electronic state. This means that any (laser)
Raman scattering technique is going to be non-reso-
nant and of relatively low sensitivity [1} (21016
atomslcm3). Similarly standard laser-induced fluores-
cence techniques are impracticai due to the short wave-
length (A < 125 nm) of these transitions.

Pravians warlr an enantranhatamatrinal datantinn
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of these light atoms has eschewed laser techniques, and
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Mg. 1 Schematic encrgy level diagram for **hght’ atoms On
the left hand side 4 one-photon transition 1s lustrated, on the
right a two-photon transition. This energy level diagram apphes
to H, N, O,C, I', C1 Brand other “Iight”” atoms. As shown by
the explicit hsting in table 1, the only exception to the stated
energy mtervals 1s for I' atoms

their inherent advantages, for atomic resonance lamp
sources ¥, Using a resonance lamp one can do simple
optical absorption (with relatively low sensitvity) and
resonance fluorescence with increased sensitivity. In-
deed atomuc resonance lamp spectrophotometry s
probably today the singie most popular technique for
light atom detection. However, it is a very difficult
technique requiring considerable experimental skill.
Processes hke self-reversal in the lamp can alter the
emission line and hence absorption profile, similarly
radiation trapping by the sample can make fluores-
cence measurements difficult, at best, to interpret.

In this paper we descnibe a new approach to the de-
tection of “hght” atoms {(which we now define as ones
with their first excited state in the vacuum UV) which,
n principle, satisfies almost all the critenia earlier set
forth for the ideal detector In an earlier publication
{3], we demonstrated the technique for H atoms and
a bnef report on N and O atom detection has appeared
[4]. In ths paper we apply this technique to the more
chemical, and difficult, problem of ClI 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 traditional detection techniques,
see ref. [2].
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The technique 15 schematically sct forth on the
right hand side of fig. 1. Rather than trying to drive
atoms to the lowest excited state using a one-photon
pump, we drive them to the (usually) second lowest
excited state via a two-photon transition. This shifts
the wavelength requirement on the pump from the
vacuum, usually windowless, UV to wavelengths typ-
ically greater than 200 nm, The production of high
spectral quality, relatively high power, tunable radia-
tion between 200 and 250 nm 1s not routine, but nei-
ther 1s 1t as difficult as would be the production of
coherent light at wavelengths less than 125 nm. We
describe briefly our procedures for generating the
pump radiation 1n the experimental section.

Once atoms have been pumped to the two-photon
resonance state they have available thiree means of de-
cay. They can (1) decay non-radiatively (collisionally)
In process (ii) the atom can absorb a third photon and
ionize. [t would indeed be possible to detect the atoms
by monitoring their ion production. In fact such
multr-photon 1onization techniques have been widely
used for atonuc detection [5]. These techniques are
ughly sensitive, but have the disadvantage of requining
electrodes in the sample. The method we have employ-
cd for detection involves the third (in) decay mode
whereby the atom spontaneously emits 4 visible or
near IR photon und decays to a lower excited state.
Thus process we call two-photon absorption, laser in-
duced fluorescence (TALIF)

We will show that the sensitivity of TALIF can be
expected to range from 1013 to 109 atomsfem3 for
all the light atoms with the possibility of absolute con-
centration deternunation. Since TALIF does not in-
volve a one-photon resonance termunating in the
ground state, problems such as radiation trapping and
self absorption are completely avoided. It 1s a non-in-
trusive, m situ techmque with high temporal resolu-
tion i.e. the pulse duration of the lasers (typically less
than 5 ns) Using 2 photons of the same frequency, 1.
one beam, the spatial resolution is defined {with no
spatial discrimination in the detector) by the beam
waist wherein the power density s sufficient to induce
two photon transitions, typically raughly a cylinder of
a mm or two diameter and a few mm long. If one
crosses two focused beams of different frequencies
whose sum equals the two-photon frequency one cin
attain a resolution corresponding to a volume of <1
mm?3, as has been demonstrated [3] in the remote de-
tection of H and D atoms.
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2. Theory

1t 1s extremely useful to have an expression for the
number of detectable, visible or near IR photons
emitted as a function of such variables as ground-state
population, laser power. etc. In general the off-diago-
nal elements of the density matrix may be neglected,
and a simple rate equation approach suffices. At any
given point in fime, the emitted photon flux will be
proportional to the two-photon resonance excited
state population, [N*]. [N*] will obey a rate equation
of the form [6] (as long as [Ng] 1s not depleted)

d[N*]/de = W[NOI - [N‘]UII_ [N*l"'md
— IN*Ik[CT m

where W = a/2{fiw, I 1s the laser power, a the two-
photon cross section for excitation from the ground
state, g, the cross section for iomization from the two-
photon resonance state, 7 4 the radiative lifetime for
spontancous enussion from the two-photon excited
state, and & the rate coefficient for collisional deact-
vation by the gas (or gasses) with concentration |C]. If
we Integrate this equation assuming a square laser pulse
of length T, then

IN*} =(W[No}/B)(1 —eBY), 0<:i<T,, (2

with
B=13; + 6 lfhw 3
and
-1 -1 .
chl = Trad * kc[C] y (4)

Once the laser pulse 1s over. t > T,. the excited state,
and the detected fluorescence emission, decays expo-
nentially as

[N*] = {(WNg1/B)(1 — exp(—BT,)}exp(—t/reg)-
)

Integrating the last equation from TP to = gives the
total number of detected fluorescence photons/pulse,

I,
Ip= (Kw{NO]chf/B)exP(“'Tp!Teff)
X1- e\p(-—BTp)]. ©

where K 1s a proportionality constant depending upon
response, sohd angle, etc.
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3. Experimental

By mserting reasonable [6,7] numerical values into
the above equations it is clear that fora 1 em—! band-
width laser focusable to 103 e¢m3, 1—10 mi/pulse
ciergies are required to excite a reasonable fraction of
atoms (0.19%). Such a source has recently been devel-
oped {8] and we have used 1t n this work with only
minor modification. We descnibe 1t very briefly here,
The output of YAG-pumped thodamine 6G dye laser 1s
frequency doubled in a KDP crystal. This radiation 1s
converted to the ArF amplifier band pass as the fourth
anti-Stokes line in a H, Raman cell. This low power
coherent radiation 1s amplified in two stages by ArF
excimer lasers. The resulting output at 10 pps has an
energy of 125 mJ/pulse, a spectral width of $2 cm™!,
and a tunability over =300 cm~! between 192.8 and
193.9 nm. The output of this source can agamn be
Raman shufted in a H, (D) cell with =10% efficiency
on the first Stokes line,

The Cl atom has a two-photon allowed transition
{91 from the 3p 2P3;5 ground state to the 4p’ I
state at 95 lSOcm“? (2= 47590cm—1 or A=210.1
nmy). This transition lies nicely within the tuning range
of the first Stokes shifted ArF output (=47450-47650
em=!). The 4p’ 2F;, state has as it shortest wave-
length decay channel a transition to the 4s’ 305;2
state at 9041 A, which we monitored with an RCA
C31034 phototube. Unwanted chemiluminescence was
partially blocked by a combination of color filters.

The Cl atoms were produced with a microwave dis-
charge through a ~3% mixture of Cl, m =2 Torr of Ar.
Approximately 150 W of microwave power was sup-
plied to the discharge by an Electrochemical Supplies
discharge unit. The atom transversed a distance of
=20 cm between the discharge and detection region
with one night angle bend, fitted with a Wood’s horn,
in 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 [10},

Cl+Cl+M~Ciecl, .

It was found that the intensity of thisemission, judged

by eye or photomultiplier current, was very reproduci-

ble as a function of Cl pressure or discharge current.
To establish the sensitwvity of the TALIF expen-



Volume 86, number 5,6

ment, 1t was necessary to independently establish the
concentration of Cl atoms in the detection region. We
choose to titrate [11] the TALIF signal by the addition
of Bry The reaction sequence is

Cl+ Br, - BeCl + Br,

Cl + BrCl - Ci, +Br,
or overall

2C1+ Bry > Cly + 2Br .

Both of these Cl atoms reactions are known to be fast
{12,13]. Clearly the overall reaction removes two Cl
atoms for every Bry molecule added, re. [Cl],
=3{Br, lendpoun Interestingly, the amount of chenu-
luminescence ermitted from the system was little
changed by the titration reaction due to recombination
emission from BrCl* and Br3. However, the Cl atom
TALIF was clearly titratable evidencing the selectivity
of the TALIF method.

Typically, strong TALIF signals were observed with
a total pressure of 23 Torr in the fluorescence cell, as
measured by a Baratron capacitance manometer, The
flow velocity in the system was determined by com-
bining total pressure measurements and flow rates mea-
sured by a Matheson 604 flowmeter in the Ar line.
With an inttal Cl, concentration of 2.5 X 1015 mol-
ecules/cm3 passing through the discharge, a Cl atom
concentration of 7.5 X 104 atomsfem? was deter-
mined n the fluorescence cell by the Br, utsation.
This corresponds to =215% of the Cl, molecules bemng
dissociated mnto Cl atoms in the detection region, a
very reasonable figure.

4. Results and discussions

Fig. 2 shows a frequency scan over the region of
the two-photon 3p 2Py, « 4p’ 2Fy;; Cl atom reso-
nance. The resulting TALIF signal 1s clearly visible
with a S/V = 50. For this signal the Cl atom concen-
tration was = 7 X 1014 atoms/em3. This particular
trace was obtained with boxcar detectionanda 2s
time constant. Consistent S/ was often observed on a
single shot basis with an oscilloscope. Under these con-
ditions the limiting detectability of Cl atoms would be
a1 X 1013 atomsfcm3. Increasing the modest integra-
tion time on the experiment would place one 1n the
1012 atoms/cm3 range.
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Fig. 2 Frequency scan of TALIT signal of Clatoms The tre-
quency markers at the bottom of the trace cormrespond to the
grating drive (f) of the dye laser. To obtain the true frequency
F of the photons interacting with the Clatoms, use F = 109)f
+3 X 4155 em™ Trace a corresponds to the TALIF signat ob-
served on the 904 nm emission from the 4p’ 21 49 « 45 2Dgyy
transition. Trace b gives the intensity of the first Stokes shifted
emission from the Arl” amplifier.

Interestingly, m this experiment the noise wascreat-
ed by the chemiluminescence background from Cl re-
combination. Since this signal 1s proportional to [Cl]z,
the noise should actually decline more rapidly than the
TALIF signal for lower [Cl], assuming the noise 1s due
to amplitude fluctuations. tfforts to test this hypoth-
esis were inconclusive as at sigmficantly lower [Cl],
laser scattering from the apparatus (or fluorescence mn-
duced thereby) became the himiting notse. Better baf-
feling and/or increased filtering of the chermilumines-
cence should improve this noise factor. However, we
believe the ultimate sensitivity for Cl atoms with this
faser on this transition with this level of chemilumines-
cence, would be mn the low 1012 atoms/cm3 range.
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Table 1
Examples of two-photon allowed transitions and resulting
tluorescence emissions 1n “hight™ atoms

Atom  Two-photon huf2 B luorescence iy D)
transition ¢ transition
i 1s25-3d2D 205 3d*D-2p2P 656
N p345-3p 4D 211 3p4D-3s3P 871
C 2p23p-3p 3P 280 3p3r-2p3P° 910
o 2p% 3p_3p3p 225 3p3p-3s38 844
i 2p5 2p-3p 2p° 168 3p2P°-3s%p 703
Cl 3pS 2p—4p” 21 210 4p’ 2r-4s' 2D 904

4) See ref [ 15 for calculations ot two-photon transition rates
tor N, 0. and Ci

L) Otten these transitions have several tine structure compo-
nents, so the hsted wavelength stmply approxmates the in-
awidual transition frequencies

This 1s about a lactor of 300 less sensitivity than was
estimated for H atoms using a sumilar apparatus. [f the
chenuluminescence were removed, the S/ for the Ci
experiment would obviously be improved, probably
by an order of magnitude. However, the ultimate Cl
sensitvaty 1s less than for H because of two factors.
The Cl sensitivity 1s limited because of the nefficiency
of detecting the 910 nm radiation from the Cl excited
state, as well as 1t being only one of several decay
channels. It 1s also true that the two-photon excitation
cross section is estimated [14,15] to be about an or-
der of magmitude smaller for CI than for H; indeed the
TALIF signal showed no signs of saturation.

In table 1, we list a number of hght atoms, which
we believe can easily be detected by the present laser
system or other ncar-UV generating systems. Based
upon our experience we conservatively expect the lim-
its of detectability for all these atoms would be 1n the
10101012 atoms/cm3. One distinct advantage of a
Raman siified system is that if one demonstrates
TALIF detection with the nth (anti) Stokes line, then
one is guaranteed of bemng able to do two-beam TALIF,
with its high spatial resolution, with the # — 1 and
n +1 (anti) Stokes frequencies.

5. Conclusions

We have applied a novel two-photon laser-induced
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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 high sensi-
tivity. This technique should be applicable to the re-
mote detection of essentially any hght atom with pres-
ently available laser technology.
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