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We report a new diagnostic technique based on resonant four-wave-mixing spectroscopy of the two-photon 1s—2s transition in
atomic hydrogen. Observations including Doppler-free spectral lineshapes and saturation behavior are related to models for the
nonlinear optical processes. Two-photon wave-mixing measurements of atomic hydrogen concentration in laboratory flames at
pressures of 30-760 Torr appear to be less susceptible to errors from collisional quenching than similar measurements made using

laser-induced fluorescence.

1. Introduction

Atomic hydrogen (H) is an important free-radical
species in the chemistry of flames and plasmas, and
measurements of H concentration ([{H]) are valu-
able tests of chemical kinetic models [1,2]. The ac-
curacy of existing optical probes for [H] has rarely
been sufficient to allow meaningful comparisons with
such models, primarily because of uncertainties in
accounting for the collisional environment. Here we
describe a new coherent spectroscopic method based
on two-photon-resonant four-wave-mixing for mon-
itoring [H] in laboratory flames. We also present
spectra, laser intensity dependencies, and relative
[H] measurements that support our theoretical de-
scription of the nonlinear optical processes.

A variety of multiphoton excitation techniques
have been developed for detecting H in environ-
ments such as flames that are opaque at its vacuum-
ultraviolet resonance absorption wavelengths. Sev-
eral different schemes based on detecting laser-in-
duced fluorescence (LIF) have been reported [3-8].
While LIF offers very high detection sensitivity, spe-
cies-dependent collisional quenching can introduce
significant errors. Multiphoton ionization tech-
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niques have also been used with some success [9-
12].

Alternatively, methods that generate a coherent
signal beam have inherent advantages when optical
access is limited or when background luminosity is
present at the detection wavelength. Examples of such
methods include stimulated emission (SE) [13,14],
polarization spectroscopy (PS) [15], third har-
monic generation (THG) [16], and laser-induced
grating spectroscopy (LIGS) [17]. Unfortunately,
SE signals are difficult to quantify, THG operates in
the vacuum ultraviolet, and PS is relatively insen-
sitive. While LIGS provides a quantifiable, coherent
signal beam at convenient wavelengths, it suffers
quenching problems very similar to those in LIF-
based measurements.

Two-photon four-wave-mixing (2P4WM) spec-
troscopy has been applied previously in the gas phase
to only a few stable species [ 18-20]. Here we show
that 2P4WM is a sensitive diagnostic for free radi-
cals and that 2P4WM can be more quantitative than
incoherent methods because it depends on the total
dephasing rate of a transition rather than on specific
population relaxation processes such as collisional
quenching. The optical process in 2P4WM is quite
similar to that in coherent anti-Stokes Raman spec-
troscopy (CARS) #' and resonant sum-frequency
generation.
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2. Experimental

We used a Q-switched Nd: YAG-pumped dye laser
operating near 486 nm to generate 2P4WM and LIF
signals in this study. The dye laser output was fre-
quency doubled in B-barium borate to produce 7 ns
pulses having a bandwidth of Av=0.4 cm~' and
energies up to 1.5 mJ at 243 nm. Fig. | shows a sche-
matic of the experiment including optical elements
and laser beams paths. We first passed the 243 nm
beam trough a variable attenuator and then split it
into three beams of roughly equal intensity.

Two of these beams, labeled “f>* and “b” for for-
ward and backward pump, respectively, were fo-
cused with 750 mm lenses and crossed at an angle of
178° (nearly counter-propagating) to overlap above
the surface of a flat-flame burner. We carefully re-
duced the difference in optical paths for these two
beams to a fraction of their pulse coherence length
(I.=(2In2/7)%%/Ar~ 1.6 cm) to optimize their in-
teraction in the sample region. The third beam, la-
beled “p” for probe, was focused and crossed at an
angle of 2° with the “f”” beam in the overlap region
(diameter~0.15 mm, length~30 mm). The “p”
beam path included a retroreflector to adjust the ar-
rival time of that puilse between + 170 ps (£5 cm)

#! Excluding electronic resonance-enhanced CARS schemes.
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Fig. 1. Schematic of the optical path in two-photon four-wave-
mixing experiments. Elements are labeled as PEM for photoeles-
tic modulator, P for polarizer, A for iris aperture, PH for pinhole,
F for filter, and PMT for photomultiplier tube.
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relative to the “f” and “b” pulses. Vector phase
matching was achieved for these three beams as
shown in the inset of fig. 1.

We used a thin quartz cuvette (1 mm) and a 0.1
mM solution of DCM dye in methanol to optimize
the spatial and temporal overlap of the input beams
and generate a signal alignment beam to direct
through an aperture, a 200 mm f.L lens, and a 50 pm
pinhole. This spatial filter greatly reduced the amount
of scattered 243 nm light passing through a 240-10
nm bandpass filter to a photomultiplier (PMT).

We attenuated the 486 nm fundamental beam from
the dye laser, reduced it to a diameter of ~ Imm, and
overlapped it with the 243 nm beams in the sample
region. We monitored the pulse energies in the 243
and 486 nm beams using photodiodes and sampled
LIF at the side of the flame through a 486 nm band-
pass filter using a PMT. Finally, we recorded the out-
puts from all of the detectors by integrating, digitiz-
ing, and averaging typically 40 laser pulses.

3. Theory

Fig. 2 shows the energy levels of atomic hydrogen
labeled according to principle quantum number 7.
Multi-photon transitions connect the n=1, 2, and 4
levels at laser frequencies we,=243 nm and w,, =486
nm. Diagram (a) illustrates the basic 2P4WM pro-
cess. Using nonlinear-optical perturbation theory
[21], we derive the peak signal for this process,
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Fig. 2. Energy levels for atomic hydrogen labeled according to
principle quantum number #. Transition frequencies involved in
(a) two-photon four-wave mixing, (b) two-photon eight-wave
mixing, and (c) two-color laser-induced fluorescence.
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where y® is the third-order nonlinear susceptibility;
[H] is the atomic hydrogen concentration; ¢, is the
peak two-photon cross section of the 1s—2s transi-
tion; I; are the intensities of the input beams; L is the
overlap path length; and g(J, I')=i/(1+ié/I") is a
Lorentzian line shape function in terms of the de-
tuning Jex=w;>— (ws+wy) and the dephasing rate
I';,. The frequency and wave vector of the signal
beam are given by

Wig =5+ Wy — Wy, (2a)
kg = ke + ko —k, . (2b)

Other four-wave-mixing processes (i.e. different time
orderings) are nonresonant and hence negligible or
do not contribute because of phase-matching
constraints.

The 2P4WM process diagrammed in fig. 2a 1s
properly described as a coherence phenomenon. Un-
like one-photon-resonant degenerate four-wave-mix-
ing (DFWM) or the two-photon eight-wave-mixing
(2P8WM) process shown in fig. 2b that involve
population gratings, 2P4WM involves a coherence
that oscillates in time at 2w,, but is uniform in space.
In addition, 2P4WM is independent of gas velocity
(i.e. Doppler free) in the geometry shown in fig. 1
[22]. Doppler-free 2P4WM thus probes all atoms
rather than just those having a particular velocity,
resulting in a greatly improved sensitivity. Spectrally
integrated 2P4WM signals vary as the dephasing time
(1/I'},) but are not directly affected by the popu-
lation relaxation time.

2P8WM (fig. 2b) is a higher-order process that
can occur simultaneously with 2P4WM at the same
frequency and wave vector. 2P§WM is the two-pho-
ton analog of resonant DFWM and does involve life-
time effects such as population gratings. The signal
in 2P8WM, however, is proportional to |x"’|? and
I, [7] and hence is not expected to be important
except at very high intensities.

We compare the results of 2P4WM experiments
with those from a two-color LIF process involving
two-photon absorption to the 2s level followed by
resonant fluorescent excitation to the 4p state (fig.
2¢). Both LIF resonances are conveniently achieved
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using the same dye laser since w,,~4w,, in atomic
hydrogen [7]. The peak LIF signal is [17]

SuracIM(x®) [H]a120241:21413x1prLA42
XIm[g(Oex, I'12) 1Im[g(6prs [24) ] (3)

where 7, and 1, are lifetimes of the 2s an.d 4p states,
A, is the spontaneous emission rate, and the exci-
tation and probe steps are considered incoherent.
Compared to 2P4WM, the LIF signal has lower-or-
der dependencies on «,, and I, but is has a direct
dependency on the lifetimes 7, and 7,. Egs. (1) and
(3) do not contain saturation effects.

4. Results

Fig. 3 shows a 2P4WM spectrum of atomic hy-
drogen recorded 10 mm above the burner surface in
a slightly rich (¢=1.2) 92 Torr H,/0O,/N, flame (N,
mole fraction=0.26) using total pulse energies of 300
wJ at 243 nm. The laser bandwidth mainly limits the
observed spectral line width, although the asym-
metry in the lineshape suggests that optical Stark
broadening is also occurring. The Doppler-broad-
ened width of the LIF signal under these conditions
is approximately twice that of 2P4WM. The width
of the 2P4WM line increases slightly in these flames
at pressures between 90 and 760 Torr as the ho-
mogenous transition width I}, becomes comparable
to that of the multimode laser.
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Fig. 3. Two-photon four-wave-mixing (2P4WM) spectrum of
atomic hydrogen in a 92 Torr H,/O,/N, flame. The observed
line width (0.5 cm™"!) is slightly larger than the probe laser band-
width (0.4 cm~—") for laser pulse intensities of 0.3 GW /cm?.
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The peak intensity of the 2P4WM signal decreases
with increasing pressure as expected from relation
(1), in which @, 1/I'},, although the changes in
flame structure over this pressure range make it dif-
ficult to compare relative signal intensities. The non-
zero baseline signal in fig. 3 is due to scattered 243
nm light. We also observe a non-resonant wave-mix-
ing background signal at pressures above 90 Torr, es-
pecially in hydrocarbon flames.

The variable attenuator shown in fig. | preserves
the alignment and spatial properties of the input
beams. The data points in fig. 4 show the observed
2P4WM and LIF signals from H atoms in a 30 Torr
flame as a function of total input pulse energy at 243
nm. At energies below 300 pJ (0.25 GW/cm?), the
signals increase as I”, where n=2 for LIF and n=3
for 2P4WM. At higher energies, a simple incoherent
rate model for the LIF, including two-photon cou-
pling at w,, and one-photon ionization from n=2,
predicts saturation of the form

I:X
1+ WiTZIex + (Iex/Isat)2 '

signaloc (4)
Using estimates of W;=5 ¢m?/W ns for the ioniza-
tion rate coefficient [4] and 7,=0.6 ns for a 30 Torr
flame [23], least-squares fitting of the data in fig. 4
yields the solid curve with I,,~ 450 uJ for LIF. Eq.
(4) also provides an empirical fit to the 2P4WM sat-
uration behavior with I~ 300 pJ. At 760 Torr the
2P4WM shows no signs of saturation at energies up
to 600 pJ.

3000 | 1 L — Il L |

~ 2500 s
3 ]
&
. 2000 1
E 1
iz 1
& 1500 1
L
g
— 1000 1
=
20 ]
@ 500 1

0 ———t———t— :

0 200 400 600 800 1000 1200

243-nm pulse energy (uJ)

Fig. 4. Measured (@) two-photon four-wave-mixing (2P4WM )
and (O) LIF signals as a function of 243 nm pulse energy (sym-
bols), and modeled saturation behavior (curves) in a 30 Torr
flame.
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The 486 nm beam has no effect on the 2P4WM
signal at low pulse energies (<5 uJ) but causes sat-
uration of the LIF signal because of the large oscil-
lator strength of the 2s<»4p transition. However,
above 20 uJ the 486 nm beam causes a noticeable
decrease in the 2P4WM signal, which reaches
~ 1/3 of its original value for 486 nm pulse energies
of 1 mJ. This reduction in 2P4WM signal probably
results from power broadening of the 2s—4p tran-
sition, which causes additional dephasing of the 2s
state beyond that due to collisions. Of course,
2P4WM is not normally to be performed with the
486 nm beam present.

We obtain an upper limit for the dephasing time
in 2P4WM by delaying the “p” pulse. The observed
“coherence spike” arises from picosecond structure
within the 7 ns laser pulses and can provide infor-
mation similar to that from ultrafast experiments
[24]. The observed fwhm of the 2P4WM coherence
peak for H in our 30 Torr flames is the same as that
we observe using a liquid solution of DCM in meth-
anol where we expect dephasing to be very fast, sug-
gesting that in both cases the fwhm is limited by the
laser’s coherence time (50 ps).

We measured [H] as a function of height above
the burner surface by translating the burner. Fig. §
shows a comparison of [H] profiles measured in a
slightly rich (¢=1.2) 30 Torr H,/O,/N, flame using
2P4WM and LIF signals and the [H] and I, de-
pendencies from relations (1) and (3). The solid
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Fig. 5. Atomic hydrogen concentration in a 32 Torr H,/0,/N,
flame. The experimental traces are scaled to match the calcula-
tion at x=60 mm. LIF signals are systematically smaller near the
burner surface because of the larger collisional quenching rate in
this region. (@) 2P4WM, (O) LIF, (—) chemistry model.
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curve is the [H] profile predicted using a chemical
kinetic model for this flame [25,26]. The measured
profiles are scaled to match the model in the post-
flame region at x=60 mm. Our [H] measurements
derived from 2P4WM are consistently larger and in
better agreement with the model results than those
from LIF in the flame region (x= 10 mm at 30 Torr);
however, the 2P4WM measurements are noisier than
LIF because of larger pulse-to-pulse fluctuations.
These observations are insensitive to experimental
conditions such as the laser pulse energy in the 243
or 486 nm beams.

5. Discussion

The fundamental difference between 2P4WM and
multi-photon LIF is in their scaling with [H] and 7.
The [H]? dependency of 2P4WM is a distinct dis-
advantage at low concentrations, especially when the
detection sensitivity is limited by non-resonant
background or scattered light. However, since [H]
often exceeds 10'* atoms/cm? in many flame or
plasma environments, the sensitivity of 2P4WM
should not be a problem. Furthermore, a detection
limit of less than 10'* H atoms/cm? should be pos-
sible using narrow-bandwidth lasers when the ho-
mogeneous line width is ~0.04 cm~! (e.g. a 30 Torr
flame). The non-resonant background problem in
2P4WM appears to be difficult to avoid, as in CARS,
and the good signal-to-background ratio for 2P4WM
at H mole fractions of ~ 1% is due mainly to a fa-
vorable two-photon absorption cross section.

The dependency of 2P4WM signals on dephasing
rather than directly on lifetime should enable im-
proved accuracy of [H] measurements, especially
when the lifetime varies strongly within the mea-
surement region. Collisional quenching rates for H
are difficult to measure because they exceed radia-
tive decay rates in many combustion or plasma con-
ditions. Quenching is also difficult to model because
it depends on local species concentration and tem-
perature [23,27-29]. Quenching rates in low-pres-
sure H,/0,/N, flames peak in the pre-flame gases
[23,29], causing LIF measurements to under-rep-
resent [H] near the burner surface. This effect is seen
clearly in fig. 5.

Alternatively, dephasing, which is expected to be
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proportional to total collider density, does not vary
strongly in low-pressure flames and has been mea-
sured to be ~ 10X faster than quenching [30]. In
any case, high-resolution measurements of the line
width could be used to account directly for varia-
tions in dephasing that affect 2P4WM signals. Al-
ternatively, 2P4WM could be performed with a fixed
dephasing rate by using the 486 nm beam, at pho-
tochemically insignificant intensities, to control the
line width in a manner analogous to the LIF-based
technique of photoionization-controlled loss spec-
troscopy [4,29,31].

Although eq. (1) predicts that 2P4WM signals
should increase rapidly with laser pulse energy, sev-
eral effects restrict the utility of such an approach.
As seen in fig. 4, saturation of the resonant signal oc-
curs for energies greater than 300 wJ while the non-
resonant background continues to increase as I3, The
increased importance of 2P8WM and 2+ 1 resonant
multi-photon ionization also degrade the accuracy of
2P4WM at higher intensity. Finally, LIF studies have
shown that photochemical production of H by 243
nm probe beams is a problem at intensities > 1 GW/
cm? in H,/0,/N, flames [32].

In conclusion, 2P4WM spectroscopy, as described
here for atomic hydrogen, should be applicable to
other atoms or molecules having suitable two-pho-
ton absorption strengths. Atomic oxygen (O), nitro-
gen (N), carbon (C), fluorine (F) and chlorine (Cl)
have strong two-photon transitions at wavelengths
[33] that are convenient for 2P4WM. Therefore, a
coherent detection scheme such as 2P4WM for these
species should overcome collision-induced uncer-
tainties in LIF-based concentration measurements.
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