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A predominantly single-mode pulsed dye laser syatem

giving a well-characterized spatial and temporal output
suitable for absolute two-photon absorptivity measure-
ments was used to atudy the NO y(0,0) S;3 + Rpy (J" = 7-1/2)
transition. Using a calibrated induced-fluorescence
technique, an absorptivity parameter of 2.8 1.4 x 1073} ca®
vas obtained. Relative strengths of other rotational
transitions in the vy(0,0) band were also measured and

shown to compare well with predicted values in all cases

except the 02 (J" = 10-!/2) transition.
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I. INTRODUCTION

Two=-photon absorption in NO has been shown to offer a practical maans
of measuring fluctuating temperatures in cold turbulent flows seeded with
trace concentrations of the absorbar.! In support of that work, we report
hare a measurement of the sbsolute two-photon absorptivity for rotational
transitions in the NO y(0,0) band and we describe soma studies of its
fluorescence-excitation spectrum. Our approach for characterizing the
entire band is to first confirm the accuracy of a theoretical model for
the relative rotational transition strengths and then to scale the pre-
dicted absorptivities, using an absolute measurement of one of the
strongest isolated lines in the band.

In the sections to follow, two separate laser systems are described.
The first is a relatively simple system that is suitable for scanning.
It was used to obtaip relative line strengths and spectral positions in
several regions of the spectrum where individual rotational transitions
are most easily resolved. The results are compared with predictions
based on rotational line-intensity factors from an intermediate-coupling
model for two-photon transitions, developed by Halpern et al.? We then
describe a second experiment to measure the absolute absorptivity of the
Si11 + Rzy (J" = 7-1/2) transition, using a predominantly single-mode
pulsed dye laser that minimizes experimental uncertainties due to indeter-
minate temporal and spectral effects. Our measurement is compared with
the only other two-photon absorptivity measurement for NO known to us,
that obtained by Hochstrasser et al.? from a three-wave mixing

experiment.



II. ROTATIONAL SPECTRUM QTUDIIS
A. Bxperimental description

To confirm both the recent theoretical model of Halpern et al.! for
predicting relative line strengths and the established term coefficients
for predicting relative spectral positions, we first scamned the sslected
regions of the spectrum shown in Fig. 1. A Molectron DL-200 dye laser
pumped by a nitrogen lasar was used, giving 5-ns pulses of 350-100 wJ.
Laser licewidths wers :vyically 0.3 cz”!. The average pulse energy vas
2aintained at a near-constant value over the scanning range from 448 to
455 nm by manually adjusting the pump energy. Following each laser pulse,
broadband fluorescence in the spectral range from 225 to 330 am, from the
At (v' = 0) state, was detected on an optical axis at 90° to the focused
laser beam. The detection system consisted of £/1.2 fused-silica optics
followed by a Schott UG-5 absorption filter and an EMI CsTe solar-blind
photomultiplier. Signals were integrated and averaged with a PAR 164/162
boxcar integrator.
B. Relative line strengths

The spectral regions studied in detuail here complement similar inves-
tigations by Halpern &t al.,® who reported the relative strengths of
rotational transitions in the O;; branch of NO y(0,0), and by Bray and
Hochstrasser,' who studied the 0;; branch. An example of our measurement
is shown in Fig. 2 for the spectrum in a region dominated by overlapping
R and S branches. Measured relative peaks compare exceptionally well
with the synthetic spectrum generated using Halpern's intensity factors.

The results of more specific c=easurements, in which extensive signal



averaging at each of the line peaks was performed, are shown in Pig. 3
for selected transitions in the S;; + Rpy branch. Theory and expariment
agree vithin the experimental uncertainty cver a wide range of initial
rotational states.

Similar results were obtained for the O;; branch, with the exception
of the J" = 10-1/2 cransition. A comparison of the experimental and pre-
dicted spectra for near collision-fres conditions is shown in Fig. 4. The
absorptivity of the J" = 10-1/2 transition consistently was found to be
approximately one half of its predicted vilue, at least as wmeasured by
monitoring fluorescence from the arct (v'! = 0) state. Efforts to remove
possible impurities made no difference; but, as cell pressure was increased,
either by adding NO or N2, the apparent absorptivity increased toward
its predicted value. Equivalent observations have been reported by

",

others. We also found that by decreasing the laser linewidth to

approximately 0.1 cam™!

» peak absorptivities approaching the predicted
value were obtained at all cell pressures.

Finally, additional anomalous line peaks were found in the 0,2 branch
of the y(0,1) band for tne J" = 8-1/2 and 12-1/2 transitions, with
similar behavior caused by variations in pressure and laser linewidth.
Subsequent experiments were performed using two synchronously pumped dye
lasers, each at a different nonresonant frequency, but with their sum
equal to the v(0,0) 012 branch two-photon resonance. With that mode of
excitation, the effect was completely absent, giving experimental and

predicted specrra that matched well for all transitions at any cell

pressure. A possible explanation of the causes for these anomaluus line




absorptivities has recently been offared,® but the details still appear
to warrant further study.
C. Spectral positions

In addition to the line-strength studies, relative spectral po.itions
of individual rotational transitions obtained from our spectra and from
the very high resolution scans of Wallenstein and Zacharias® were compared

with term values from the recent literature,’’*®

The comparisons reveal
that two-photon fluorescence excitation spectra offer enhanced sensitivicy
for determining the rotational term coefficients over conventional single-
photon emission or absurption spectroscopy. The additional sensitivity

is due to the presence of overlapping R and S branches con.aining easily
resolved transitions from large values of J". As a result, we found that
the term expressions formulated from the intermediate-coupling model of
Engleman and Rouse’ provided an adequate spectral model, but their coeffi-
cients were not sufficiently accurate to reproduce the relative positions
of large J" transitions in the overlapping R and S branches. In fact,
relative line positions were transposed in some cases, and corrections
could only be made by adjusting the fundamental rotational constants,
Bv' and Bv"’ Reasonable changes to higher-order coefficients were not
adequate. Since our initial comparisons, Freedman and Nicholls® have
reanalyzed Engleman's data and have also madle adjustments to the rota-
tional constants. We find now that the use of the coefficients from
Freedman and Nicholls® and the term expressions from Engleman and Rouse’

reproduces our experimental spectra within the resolution of the data in

all regions of the y(0,0) band studied.



As Ref. 1 describes, the R, S region is of greatast interest for
our thermometry application. The studies discussed in this section have
confirmed that relative two-photon rotational absorptivities in that
region are generally well behaved and can be described with apparent
accuracy by the intermediate-coupling models tested.2’7*' With those
results, one then needs only to determine the absolute absorptivity of

a single transition to scale the entire spectrum.

III. ABSOLUTE S;3 + Rzy (J" = 7-1/2) ABSORPTIVITY
A. Definition of parameters

The absolute measurement of a multiphoton process is always done
with greater risk of inaccuracy than its single-photon equivalent because
of the quadratic dependence on spatial, temporal, and spectral properties
of the incident beam. Thus, to identify the essential attributes of an
experiment in which the uncertainties are minimized, we first define the
experimental parameters associated with two-photon absorptivity and the
effects of their uncertainties on its measurement. Of particular interest
are the field-correlation and spectral properties of the laser related to
its axial modes.

As derived in Ref. 1, the two-photon absorptivity for an unsaturated
transition between lower and upper states, ll) -+ Iu), may be evaluated in

terms of the experimental parameters by the coefficient,
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where Tf and T, are the fluorescence lifetime and the collisional

decay time respectively, Ef is the total fluorescence energy emitted



following excitation, Ao is a characteristic laser besm cross-sectional
area conveniently evaluated at the focused beam waist, L is the axial

length of the beam viewad by the fluorscence detsctor, and N, 1is the

£
initial number density of absorbers in the lower state. The experimentally
dependent parameter, QL’ contains all of the information describing the
two-photon interaction of the incident beam with the absorbing gas.

Equation (1) is valid for cases in which the laser field duration is

short compared with the decay time of the upper state but long compared
(2)
ul

to the molecular properties of the absorber through a two-photon matrix

with its collisional dephasing time. In any case, a may be related

element according to?!

¢2
2 __hic (2) 6s
qull Grohw . Cui ° [em®] ()
ul
where huw is the transition energy. In contrast to Eq. (2), a two-

ul

photon absorption parameter appearing often in the literature is defined

by

3
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where wy is a monochromatic laser frequency, g(wuz - ZuL) is the tran-
gsition line-shape function, and G(z) is a second~order field correlation
or coherence function. However, 5u2 implicitly contains the dependence
of the lire-shape function on the experimental conditions, and it is

applicable only if the spectral width of the laser is very narrow com-

pared with that of the absorbing transition, as with a single-mode laser.



Regardless of the absorptivity parameter used, the accuracy of its
measurement will depend on a determination of QL. defined in general for

a single-beanm experiment as

L
q = ¥ z‘,‘- fe{(:)d: ' (4)

o
where ’L is a focusing function that describes the field intensity vari-
ation along the beam axis, PL(t) is the time-dependent laser power, and
the integral extends over the duration of the laser pulse. The product,
26(2), describes the combined, and sometimes inseparable, affects of tem-
poral coherence and the convoived spectral distributions for the incident
bean and the absorbing transition.

The convolution integral may be written in general terms as

E - f.- f-. S(Nuz -w - m')GL(@L - U)SL(:.JL - W')d(wL - m)d(uL -w')
(5)
where g(wu2 <~ w=uw') is the normalized transition line-shape function

centered at o

ut’ and gL(mL - w) is the normalized frequency distribution

for the laser centered at w . Typically, however, gL(mL - w) is not a
continuous function but a composite of axial mcdes appearing as delta
functions under a gain-envelope. Under those conditions, ¢(2) can have

a different value for .he interactior between each pair of modes. For
fields with one or more statistically independent modes, G(Z) can range
from 2 value of unity for the self-interaction (auto-correlation) of each
mode to a value of 2 for the chaotic interaction (cross-correlation) of

uncorrelated pairs.’ !?



Of all of the parameters in Eqs. (1) and (4) requiring evaluation to
obtain uéi). control of the product g6{2) places the greatest demands
on the laser performance. The least ambiguous case is that of a single-
beam experiment with a single axial mode. The auto-correlation function
is then equal to unity and BEq. (5) reduces to g = $(u,, - 24 ). Hovever,
even the short cavity length of our dye oscillator occasionally allowed
adjacent modes to oscillate simultaneously. Typically they are uncorre-
lated,’ giving a cross-correlation function 6(2) = 2 in the extreme
case. In any case, the effect of multimode uncertainties on the product
EG(z) is not large if the laser is constrained to just a few modes.

To illustrate the size of their effect, sample calculzstions are sum-
marized in Table I for the single-mode case and for the multimode patterns
seen most frequently in our experiment. The transition line-shape func-
tion, including the influence of collision orcadening for a cell pressure
of 115 Torr, is represented by the voigt function data, and the Doppler-
function data r..present negligible collisional broadening. Voigt param-
eters used for the NO y(0,0) band were taken from Ref. 13. The total
intensity in all modes is the same for each pattern. Table I shows that
although the absorption is strongly dependent on the transition linewidth,
it is only weakly affected by the variations in mode patterms. Further-
more, the ratio of absorption for collision-broadened and Doppler-
broadened conditioas, averaged over many pulses, can provide an indication
of the degree to which the laser is operating with a single axial mode.

The spatial properties of the incident beam, represented by OL and

Ag in Eq. (4) are also requived to determine QL' Their evaluation is
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least ambiguous for a diffraction-limited besm in the lowest -order trans-
verse mode. For example, in the absence of saturation, the focusing func-
tion for spherical waves with a Gauscisn variation ic amplitude transverse

to the beam axis is known to dbe

-1
0 - tnL éLFZb) (6)

vhere b = AouL/c is the confocal parameter, L is the length of bemm
centered on the focal point that is viewed by the collection optics, and
Ay 1is the minimm arez of the foc;xlod beam def_ned by the radius at
1/e® of the peak intensity. For 2b/L << 1 (Jmall A,), aé:) becomas
insensitive to Ao making an accurate knowledge of its value unimportant.
In practice, Ay was mesasured using a series of calibrated apertures.

The remaining Jerameters in Eqs. (1) and (4) reduce tec the ratio,
Efi f P{ dt. Although its elements may each be measured directly, in
practice this ratio contributed the largest uncertainty to the evaluation
of aé;). In our experiments, it was obtained by simultaneocusly
recording the fluorescence and laser temporal waveforms for cuch
lasear pulse using transient digitizers. The waveforms were then
integrated, ratioed, and averaged over a large number of pulses. Again,
the single-mode nature of the laser enhanced the accuracy of this
process, because it provided a swmoothly varying laser wvaveforam that
was essily resolved by the bandwidth of the detector and recording
electronics. However, even after rejecting multimode and anomalous
wvaveforms, we still experienced a 252 uncertainty for the average
value of the ratio vhen compar.ug mseasurements made at different

times. This result, which is a manifestation of several
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zesidual effects, including laser frequency drift from the line peak and
the low intrinsic signal-to-noise ratio of the detected fluorescence
signals, mcy be compared with the uncertainty in.notnnlizing the iincar
power izntegral, IPL(c)dt. by the laser pulse energy asasured directly
with a jouiemeter. In that exercise an uncertainty of only a few percent
resulted.
3. Experimental arrangement

A rchematic of the dye laser and fluorescence data acquisition sys-
ten is shown in Fig. 5. The pump beam was the third-harmonic output of
a Quanta-Ray DCR-1A Nd:YAG laser equipped with a harmonic generator and

electronic line-narrowing (ELN) device.}"

The Nd:YAG system was operated
at 10 Hz to produce 10 mJ pulses at 355 nm with durations of 6-8 nsec.
Over half were single-axial-mode pulses with Gaussian-like waveforms
controlled by the ELN. The smoothness oL the pump pulse was an sssential
aspect of the experiment that insured our ability to tewmporally resolve
the waveform of the dye laser and improve the stability 3f its single mode
operation. The dye oscillator had a dual-grating grazing incidence con-

15:16 A mixture of Coumarin 1

figuratior similar to the design of others.
and 2 in ethanol was transversely excited in flowing dye cells to obtain
oscillation at wavelengths in the range centered at 452 mm. The oscil-~
lator vac constrained to (predominately) one axial mode by the spectral
bandwidth of the dual-grating arrangement. However, further enhi...<ment
was obtained by double-pumpiiug the dye in a manner analogous to the ELN

1e

scheme. A preconditioning pump pulse arrived first and started oscil-

lation near threshold on the mode with highest gain. One cavity round-trip

11
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time later, a second pump pulse added energy to the oscillating mode. The
output was then amplified and spatially filtered using a direct vision
prism and pinhole apct:ure." The filtering suppressed superradiance to
less than 1% of the pulse energy. Typical pulse energies were 10 uJ in
2-4 nsec. Spectral widths were less than 0.02 cm™! FWEM for a single
axial mode based on the resolution limit of our Fabry-Perot analyzer.
However, some mode variations and spectral jitter occurred that contrib-
uted to the uncertainty of our final measurement.

The nitric oxide sample cell was a 5-cm diameter Pyrex-pipe cross
with internal £/1.2 fused-silica collection optics. The focused laser
beam wzs polarized perpendicular to the plane of observation, with its
observed axial length limited by an aperture at the second focal point
ahead of the same filter/photomultiplier combination used in the scanning
experiments. The waveform of each laser pulse was monitored with a
Hamamatsu biplanar photodiode having a 300 psec rise time, and its
integral was calibrated with a Molectron J3-05 pyroelectric joulemeter.
The fluorescence and laser waveforms for each pulse were recorded by two
Tektronix 7912AD transient digitizers and stored on magnetic disc by an
HP1000 computer system. The fluorescence detection system was calibrated
radiometrically by filling the sample cell with a variety of gases having
well-known Rayleigh scattering cross sections?® and measuring the Rayleigh
scattering energy at 266 mm from the Nd:YAG fourth harmonic. The calibra-
tion was corrected for the spectral response of the photomultiplier and
filter combination to correspond to fluorescence in the range from

225-330 um. Before each run, the dye laser was tuned to the peak of the

12



S11 + Ray (J" = 7-1/2) transition and optimized for single-mode operation
by monitoring the Fabry-Perot fringe pattern on an optical sultichannel
snalyser. The axial mode spacing was 0.05 ca ), and the frequency jitter
associated with each mode was less than 0.01 cm™!. During a run, data
from 200 succesaive pulses could be recorded and stored.
C. Absorptivity measurement

To test the accuracy of the measuremants, several aspects of the
expsrimental system were first verified. For example, the absence of
unresolved temporal structure in the dye laser waveforms was confirmed
by monitoring the pulses with direct-access electronics having an overall
rise time of 400 psec. The waveforma continued to appear to be slowly
varying over their duration. The linearity of the system was verified
by testing the dependence of average fluorescence energy on the NO number
density, the focal area, and the square of the average laser power.
Variations following those expected according to Eq. (1) were observed
in all cases within an experimental uncertainty of 10X. Those results,
along with the good agreement between predicted and experimental relative
line intensities, were also taken to indicate the absence of saturation
effects or higher-order interactions, such as multiphoton ionization or
three-photon absorption, that might use the two-photon transition as an
intermediate step.

Our analysis of the effects of transition linewidth to evaluate
EG(Z) was tested by acquiring data both from pure NO at 3 Torr, where
Doppler-broadening is dominant, and from 3 Torr of NO in 112 Torr of N,

where collisional-broadening is substantial. The influence of N2 quenching

13



on the NO y(0,0) fluorescence is known to be negligible!'™?! go that only
broadening effects influenced the observation. Comparing the two cases,
the implied ratio of §G¢*) ranged batween 2.0 and 2.3 with an average

of 2.18, in good agreement with the predicted ratio of 2.15 listed in
Table I for single-mode excitatiom.

Conaidering all sources of uncertainty and computing their rms devia-
tion, we obtain the absorptivity, oﬁi) e 3.0 £1.5 x 107%° ca®/J. Values of
the other experimental parameters defining the conditions of our msasurement
are summarized in Table II. The corrssponding matrix element value is
IH“Iz = 2.8 £1.4 x 10~*! cm®, which may be compared with the only other
literature value for NO known to us — that of Hochstrasser et al.’®
Hochstrasser ¢t al. raported a value for the 0y3 (J" = 6-1/2) transition
in the NO v(0,0) band that was obtained using a three-wave mixing tech-
nique designed to be insensitive to the spatial and temporal properties
of the incident beams. Using the predicted ratio of relative absorptivity
for the two transitions, their measurement implies a value for the
S11 + R2; (3" = 7-1/2) transition of IMMIz = 0.7 x 10! cn®. Although
their = a3urement is reported without a discussion of the experimental
uncercainty, we find the agreement to be satisfying considering the

extreme differences in experimental methods.

IV. SUMMARY

Two experinents are reported that combine to quantitatively charac-
terize the two-photon rotational absorption spectrum of the
A2£+(v' = 0) - XN(v" = 0) band in nitric oxide. The method used in
both experiments is based on the detection of induced broadband fluores-
cence as & measure of the two-photon absorption.

14



In the first experiment, a frequancy-scanned laser is used to eval-

uate the relative absorptivities of individusl rotational transitions
over a wide range of the spectrum. The results are compared with a syn-
thetic spectrum based on an intermediate coupling model for the line-
intengity factors. The synthetic spectrum reproduced all of the details
of the expariment very well but required the use of recently modified
fundamental rotational constants to duplicate the spectral registration
of individual lines in overlapping rotational branches, particularly for
high initial rotational quantum numbers.

A well-characterized pulse-pumped dye laser system, operating pre-
dominately with a single axial mode, was used in the second experiment to
maasure the absolute absorptivity of one of the strongest transitions in
the NO y(0,0) band. The pertinent experimental parameters and the effects
of their uncertainties on the measurement are discursed. When the laser
is constrained to just a few statistically independent modes, the uncer-
tainties due to temporal coherence are shown to be small compared with
those associated with directly measurable quantities such as the fluores-
cence energy and the laser power waveform. The requirements on the laser
system ro allow a measurement to be made with reasonable .ertainty are
found to be manageable, using recently developed pulsed laser concepts.
The absorptivity value obtained is in acceptable agreement with the
result of a similar measurement in NO in which a greatly different exper-
imental method was used.

The combined results of both experiments performed in this work allow
quantitative estimates of the absorptivity for all two-photon transitionms
in the NO y(0,0) band.

15
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TABLE 1I.

The affects of laser mode pattern on the two-photon

line-shape convolution integral.

Multimode case?

86(2) (10-1* gac)

Doppler Voigt Doppler/Voigt ratio
I /\ 3.13 1.46 2.15
I1 /\ 3.07 1.76 1.75
III /4/r\>\\ 3.33 1.86 1.80
v /\\ 3.40 2.00 1.70

2(w-4)

7 20\
2

(w+4d)

Apatterns are shown in order of probability of occurrence.

The transition center frequency is 2w and A denotes the

mode spacing.

The Voigt function pertains to NO v(0,0)

band transitions collision-broadened by 112-Torr N;.
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TABLE 11. Experimental conditions for absorptivity measursaent

Transition At vt = 0) - XMy 2 (v" = 0)
S11 + R21 (J" = 7-1/2)
NLINT (J",A) = 0.024 (300 K)
Doppler FWHM = 0.1 ca~!
Voigt parameter® & 0.87 for 112 Torr N,
b

b
- . - -1
T, 216 nsec”; rflrc 1.4 Torr

Laser source A = 451.75 om, Aw, s 0.02 cm™! FWHM (single mode)

L
L =20,05 cm, QL s 1

Focal spot diameters: 35 to 85 um

Absorptivity ué:) = 3.0 x 1072% cm*/J
2 -51 . 6
lnull 2.8 x 107%! cm

§ = 4.2 x 10™® cm“-sec/photon for line center of a

Doppler-broadened transition at 300 K

dReference 13,

bReference 22.
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Figure Captions
FIG. 1. Synmthetic NO v¢0,0) band twg-photon excitation spectrum calcu-
lated for 300 K and a Gaussian line-shape function with an FWEM bandwidth
of 0.5 cm=! (brackets indicate the regions studied).

FIG. 2. Experimental and predicted low-resolution two-photon excitation
spectra in the NO v(0,0) R,S region; NO pressure 1 Torr, laser bandwidth

0.3 cm~t.

FIG. 3. Relative rotational line peaks from the NO y(0,0) 813 + Rai branch

at 296 K.

FIG. 4. Experimental and predicted two-photon excitation srectra in the

NO v(0,0) 032 branch; NO pressure 1 Torr, laser bandwidth 0.5 ca~l.

FIG. 5. Experimental arrangement for the absorptivity measurement:

BS, beam splitter; M, mirror; CL, cylindrical lens; DCl, dye-cell oscil-
lator; DC2, dve-cell amplifier; G, grating (2400 t/mm); BE, beam expander;
DVP, direct vision prism; PH, pinhole sperture; I, iris; CP, calcite
polarizer; FC, fluorescence cell; S, slit; PMT, photomultiplier;

PD, photodiode; JM, joulemeter.
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