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D. K. Killinger, * Charles C. Wang, t and M. Hanabusat
Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121

(Received 2 February 1976)

We have investigated the intensity and pressure dependence of the fluorescence spectrum of OH in the
presence of N, and H,O molecules. Saturation of the absorption transition was observed at low pressures, and

the corresponding fluorescence signal was found to vary as the square root of the exciting intensity. This
observed dependence agreed with the predicted dependence which took into account the presence of laser
modes in the spectrum of the exciting radiation. With full laser power incident, a saturation parameter as high
as 3 X 10' was observed. The fluorescence spectrum was found to peak at 3145 A and at 3090 A, with the
relative peak intensities dependent upon gas pressures and upon the particular rotational electronic transition
used for excitation. It is concluded that vibrational relaxation of the electronically excited OH due to water

vapor in the system plays a dominant role in determining the observed fluorescence spectrum.

I. INTRODUCTION

In recent years, the technique of laser-induced
fluorescence has been employed for the measure-
ment of hydroxyl (OH) concentrations in ambient
air' and in flames. ' This technique involves ex-
citing the OH radicals using one of the rotational
electronic lines in the 'II(v" = 0}-'Z'(v' = 1) tran-
sitions and observing the fluorescence emission
associated with the 'Z'(v' = 1)—'II(v" = 1) transi-
tions near 3145 A and the 'Z'(v' = 0) —'II(v" = 0}
transitions near 3090 A (Fig. 1). Because of the

availability of high-power laser sources and the
occurrence of fluorescence sufficiently red shifted
from the exciting radiation, this technique has
proved to be unprecedented in both sensitivity and
selectivity.

It has been noted' that saturation of the absorp-
tion transition may set in at high exciting inten-
sities, and that the observed fluorescence spec-
trum" is determined by the extent of cross re-
laxation of the excited OH before it fluoresces,
but details of the relaxation processes were not
established. This paper reports some experimen-
tal studies aimed at elucidating these relaxation
processes which determine the intensity and the
spectrum of the fluorescence signal under nitrogen
atmosphere. These studies are important since
they must be taken into account in the detection
of OH at high altitudes in the atmosphere. '

Results of our studies indicate that the fluores-
cence signal of OH varied as the square root of
the exciting laser intensity at low pressures.
This dependence is to be expected when the ab-
sorption line is inhomogeneously broadened and
there are discrete modes present in the spectrum
of the exciting laser beam. Our results also
indicate that both cross (rotational and vibration-
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FIG 1. Schematic of OH levels involved in laser-in-
duced fluorescence.

al) relaxation due to nitrogen molecules and di-
rect vibrational relaxation by water and nitrogen
molecules are important for the electronically
excited OH.

In Sec. II, a brief account will be given of the
saturation of the absorption transitions with dif-
ferent types of line broadening, and of the expec-
ted fluorescence spectrum. It is demonstrated
there that the presence of laser modes in the
spectrum of the exciting radiation is important
in determining the effective rate of absorption.
Application of this general consideration to OH is
also indicated there. The experimental details
are presented in Sec. III and the results are dis-
cussed in Sec. IV.
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II. THEORETICAL BACKGROUND

A. Resonant absorption of radiation

In this section a brief account will be given of
the absorption process of a molecule in the pres-
ence of a radiation field in resonance with the
absorption transition. At low intensities, the
steady-state rate of absorption varies linearly
with the intensity of excitation: At high intensities,
however, saturation' sets in and the rate of ab-
sorption deviates from this linear dependence in
a way which depends both upon the nature of the
line broadening and upon the spectral content of
the exciting radiation. To be covered below are
those cases which will be relevant to our subse-
quent discussions on OH absorption transitions.

Homogeneously broadened absorption tran-
sition induced by single freq-uency radiation Th.e
rate of absorption y„due to single-frequency
excitation is given by'"'

y,~
= N, o+g(v„S,)'.

Here N, is the concentration of the molecules that
partake in the absorption transition, 0, is the
integrated absorption cross section for the tran-
sition, F is the photon flux (photons/cm' sec) at
the incident frequency v„and

+OO

y, ~
= N, o+ dv, p(v, )g(v„S,),

mOO

where

+ OO

dv, p(v, ) =1,
~t MOO

4 ln2 'i', —4(ln2)(v, —vo)'
pv, = ~vD' xpr AvD

(6)

for a Gaussian distribution with center frequency
vo and a Doppler-broadened linewidth (FWHM) of
&v~. In the limit &v, «&vD and with the incident
radiation on-resonance with vo, Eq. (5) can be in-
tegrated to give

y, = N, o+[4( In2) /w]' t'A v '(1+S,) ' " (8)

At high intensities, the homogeneously power-
broadened linewidth hvo(1+ S,)'i' may become
comparable to the inhomogeneously broadened
linewidth &vo. In this limit, Eq. (8) is no longer
valid and the absorption rate approaches the high-
intensity limit described previously for Eq. (4).

Absorption transition induced by an exciting
radiation aui th uniform spectral distribution.
When the exciting radiation is spread uniformly
over a spectral width of &v, , the absorption rate
for a homogeneously broadened line is given by

is the saturation-broadened line-shape function
associated with a resonant transition with center
frequency v, . In Eq. (2), &v, is the homogeneous
line width [full width at half-maximum (FWHM)]
of the transition at zero intensity, and

y„=N, oj'/(I + 2roo P),
where

00

P = dv, F(v, )g(v, , 0),
oo

(9)

(10)

S,= 2ro, (2/wav, )F

is the saturation parameter, with 7 being the
characteristic relaxation time associated with the
transition. When the incident radiation is on-
resonance with the absorption transition, Eq. (1)
reduces to the following expression:

and F =F(v, )&v, is the total intensity of excitation.
Equation (9) is similar to Eq. (1) with the excep-
tion that the total rate of absorption is integrated
over the width of the intensity distribution. In the
limit Av, » n,v„Eq. (9) integrates to give

y, ~=N, oo(F/nv, )(1+S,) ',

y~=N, o+(2/w&v, )(1+S,) '. (4)
where

One notes from Eqs. (3) and (4) that S,-0 in the
limit of zero intensity and the corresponding rate
of absorption increases linearly with the intensity
of excitation. In the limit of high intensity, how-
ever, the rate of absorption approaches a con-
stant value independent of the intensity of excita-
tion.

2. Inhomogeneously broadened absorption tran-
sition induced by single-frequency radiation. In
the case of an inhomogeneously broadened tran-
sition, Eq. (1) should be modified to take into
account the distributed nature of the oscillators
responsible for the absorption, as follows:

S,= 2m, (F/&v, ) (12)

may be likened to the saturation parameter de-
fined previously.

Equation (11) is also expected to be valid for an
inhomogeneously broadened line with &vg» AVD

» av, . One notes from Eq. (11) that the rate of
absorption saturates in a manner similar to that
depicted in Eq. (4) for a homogeneously broadened
line interacting with a single-frequency excitation.

4. Inhomogeneously broadened transition in-
duced by radiation arith discrete spectral compo-
nents (or modes) We consid. er finally the case
when the exciting radiation exh:bits discrete fre-
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quency components (or modes) rather than a uni-
form intensity distribution over the entire spec-
tral width &v, . This case is of practic'). 1 impor-
tance, since the output from a tunable dye laser
used for excitation is most likely to contain a
number of cavity modes rather than assuming uni-
form distribution. For studies of molecules at
low pressures, the mode spacing &v, is in general
much larger than the homogeneous linewidth of
the absorption transition 4v„and the linewidth
of each mode is less than ~vp. Under these con-
ditions the rate of absorption should be given by

dv, F~(v, )g(v„S„), (13)

with

F= F )
)ff

S~ = 2ra, (2/vn. v, )F/M

(14)

(15)

Here M is the number of modes and F is the in-
tensity per mode. With &vt » +vD» +v» ~vp,
different modes then interact with different re-
gions within the inhomogeneously broadened pro-
file. When the intensity per mode is approximate-
ly the same for all modes present, Eq. (13) inte-
grates to

y„=N, a,(F/n. v, )(1+S~) '~'. (16)

Note that when the mode spacing is much less than
the homogeneous linewidth, Eq. (11) and (12)
should be used instead. For the case with &v~
& &v, » &v» &vp, the rate of absorption is given
by

y, ~
= N, a,(F/nvn)(1+ S~) '~' (17)

B. Application to OH absorption

a =vr cf,(&f/f„), (18)

where rp=2.8x10" cm is the classical radius of
the electron, g is the speed of light, fp, = 2.3 x 10 '
is the band oscillator strength for the 'II(v" = 0)- 'Z'(v' =1) transitions, ' and &f/f» is the fraction
of the band oscillator strength associated with the

In the experiments to be discussed in the follow-
ing sections, both the P, (1) and P, (2) lines near
2821.7 and 2825.8 A, respectively, were used for
excitation (see Fig. 1). These absorption lines
were chosen for excitation because they originate
from highly populated rotational levels in the
ground electronic state and because their spectral
position could be ascertained experimentally with-
out much interference from neighboring transi-
tions (see Sec. III). For these transitions, the in-
tegrated absorption cross section may be given by'

o, = 6.1 x 10 'n f/f» cm'/sec. (19)

The fraction of the band oscillator strength
&f/f», can be deduced from the calculated line
transition probabilities for the rotational-elec-
tronic transitions involved' "or from the relative
intensities in the observed emission spectrum. '
The results for the P, (1) and P, (2) lines are sum-
marized in Table I, along with other transition
lines originating from low-lying rotational levels.
As is seen from Table I, these two methods give
essentially the same results for the fractional
oscillator strength of a given transition.

Also included in Table I is the fraction of the
molecular concentration, nn/n, where n is the
OH concentration (molecules/cm') in the focal
region of excitation, that resides in the particular
rotational level from which the absorption transi-
tion originates. It follows that

N, = n(&n/n). (20)

The values for &n/n in Table I were computed for
the case of a thermalized distribution at a tem-
perature of 300 K with due regard for the A split-
ting of the rotational levels in the 'Il state of OH.

Over the pressure range studied in our experi-
ments, the absorption lines were essentially in-
homogeneously broadened with a Doppler width of
0.11 cm '. This dictates that Eqs. (8), (11), (16),
or (17) applies for the results to be discussed be-
low. The corresponding rate of absorption is thus

TABLE I. Normalized oscillator strength &f/f 0& of the
P&, Q&, and R& transitions of OH determined from calcu-
lated rotational transition probabilities and from mea-
sured emission-line intensities. The ground-state popu-
lation distribution 4n/n is that for a thermalized dis-
tribution at 300'K.

E" J" Gn/n

1 p3 0.14

2 )~ 0 14

3 $ 0.105

4
2

0.064

Normalized oscillator strength
Pg(K" ) Q((K" ) Rg(K")

0.59
0.59b
0.47
0.53
0.49
0.52
0.50
0.51

0.51
0.56
0.67
0.71
0.77
0.79
0.85
0.84

0.16
0.16
0.26
0.25
0.32
0.32
0.36
0.35

Deduced from measured emission-line intensities
(Ref. 9),

b Deduced from calculated rotational transition prob-
abilities (Ref. 10) ~

particular absorption line used for excitation.
Substitution of these numerical values into Eq. (18)
gives
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given by

y, ~
= 1.8 && 10 "n(An/n)(Af/f„)Fh(F),

where

h(E) = [4(ln2)/lr]' '(1+S ) ' ' dLv» hv»hv

(21)

(21a)

h(E) = (nvD/Ev, )(1+S,) ', d v, » hvD»hv„(21b)

h(F')=(&vD/~v, )(1+S„)'~', 4v, » Ava» hv, » dvo,

h(E) = (1+S~) '~', &vn» &v, » &v, » &v,.
(21c)

(21d)

C. Spectrum of resonance fluorescence emitted by the

excited OH

y, = y„[y/(y+ q)], (22)

where y„ is given by Eq. (21), y = 10' sec ' is the
radiative emission rate" for the excited OH ('Z'),
and q is the rate of quenching of the excited OH
('Z') due to other molecular species present in
the focal region of excitation. The ratio y/(y+q)
determines the fluorescence efficiency.

To determine the fluorescence spectrum, an
examination' of the Franck-Condon factors for the
electronic states involved indicates that fluores-
cence occurs primarily through the 'Z'(v' = 1)
—'li(g" = 1) and 'Z'(v' = 0) —'II(v" = 0) transitions
with negligible intensities associated with the
branches of 'Z '(v' = 1)—'ll (v" = 0) and 'Z'(v' = 0)
—'II(v" = 1) transitions. The relative intensities
associated with the former two branches of fluo-
rescence transitions are determined by the extent
of rotational and vibrational relaxations that may
take place during the lifetime of the OH in the
excited state. For the P, (1) and P, (2) transition
lines used in our experiments, these relaxation
processes may take the form of direct vibrational
relaxation from 'Z'(v' = 1) to 'Z'(n' = 0) without
any change in the rotational energy, or through an
exchange of both vibrational and rotational energy
of excitation" with the total energy of the excited
OH remaining essentially unchanged (Fig, 1).
With the experiments conducted near ambient
temperatures, rotational relaxation within the
'Z'(v'= 1) vibrational manifold will mostly involve
the K' = 0 and K' = 1 levels only, but may involve

Over the pressure range (0.1-50 Torr total
pressure) studied in our experiments, an appre-
ciable fraction of the excited OH resulting from
an absorbing transition will return to the ground
electronic state through the emission of a fluores-
cence photon. The total rate of emission of fluo-
rescence photons, y&, is given by

all rotational levels with K' ~ 13 within the
'Z'(v' = 0) manifold.

Based on the known line transition probabili-
ties"" of OH, one calculates that the fluorescence
emitted by a thermalized distribution with the
'Z'(v' =1) manifold should center around 3145 A,
with the emission primarily associated with the
P, (1), P, (2), Q, (1), and Q, (1) lines; on the other
hand, the fluorescence emission should center
around 3090 A if it is from a thermalized distrib-
ution within the 'Z'(v' = 0) manifold. The fluores-
cence spectrum emitted by a nonthermalized dis-
tribution involving higher-lying rotational levels
can be calculated in a similar manner; the results
of such a calculation indicate that the correspon-
ding fluorescence spectrum becomes much more
spread out, with the peaks at both 3090 and 3145 A

becoming less pronounced.
It follows from the above discussion that even a

low-resolution study of the fluorescence spectrum
can yield information on the dominant relaxation
process under any given experimental condition.
For example, the level 'Z'(v'=1, K'= 1) is within
0.51 cm ' of the level '5 (v' = O, K' = 13), whereas
no such energy coincidence exists for the
'& (v'=1, K'=0) level. ' The presence of this ener-
gy coincidence would favor a fast cross relaxation
between these two groups of levels when P, (2) is
used for excitation. Since the levels 'Z'(v' = 0, K' = 13)
are associated with higher statistical weight, these
are the group of levels where most of the excita-
tion would reside. When this cross relaxation
process is predominant, one would thus expect
that the fluorescence spectrum excited by P, (2)
should be more concentrated in the 'Z'(v' = 0)
—'II(v" = 0) transition than that excited by P, (1)„
On the other hand, the fluorescence spectrum
excited by both P, (1) and P, (2) lines should be
about the same if direct vibrational relaxation is
predominant.

The cross relaxation within the excited elec-
tronic state discussed above also affects the sat-
uration behavior of the absorption transition
through the characteristic relaxation time T,
similar effect is also to be expected for the cross
relaxation within the ground electronic state.
However, at the low pressures at which our sat-
uration studies were undertaken, the relaxation
time T is primarily determined by the radiative
emission rate y from the excited state, so that
these effects are of negligible importance to a
first approximation.

III. EXPERIMENTAL

In our studies of the resonance fluorescence of
OH, the tunable radiation near 2825.8 and 2821.7
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A was derived as the second harmonic from the
output of a tunable dye laser. The dye laser sys-
tem consisted of one oscillator and one amplifier,
with the oscillator arranged to form a 2-m con-
centric cavity. ' This laser system was operated
near 5651 and 5643 A with ultrqpurified Rhoda-
mine 6G dissolved in methanol and at a repeti-
tion rate of one pulse every 10 sec. To narrow
the spectral width of the output, an intracavity
Fabray-Perot etalon and a Littrow-mount grating
as an end reflector were used. Fine tuning was
achieved by varying the mixture of helium and

propylene which filled the etalon spacing. The
second harmonic was generated in a 5-cm ADP
(ammonium dihydrogen phosphate) crystal ori-
ented for index matching. With optimal focusing,
an output energy of 0.1 mJ with a pulse duration
of 250 nsec and a spectral width of 0.09 cm ' at
the second-harmonic frequency was obtained. The
exciting radiation was tuned to coincide with the
P, (1) and P, (2) transitions by observing the en-
hanced fluorescence near 3090 A resulting from
excitation of the high concentration of OH in a
gas burner flame placed at the focal region of
excitation. Figure 2 shows the fluorescence sig-
nal near 3090 A as the exciting frequency is tuned
around absorption transitions originating from
low-lying rotational levels. It is seen from this
figure that little interference due to neighboring
transitions is involved when P, (1) or P, (2) is used
for excitation.

For experiments requiring broadband operation,
the intracavity Fabray-Perot etalon was removed
from the cavity. This resulted in an increase in
spectral width to 1.2 cm ' and an increase in ener-
gy per pulse to 0.15 mJ with no noticeable change
in pulse duration.

Figure 3 shows a schematic of the experimental
setup. The second-harmonic beam emerging from
the ADP crystal was directed to the center of the
OH cell and focused with an 8-cm-focal-length
lens to a spot measured to be 2 x 10 ' cm' in area.
Fluorescence light emanating in a direction 90'
from the exciting radiation was collected by an
f/3. 6 collection lens with a focal length of 12.5 cm
and imaged with a 50-cm lens into the entrance
slit of a spectrometer equipped with a 1200-line/
mm grating blazed for 3000 A. With a slit width
of 2 mm, the spectrometer resolution was mea-

0
sured to be a 16 A and the overall transmission
was 40%. The light emerging from the exit slit
of the spectrometer was detected by a high-gain
RCA 8575 photomultiplier tube and processed by
the appropriate photon-counting apparatus.

The experiments were conducted in a Pyrex
glass flow system with an inside diameter of 1 cm
and a total volume of 0.7 liters. At a pressure
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FIG. 2. Fluorescence signal near 3090 A emitted by
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FIG. 3. Schematic of experimental setup.

of 10 Torr of N„a flow rate of about 330 cm/sec
was measured. The inside of the glassware was
coated with 85% phosphoric acid to facilitate free-
radical" production.

For measurements of intensity dependence, OH

was generated through dissociation of water vapor"
in a 100-W microwave discharge located 30 cm
upstream from the focal region of excitation. For
other measurements reported in this paper, OH

was also generated by first dissociating molecu-
lar hydrogen in a microwave discharge followed by
reacting the atomic hydrogen" thus formed with

NO, introduced 10 cm upstream from the focal
region. Typical concentrations used were 0.1
Torr of water vapor, 0.4 Torr of H„and 0.1 Torr
of NO, . In either case, an OH concentration of
about 10"-10"molecules/cm' was generated.
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tensity at 3090 A to that at 3145 A was found to be
the same, 0.44, for both P,(1) and P, (2) excitation.
These results indicate that direct vibrational re-
laxation due to water molecules is predominant
in determining the redistribution of the excited
OH. Taking into account the differences in the
radiative emission rate for the 'Z'(v' = 1)
—'II(v" = 1) and ~Z'(v' = 0) —'II(v" = 0) transitions,
one deduces from the observed ratio of the peak
intensities that the rate of vibrational relaxation
is 0.6 && 10' sec ' for a pressure of 0.1 Torr of
water vapor. The rate constant for vibrational
relaxation due to water is not known, "but it
should generally be comparable to, or greater
than, the rate constant for electronic quenching. "'"
This means that the rate of vibrational relaxation
due to 0.1 Torr of water vapor should be at least
0.5 x10' sec '. Ourdeducedva]. ueof 0.6& 10' sec '
is in good agreement with this estimate.

B. Intensity dependence of OH fluorescence

In Figs. 6 and 7 the fluorescence signal of OH
is shown as a function of the exciting intensity for
P, (1) and P, (2) excitation, respectively. These
results were obtained with the broadband output
from the laser used for excitation. Similar re-
s@its were also obtained when narrowband output
was used. It is seen in these figures that the
fluorescence signal varies as the square root of
the intensity of the exciting radiation within the
uncertainty of the measurements, rather than the
usually observed linear dependence observed at
very low intensities or at high pressures. With

the actual OH concentrations used in these exper-
iments, self-trapping of the fluorescence emis-
sion is completely negligible, so that the observed
deviation from linear dependence must be due to
saturation of the absorption transition only.

With the system pressure at 0.1 Torr of H,O,
one calculates the pressure-broadened linewidth"
for the absorption transition to be 4v, =0.6 x 10 '
cm '. This may be compared to the Doppler line-
width of 0.11 cm ', the cavity mode spacing of
5 x 10 ' cm ' at 2825 A, and the laser linewidth
of 1.2 and 0.09 cm ' for broadband and narrow-
band operation, respectively. It follows that Eqs.
(21c) and (21d) should apply for the case of broad-
band and narrowband excitation, respectively.

To calculate the saturation parameter according
to Eq. (15), one notes that the characteristic re-
laxation time 7 is primarily determined by the
rate of the radiative emission and electronic
quenching due to water"' "; v = 0.6 & 10 ' sec with
0.1 Torr of water vapor present. With full laser
power incident, one thus obtains from Eq. (15)
S„=3.4 x 10' and S, = 3 x 10' for broadband and
narrowband excitation, respectively. This high
value of S is consistent with the data in Figs. 6
and 7, where no deviation from the square-root
dependence was observed, even down to the lowest
laser intensi'y employed.

At an intensity higher than about 20% of the
maximum intensity employed, the power-broad-
ened linewidth &v,(1+S~)'~' becomes equal to or
larger than &v„ the spacing between modes of
the exciting laser beam. In the limit when the
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FIG. 6. Fluorescence signal of OH excited by the '~&(1)
transition as a function of the intensity of excitation.
The relative position of the fluorescence signal near
3090 A has been multiplied by a factor of (0.44) ~, so
that the two sets of data coincide.

FIG. 7. Fluorescence signal of OH excited by the
P &(2) transition as a function of the intensity of excita-
tion. The relative position of the fluorescence signal
near 3090 A has been multiplied by a factor of (0.44) ~,

so that the two sets of data coincide.
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power-broadened linewidth is greater than the
spacing between modes, it is expected that the ab-
sorption rate should approach the intensity depen-
dence of Eq. (2lb). The systematic deviation ob-
served in Figs. 6 and 7 from the square-root de-
pendence, although within the experimental uncer-
tainty, tends to indicate that such a transition
from Eqs. (21c) and (2ld) to Eq. (21b) may be oc-
curring.

It is tacitly assumed in the above discussion
that the shift of the resonating energy levels due
to the quadratic ac Stark effect" is negligible.
Rough calculation indicates that this effect amounts
to a shift of 10 ' cm ' or less at the maximum
intensity employed in our experiments. This
value is much smaller than the linewidth of the
exciting laser, and thus is negligible.

The results discussed above demonstrate a
good agreement between the predicted and ob-
served intensity dependence for inhomogeneously
broadened transitions of OH, and exemplify the
importance of laser modes in determining the
effective rate of absorption. They should be of
interest to studies of other absorption transitions,
including the resonant two-photon transitions
reported recently, "'"and should also be impor-
tant in the detection of OH at high altitudes in the
atmosphere. '
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