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Abstract. Laser-induced predissociative fluorescence (LIPF)
is often used to deduce gas temperatures from the relative
populations of two rotational states. In this paper we present
calculations, as well as a measurement, that show that the
ratio of LIPF signals from those two states, and thus the de-
duced temperature, is sensitive to laser intensity. Even for an
idealized situation without collisions, the deduced tempera-
ture can vary by a factor of two or three, although a care-
ful calibration procedure will reduce or eliminate this error.
However, rotational energy transfer (RET) collisions usual-
ly do occur in the lower state, and then the laser spectral
intensity dependence of the fluorescence ratio can also de-
pend heavily upon the value of the RET coefficients. Physical
phenomena involve time-dependent values of the lower-state
population, caused by competition between filling by RET
and depletion by laser pumping. RET reduces the sensitiv-
ity of the observed signal to the laser’s spectral intensity;
however, the conversion of a measured fluorescence ratio to
temperature is particularly difficult, because RET rates can be
a function of local conditions and of the rotational state being
populated. Furthermore, the spatial alignment of the excited-
state molecules decreases at higher laser energies, which can
also lead to large changes in the measured fluorescence ratio.
We measured the ratio of fluorescence intensities that are in-
duced by tunableKrF laser light via the A← X, 3 ← 0
transitionsP2(8) andQ2(11) inOH.

PACS: 32; 33; 42.30

Temperature measurements are often made using laser-
induced fluorescence. Typically, the population ratior of
two rotational levels is deduced from the corresponding flu-
orescence intensities, and these intensities are converted to
temperature via the Boltzmann relationship. The conversion
involves various molecular spectroscopic constants (often
well known), the fluorescence quantum yields of the excited
state (usually not well known), and polarization parame-
ters [1] (usually tricky to apply quantitatively). At higher
pressures, for instance atmospheric, the conversion of such
data to temperature can be complex because of collisional

quenching of some upper-state molecules that would oth-
erwise fluoresce. Laser-induced predissociative fluorescence
(LIPF) considerably simplifies that problem [2] because the
upper-state molecules dissociate within mean lifetimesτd that
are so short [2–4] that there are almost no collisions. Then
the relevant fluorescence quantum yield (i.e. the fraction of
the laser-prepared upper state that fluoresces at the measured
transitions) is approximatelyA∗τd, where A∗ is the sum of
spontaneous emission rates for all measured transitions from
the upper state. However, we will show that deduced tempera-
tures are also strongly influenced by collisions in the lower
state.

Laufer and co-workers [5–7] have discussed the necessity
for calibration in LIPF temperature measurements. They ex-
cited the A← X, 3 ← 0 transitionsP2(8) andQ2(11) inOH
with tunableKrF laser light [5]. The two lower states have
J′′ = N′′ − 1

2 = 7.5 and 10.5 respectively, they have a pre-
cisely known energy level separation (1084 cm−1), and have
degeneracies (2J′′ +1) [8]. We use the same two transitions
here.

Let N1 and N2 be the populations in the upper and
lower states respectively, andN0

1 an initial (i.e. before the
laser pulse) population. The ratio of initial populations is
r = N0

1(8)/N0
1(11), where 8 and 11 are the values ofN′′.

The Boltzmann equation yieldsT = 1560/ ln(11r/8). Unfor-
tunately, as we will show below, the ratio of the measured
fluorescence intensitiesR is a strong function of the laser’s
spectral intensity, and also of the rotational energy transfer
(RET) rate to the two-probed, time-dependent populations
N1(8) andN1(11). If we substituteR for r in the equation,T
will change drastically in value, and a simple calibration will
not avoid these problems.

1 Initial discussion

Now let us consider aCH4-air flame at atmospheric pressure.
With our LIPF process, the dissociation rate of A-stateOH
(i.e., 1/τd) is fast compared with its collision rate, usually to
the rate of laser pumping back to the ground state, and to the
spontaneous emission rate. Thus almost all of the A-stateOH
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dissociates without fluorescence. The probability that theOH
molecules do fluoresce before dissociation is proportional to
τd. We will discuss three cases that produce a change of the
fluorescence intensity ratioR, and thus of apparent tempera-
ture, with laser spectral intensity.

1.1 LIPF with no rotational energy transfer

This case is applicable only at very low densities. Each flu-
orescence yield is still proportional toτd. First, consider
a fixed small laser spectral intensity. Then the number ofOH
molecules excited to each upper state is proportional toBi ,
the appropriate Einstein coefficient, and the constant popula-
tions (i.e.Ni = N0

i ) of the lower statei . The signal ratioR is
proportional tor , the desired ratio of the initial populations,
and also proportional to the ratios of the twoBi and of those
of theτd. Next, consider a large spectral intensity (one that is
often attained with common experimental conditions) where
all OH molecules that constituted the two original ground-
state populations [i.e.N0

1(8) and N0
1(11)] are pumped out.

In this spectral intensity range, the actual values of theB-
factors, and of the laser spectral intensity, have no effect.
Therefore, at large laser intensity,R becomes a constant that
depends only onr andτd, with B andτd molecular constants,
and this implies that the system can be calibrated.

1.2 LIPF with rotational energy transfer

In this case, the laser light pumpsOH out of the ground state,
but the RET processes tend to refill it. At small laser in-
tensities, RET will be less important because it retains the
two ground-state populations at nearly their original value.
Then R is determined by roughly the same factors as the
small-intensity case with no RET. At large laser intensities,
the pumping rate forOH to an upper state is limited by that
at which RET can supply ground-stateOH molecules rather
than the rate at which those are pumped up by the laser. We
then have thatRdepends not only on the ratior but also upon
RET constants and theτd for each species. The RET rates,
which may differ for the two ground states, are not molecular
properties, which makes calibration difficult.

1.3 Polarization phenomena

Complications occur when a linearly polarized laser is used
to excite two different branches [1]. We use aQ- and aP-
excitation to analyze forN0

1(11) andN0
1(8) respectively. The

Q-excitation occurs most efficiently when the laser light’sE
vector is parallel to the angular momentum vector of theOH,
JOH. In contrast, theP-excitation works best whenE⊥JOH
In each case, then, molecules with certain spatial alignments
relative to theE vector are preferentially removed from the
bottom state, and certain upper-state alignments are preferen-
tially formed. The particular distributions formed depend on
the extent of pumping and the rate of RET collisions. Both
factors refer to particular spatial alignments within the rota-
tional levels. With a given detector, the efficiency of detection
for an OH molecule also depends in turn upon its spatial
alignment. For example, when the fluorescence involves aQ-
transition, theOH is most efficiently detected whenJOH is

perpendicular to a line between theOH molecule and the
detector. ThatOH alignment, however, yields a minimum ef-
ficiency whenP-branch fluorescence is measured.

Note that LIPF tends to have more pronounced polariza-
tion phenomena than normal LIF. This is because the upper
state is nearly collision-free. Collisions degrade the nascent
alignment distribution of theJOH that is prepared by the laser.

2 Magnitude of RET effect

We will use Fig. 1, whose origin will be described later,
to show the magnitude of the RET effect. It contains cal-
culated ratiosR of fluorescence signals as a function of
laser spectral intensityI at an actual temperature of2155 K.
The ground-state RET-rate constantQRET is the parame-
ter. We normalize the initial populationN0

1(11) to be uni-
ty. At 2155 K, the Boltzmann equation predicts a 1.5-times
larger population inN′′ = 8, so thatN0

1(8) = 1.50. That yields
r = 1.50, which is often used hereafter. The scale at the
right of Fig. 1 shows temperatures that were calculated from
T = 1560/ ln(11R/8). This equation uses our calculatedR
rather thanr [≡ N0

1(8)/N0
1(11)], the desired ratio of initial

populations.
In the diagram of Fig. 1, we have plottedI from 0

to 200 MW/(cm2 −cm−1). By definition, I ≡ Ep/(τσ∆ν),
whereEp is the laser pulse energy, andτ, σ and∆ν, are the
beam’s pulse duration, its cross section, and its spectral width

Fig. 1. The calculated ratioR of fluorescence intensities for various RET-
rate coefficients for an actual temperature of2155 K. A line labeled “m, n”
means the line for those valuesm andn of QRET8 and QRET11 respective-
ly, in units of 1010 s−1. Under reasonable conditions (see text), the abscissa
has a range of approximately0–200 mJ/pulse. The apparent temperature
scale at the right has been calculated fromT = 1560/ ln(11R/8): The cor-
rect temperature value would be obtained ifR is replaced byr , the actual
ratio of initial ground state populations. Herer = 1.50
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respectively. In order convertI to the more commonEp, con-
sider a fairly standard operation of a tunableKrF laser, i.e.
τ = 13.3 ns, σ = 1 mm×10 mm, and∆ν = 0.75 cm−1. For
this condition,I in MW/(cm2 −cm−1) is numerically equal
to Ep in mJ/pulse.

The solid trace (labeled 0, 0) at the top left of Fig. 1 is
for the case discussed above, when there is no RET into ei-
ther of the two lower states. Its steep initial slope leads us to
the conclusion that the deduced temperatures are very sen-
sitive to laser spectral intensity. To illustrate this deduction,
let us temporarily ignore the temperature scale in Fig. 1 and
recalibrate by assigning the actual temperature of2155 K to
the I = 0 value (givingR= 1.128) with the laser beam pa-
rameters assumed in the previous paragraph. If we used the
laser described in the previous paragraph, at 0.3, 1.0, and
2 mJ/pulse, apparent temperatures of1825 K, 1398 K, and
1143 K, respectively, would be deduced. Similar considera-
tions apply to pulse-to-pulse variations ofI , as manifested
in values ofEp or in the spectral widths. Because this sen-
sitivity to I shown in the no-RET case is caused only by
molecular parameters, suitable calibration techniques might
be introduced. Unfortunately, this is only a hypothetical case,
because some RET occurs in almost all applications.

The other traces in Fig. 1 have been calculated (see below)
with RET coefficientsQRET as parameters. We see that all
the initial slopes are different from the no-RET case, and that
they differ considerably among themselves. For each probed
lower state, at any value ofI , this change arises from the com-
petition between pumping out with the laser and refilling with
RET. The values ofQRET are unlikely to be the same for each
lower state because of the energy-gap laws. They will depend
upon local conditions, such as the density, composition, and
temperature of the gas, in other words on the severity and the
number of various types of collisions, each of which can have
its own temperature-dependent cross-section.

3 Our model and related calculations

3.1 Description of model

We have previously presented [9] coupled differential equa-
tions governing the time dependence of the normalized pop-
ulationsN1 andN2 in an LIPF process involving RET. There,
we normalizedN0

1, the lower-state population prior to the
laser pulse, to unity. For simplicity, we assume the same de-
generacy in the upper and lower state. These equations are:

dN1

dt
= BI(N2 − N1)+ (1− N1)QRET , (1)

and

dN2

dt
= BI(N1 − N2)− N2L . (2)

We use these equations for each transition. Att = 0, we set
N2 = 0, N1 = N0

1 ≡ 1 for N′′ = 11, andN0
1 = r (= 1.50 here)

for N′′ = 8. Equations (1) and (2) have effective first-order
rate constantsQRET, BI , and L (in units of s−1), whereB
is the Einstein coefficient andI is the spectral laser inten-
sity (in units of watts/(cm2–cm−1)). The rate constant for
the laser pumping isBI , and that for RET from anOH bath

(whose population is assumed to remain constant) into state 1
is QRET. The rate coefficient for total loss from state 2, other
than that due to laser pumping, isL ≡ A+ Qtotal+ PD, where
A andQtotal are components for the radiative loss, and for the
sum of all collisional losses (by means of electronic quench-
ing, or by vibrational or rotational energy transfer), respec-
tively, from state 2. The rate coefficientPD (calledP in [9])
is that for predissociation. In this sum,A is completely negli-
gible [10] soL = Qtotal + PD. For a rectangular pulse shape,
which is used here, exact solutions forN1(t) and N2(t) are
found in [9]’s Appendix. Those solutions can be analytically
integrated overt from 0 toτ, whereτ is the pulse duration.

All calculations shown in the Figures were performed
with complete analytical solutions to (1) and (2) or with their
integrals. However, we will present some approximations so
as to justify our previous physical descriptions of the main
effects.

For these calculations, we useB11 = 11.68 and B8 =
4.393 s−1/[W/(cm2–cm−1)] [10]. The predissociation rates
PD11 and PD8 are 1.04 and 0.51 (both×1010 s−1) [3, 4].
There is some uncertainty in thesePD values. In all cases
considered here,Qtotal � PD and, for simplicity, we set the
values ofL11 and L8 as 1.1 and0.55×1010 s−1. We could
only estimate the value ofQtotal, but it is so small as to cause
little error in L. At I = 200 MW/(cm2–cm−1), the values
of B11I and B8I are≈ 0.23 and0.09 (both ×1010 s−1) re-
spectively. In order to compare with our data, we assume
reasonable parameters for ourCH4-air flame at atmospheric
pressure. These are a temperature of2155 Kand a set ofQRET
values from0 to 0.16×1010 s−1, which are somewhat less
than the0.18×1010 s−1 that was previously used in [9] for
an H2−O2 flame1. We assume the laser beam to be uniform
in space, and to consist of a square pulse withτ = 13.3 ns.
That time is chosen to be consistent with [9]. It has also been
shown therein that there are only minor changes in the con-
clusions for more realistic temporal and spatial laser pulse
shapes.

3.2 Increase of fluorescence intensity ratioR with laser
intensity I (no RET)

The integrated fluorescence intensityF from each excitation
transition isA∗〈N2〉, whereA∗ represents a sum of Einstein
coefficients for all measured emissions and〈N2〉 is the aver-
age value ofN2. We obtain values for〈N2〉 from τ−1

∫
N2 dt.

Because the ratio of Einstein factorsA∗
8/A∗

11 is ≈ 1 [10], we
take R(≡ F8/F11) to be

∫
N2(8)dt/

∫
N2(11)dt. We calcu-

lated the functionsN2(t) and these integrals from the analytic
solutions of (1) and (2) [9]. Figure 2 containsN2(8, t) and
N2(11, t) at three values ofI . Note, as described in the fig-
ure caption, that the three sets of traces have different scales
for N2.

1 RET rates: In [9], we used anH2−O2 flame to measure RET within the A-
state ofOH and found that theQRET(A-state)= 0.18×1010 s−1. Essentially,
we looked at the ratio of fluorescence intensities from the laser-createdJ′ to
those from∆J′ = ±1 and ±2. For lack of further information, we then as-
sumed thatQRET = QRET(A-state). In order to see the effect onQRET(A-state)
from the change from theH2−O2 flame used in [9] to aCH4-air flame, we
repeated in Detroit the measurement and data-reduction method described
in [9]. We used a premixed flame ofCH4 burning in natural air. The result
was QRET(A-state)= 0.15×1010 s−1.
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Fig. 2. The calculated time dependence ofN2(8) and N2(11) for the P2(8)

and Q2(11) transitions at three different values of the laser spectral intensi-
ty, all without RET. Note that theI labels useW, not MW in their units.
The scale of the ordinate is correct for the dashed line, while those for
the dotted and solid lines have been multiplied by 5 and105 respective-
ly. The value ofN1(11) is normalized to be unity att = 0. The plot is for
T = 2155 K, so that the initialN1(8) = r = 1.5. The small absolute values
of the N2 peaks are caused by laser-pumping rates that are small compared
to the sum of predissociative and collisional losses from state 2. Only one
of the traces displays an exponential decrease after the laser pulse

First consider laser intensities so small that only a negli-
gible fraction ofN0

1 is pumped out. WithN′′ = 11 andN1 −
N2 ≈ 1, then (2) indicates that the initial slope of the curve is
BI . As N2 builds up, the increasingN2L loss-term decreas-
es the slope until it becomes zero. This is the solid trace in
Fig. 2, corresponding toI = 10−3 MW/(cm2–cm−1), and is
labeled Q2(11). Then a steady state (SS) is reached when
N2(SS) = BI/L, whereN2(SS) � 1. Integration of (2) un-
der these conditions yieldsN2(t) = [BI/L][1− exp(−Lt)].
The exponential term represents the approach toN2(SS). The
other solid trace, labeledP2(8), is for N′′ = 8. It was calcu-
lated similarly but, in order to compare the populations, is
multiplied byr (= 1.5 here). At the right of that solid trace,
we show an exponential decrease ofN2 that occurs after the
laser energy drops to zero. (We have omitted the analogous
exponential decreases for other curves in Fig. 2 so as to avoid
overlap.) The effect of these two exponentials cancels in the
integration over time and leads to a value ofBIτ/L. Thus the
ratio of the two signals is given by

R= r [L11/L8][B8/B11] = 1.128 (3)

(for very smallI, QRET = 0) .

It is also visually obvious from the areas under each curve that
R> 1.

The dotted lines in Fig. 2 apply for a spectral laser inten-
sity of 10 MW/(cm2–cm−1) (of the order of10 mJ), where
a significant fraction of each ground state is pumped out.
The maximum ofN2(11, t) is greater than that of[N2(8, t)]/r
(r = 1.5), because[B11I/L11] > [B8I/L8]. However, because
B11I > B8I , N1(11, t) is depleted more rapidly thanN1(8, t),
and soN2(11, t) also declines more rapidly. The calculated

value ofR in this case is 1.67, and an inspection of the relative
areas also shows thatR has increased over its lower spectral
intensity value.

Finally, the dashed lines in Fig. 2 apply for a spectral in-
tensity another ten-times larger. The lines are similar to the
dotted lines, except that both dashed lines are essentially ze-
ro by timeτ. That means that the laser completely pumps out
both ground states, and the number ofOH radicals that are
pumped to state 2 are proportional to the initial populations,
with their fluorescence being proportional toL−1. Then

R= F8/F11 = rL 11/L8 = 3 (4)
(largerI, QRET = 0) .

Thus, in accordance with these considerations,R rises from
1.128 to 3 and this behavior is shown in Fig. 1.

We now apply the approximationBI � L to the analyt-
ic solutions in [9] and, after some algebra and integration, we
obtain the simple result that

R≈ r [L11/L8][1−exp(−B8Iτ)]/[1−exp(−B11Iτ)] (5)
(QRET = 0, approx.) .

Within a maximum deviation of1.1%, this approximation re-
produces the exact values forR that are plotted in Fig. 1.
Equation (5) shows that the variation ofR with I depends al-
most entirely upon the extent to which each ground state is
depleted.

3.3 Effects of RET

Without RET, there is a reservoir of state-1 molecules that de-
creases with laser pumping. However, RET is a continuous
source for state 1 and that weakens theI dependence ofR,
which, as was shown in (5) is caused primarily by the de-
pletion of N1. With RET, N1(t) quickly attains a steady state
valueN1(SS) that is determined primarily by the balance be-
tween molecules coming in via RET and those leaving via
laser pumping [9]. BecauseBI is usually� L, only a negli-
gible number of state-2 molecules are laser-pumped back to
state 1 in most of our range. Our maximum value ofBI is
0.23×1010 s−1, while our smallestL is 0.55×1010 s−1. Sim-
ilarly, we obtain a dynamic equilibrium forN2(SS) between
laser pumping in from the constantN1(SS) and the lossL
out (mainly by predissociation). We can then setdN1/dt and
dN2/dt equal to zero in (1) and (2) and solve the resulting al-
gebra. This is an approximation because it ignores the initial
deviation of N2(SS) from N2(t). Some algebraic manipula-
tion shows that

R= r [L11/L8] L−1
11 + Q−1

RET11+ (B11I )−1

L−1
8 + Q−1

RET8+ (B8I )−1
(6)

(QRET 6= 0, approx.)

In our example theL−1 terms in the sum are small. At very
low BI as well, (6) reduces to

R= r [L11/L8][B8/B11] = 1.128 (7)
(for very smallI, QRET 6= 0) .
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Equation (7) is identical to (3), because the RET rates are suf-
ficient to keepN1(11, SS) ≈ N0

1(11) andN1(8, SS) ≈ N0
1(8).

However, at larger intensities theQRET andBI terms become
comparable and theN1(SS) attains smaller values.

Similarly we get from (6) for large laser energy

R= rN2(8, SS)/N2(11, SS) = [L11/L8][QRET8/QRET11]
(forL � QRET andBI � QRET) , (8)

and R = 3 for our example whenQRET8 = QRET11. In this
high-energy limit, which is beyond the range of Fig. 1, the
values ofQRET in (8) have taken the place of theB in (7). This
means that it is the RET rather than the laser pumping that is
the rate-determining step for pumping from state 1 to state 2.

Figure 1 shows that the lowI limit is satisfied, while
the upper limit is approached whenBI � QRET. While at
high laser energies (beyond the range of ourKrF laser) the
spectral intensity dependence of the ratio (and of deduced
temperature) vanishes, and it is now directly dependent on
the unknown ratio ofQRET8/QRET11. Thus in Fig. 1, when
QRET8 = QRET11, we see the leastI dependence whenQRET
is greatest, i.e. whenN1(8, SS) andN1(11, SS) are at a max-
imum. Note that two more drastic cases exist whenQRET8 6=
QRET11, so thatN1(8) andN1(11) are filled at different rates.

3.4 Effects of polarization

The discussion above assumes that the values of theL, BI ,
and QRET coefficients are independent of the spatial align-
ment of theOH molecules. That is true forL. However,
a linearly polarized laser preferentially excitesOH molecules
that have particular spatial alignments with respect to the
laser beams’sE vector. Almost all of the resulting excited
molecules dissociate. That leaves a non-isotropic reservoir of
state-1 molecules. Equation (1) has a term(1− N1)QRET for
the rate of RET into state 1. If we divide state 1 into sub-
states according to their alignment, there should be different
steady-state populations for each.

Doherty and Crosley [1] have discussed polarization ef-
fects in LIF and their influence upon measured relative in-
tensities ofP, Q, and R emissions. Their quantitative re-
sults apply under collision-free conditions. They also dis-
cuss the effects of collisions, but only for normal (i.e. non-
predissociative) LIF. The much shorter upper-state lifetimes
with LIPF makes the effects of collisions qualitatively differ-
ent from those in normal LIF.

As will be described below, we did experiments in which
the laser beam’sE vector was perpendicular to the fluores-
cence path to the detector. Excitations were made with the
(3 ← 0) P2(8) and Q2(11) transitions. The detector meas-
ured only the corresponding emittedQ-lines, i.e., the (3→ 2)
Q2(7) and Q2(11). When this experiment was performed,
we did not consider that this choice of excitation and emis-
sion lines would lead to worst-case polarization effects. It
does, however, afford an opportunity to illustrate potential
difficulties.

For either LIF or LIPF, a pictorial explanation of the ef-
fects of the resulting polarization can be obtained from a well
established classical approach [11]. In this picture, the tran-
sition dipole, for either aQ-excitation or aQ-emission, is
parallel to theOH molecule’s angular momentum vectorJOH,

i.e. it is perpendicular to the molecule’s plane of rotation.
Thus, in a Q-excitation and aQ-emission, the two corre-
sponding dipoles are parallel and, in the absence of collisions,
remain fixed in space. The probability of exciting anOH is
proportional to cos2 θ, whereθ is the angle between itsJOH
andE. Thus, with weak pumping, the emission dipoles have
a cos2 θ distribution aboutE.

In our experimental arrangement, that maximizes the
detected fluorescence. The light has intensity components
whose polarization is parallelI‖ and perpendicularI⊥ to the
E vector. A classical calculation [11] shows thatI‖/I⊥ = 3.
(This classical result may be compared withI‖/I⊥ = 2.98,
which, atJ = 10.5, is the quantum mechanical value [1, 11].)
Without RET, large values ofBI will pump out most of the
X-state so that there is no longer a cos2 θ distribution in the
A-state, and this means thatI‖/I⊥ will be much reduced. RET
will tend to re-establish the original random alignment ofOH
in the X-state. The effect of collisions, and of predissociation
upon I‖/I⊥ was discussed and measured in [9]. A major re-
sult there is thatI‖/I⊥ decreases with increasingBI , mainly
because the RET rate becomes too small to repopulate fully
all thoseOH alignments in the X-state that were preferential-
ly pumped out by the laser. A value ofI‖/I⊥ < 3 means less
light reaches the detector, because the emission dipoles are
less favorably aligned.

With a P-excitation and aQ-emission, there are two
differences from theQ− Q scheme. First, theP-transition
dipole is perpendicular toJOH. Thus, because it rotates with
the molecule, the degree of alignment of the prepared A-
state is reduced from that obtained with theQ-excitation.
Secondly, the absorption and emission dipoles are mutually
perpendicular. Thus with the same setup as above,I‖/I⊥ = 1

2
classically [11] and, atJ = 7.5, is 0.58 quantum mechanical-
ly [1, 11]. Then, with weak pumping and no collisions, the
fluorescence signal is at a minimum, and the fraction of light
detected will increase with increasingBI .

The net result is that a measured ratioR (= F8/F11) of
LIPF signals will increase withBI , as a result of changes
in both components, until the alignment becomes complete-
ly random, andR will then reach a constant value. These
collision-sensitive efficiencies cannot be dealt with by a cali-
bration at a single value of the laser spectral intensity. How-
ever, if the ratio ofI‖/I⊥ is measured at each value of laser
spectral intensity [9], the value ofR can be corrected. This
was not done in the measurements to be described; however,
in our subsequent analysis we will assume it has been done,
and thus neglect the polarization effect.

In addition to the intensity changes described above, the
effect of changes in the value ofI‖/I⊥ upon the detection ef-
ficiency should also be considered. For example, when using
a spectrometer, the grating efficiency is polarization-sensitive.
This problem can often be solved experimentally: polarized
light can easily be converted from linear to circular prior
to reaching polarization-sensitive elements in the detection
chain.

4 Experiments illustrating predicted effects

The experiments to be described below illustrate the rise ofR
with I . Both the normal RET description (see Fig. 1) and the
polarization analysis predict this result. Which proportion of
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each effect produced the observed result could not, however,
be determined.

The experiments were completed in Göttingen and the
model was subsequently developed in Detroit, with no initial
interaction. Accordingly, the data are not suited for quan-
titative comparison. Nevertheless, they show the qualitative
behavior predicted by the model. Because the experiments
have been described in detail elsewhere [12], we provide only
a summary here.

The OH was in a conical laminar flame with a diameter
of ∼ 1 cm. It was fueled by a stoichiometric mixture ofCH4
and synthetic air. A Lambda Physik tunable excimer laser
EMG160-MSC was operated withKrF, and it had been mod-
ified for single-pass operation as described elsewhere [13].
The laser beam pulses were linearly polarized, had0.73 cm−1

spectral width, and were20 nslong. The beam was focused
by a one-meter FL lens having a cross-section of 2×3 mm2

within the flame. This corresponded toI ≈ 170 MW/(cm2–
cm−1) at a maximum beam energy of150 mJ/pulse. The
beam passed through the peak of the conical flame front.

Part of the fluorescence from the flame was focused into
an imaging spectrograph that had an intensified CCD in
its exit plane. The beam’sE vector was perpendicular to
the direction of fluorescence observation, which maximized
the measured fluorescence fromQ-excitation. Details of the
methods for mitigation of laser-spectral intensity variation,
data acquisition, background subtraction, precision, intensi-
ty variation with wavelength and location, etc., are presented
in [12].

Here we present a brief rationale for the original, but poor,
choice of the particular spectral lines measured. They were
a poor choice because of the very large polarization effects.
In spite of predissociation of thev′ = 3 states, some vibra-
tional energy transfer (VET) does occur within the upper
electronic state [1, 14] to the much longer-livedv′ = 0, 1, or 2
states. WithCH4 and air, it has been shown [14] that more
light comes from these states than from the desiredv′ = 3.
Accordingly we chose to measure only the 3→ 2 fluores-
cence, consisting of a triplet ofP, Q, andR lines. There was
also a continuum of interfering fluorescence from unknown
species. Because theQ-emission was found to be more in-
tense than that fromP or R, and we wished to maximize the
ratio of OH signal to the continuum emission, theQ-line in-
tensities were used for the temperature ratios.

The experimental data are shown in Fig. 3. They are plot-
ted both as actual intensities for each transition (a) and for
their ratio (b). Both individual plots look fairly linear, but
we must note here that apparent linearity of the fluores-
cence intensities with laser energy does not mean that all
is well! In [12], for instance, these data were fitted to find
a value ofQRET, and clearly the general shape in [12]’s Fig. 7
is in qualitative agreement with the behavior in our Fig. 1;
however, the fit produced values forQRET in the range
0.001–0.003×1010 s−1 which are unrealistically small val-
ues. The error is almost surely in the failure to take account of
the drastic changes in the measured intensity ratios caused by
the polarization effects previously discussed herein. Because
QRET is a sum of all RET coefficients∆QRET for particular
OH alignment states, it is clear that∆QRET < QRET. We have
no way of correcting our data for these phenomena.

However, our failure to reproduce this curve quantitative-
ly, which is caused by the two different effects of RET col-

a

b

Fig. 3. a Experimental fluorescence intensities from aCH4-air laminar
flame resulting fromP2(8) andQ2(11) excitations as a function of laser en-
ergy and ofI , as well as a fit to those data. Each point is an average from
200 laser shots.b Ratio of the two data sets from the upper panel

lisions, should not obscure the major message of this paper:
there is a large, experimentally observed change in the inten-
sity ratio with laser energy.

5 Temperature determination with LIPF

5.1 Extrapolation to lowI

It is tempting to measure fluorescence ratios at large laser in-
tensities. The resulting large signals found there, which arise
mainly from RET within the ground vibrational state, will en-
hance precision (but not necessarily accuracy). Unfortunately,
as has been seen above, the magnitudes of the observed sig-
nals are heavily dependent upon the values ofQRET8 and
QRET11, which are different for each environment and are
probably different [15] for the two measured transitions.

The effect of the polarization errors discussed here can be
drastically reduced by better choice of exciting and detected
lines. They can be eliminated if the degree of polarization of
the laser light is measured and the signals appropriately cor-
rected. Accordingly, we focus on the low laser energy data
as interpreted via (7). This equation contains only theB11,
L11, B8, and L8 variables. WhileL ≡ A+ Q+ PD, and Q
is collision-dependent, in our exampleQ � PD and so con-
tributes little toL. That means we may regard bothB andL
as molecular constants.
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The low I portions of all the traces in Fig. 1 have a limit
of R= 1.128, atI = 0. They have different initial slopes, de-
pending on the values ofQRET, but all are nearly straight
lines. We suggest below extrapolation of values ofR from
finite values ofI to I = 0. The values of the molecular con-
stants determine the value of the intercept (see (7)). Thus,
based on Fig. 1, we suggest the following:
1. Perform a calibration measurement at a known tempera-

ture such as that of Quagliaroli et al. [5]. Measure the
fluorescence intensity ratio at several small values of the
spectral laser intensityI . Make sure that the variation in
Ep is made in such a way that other beam characteristics,
such as cross-section or spectral width, are not affected.

2. Plot the resulting ratio ofP-to-Q fluorescence versusI ,
and then extrapolate the results to zero laser spectral in-
tensity. This will provide an overall calibration, indepen-
dent of the RET rate as well as of the other calibration
factors discussed by Quagliaroli et al.

3. Repeat this procedure in the medium to be diagnosed.
A different slope may be obtained, but it is the extrapolat-
ed intercept that matters and that is independent of RET.

4. In principle, the method should be the most accurate using
points with the lowestI . Unfortunately, that is where the
measurement precision is least, and some compromise
will have to be reached.

6 Ps-range laser pulses

The use of short-pulse lasers may largely avoid the effect of
RET upon temperature measurement. Recent reports [16, 17]
discuss some results and provide references. A detailed calcu-
lation should be done for any specific case, but some general-
ities will be mentioned here.

The work in [17] discussed the measurement ofOH den-
sity via excitation tov′ = 2, a non-predissociative state. How-
ever they used a0.4 ns gate width on the detector, which
yields results similar to short-lived upper states. Their laser
had100 MW/(cm2–cm−1), which is the middle of the range
of Fig. 1, and aτ = 0.47 nspulse width.

Figure 4 displays our calculatedN2(t) for a hypothetical
case in which we use the same two transitions to predissocia-
tive states that have been considered in the rest of this paper,
with a τ = 0.47 nssquare laser pulse. TheN2(8) andN2(11)
without RET, i.e. the solid lines, are a blowup of the dashed
lines in Fig. 2 up toτ. There is an exp[−L(t −τ)] decrease for
t > τ. We can see, first, that the effect of the finiteQRET has
relatively little effect on the areas under the curve; secondly,
that theN2(11) is more affected than theN2(8) because, even
in the short pulse time, there is more depletion ofN1; thirdly,
that the area under the exponential tails is not negligible; and,
fourthly, a look at the dashed lines in Fig. 2 shows that a large
fraction of the probed state is involved in this analysis.

The additional use of a gate, such as the0.4 nsone men-
tioned above, would allow added flexibility in selecting a de-
sired portion of the curve.

7 Conclusions

Great care must be taken when converting ratios of LIPF da-
ta into temperatures. Even at low laser energies, significant

Fig. 4. The calculated time dependence of the densitiesN2(8) and N2(11)
for the P2(8) and Q2(11) excitations with a laser pulse of0.47 ns, i.e.
a hypothetical ps-range laser. Compare these results with the dashed
line in Fig. 2. The solid lines are without RET, the dotted lines with
QRET8 = QRET11= 0.12×1010 s−1. Note from the areas under the respec-
tive curves that the influence of RET upon the fluorescence ratio is small,
but still finite

temperature errors can occur from errors in measuring laser
spectral intensity. The neglect of the effect of rotational en-
ergy transfer can lead to large errors. The system cannot be
well calibrated unless accurate values forQRET are available
for both states. Careful attention must also be paid to polar-
ization effects, which require even more detailed knowledge
of collisions, i.e. their paths into defined alignment states.

While RET leads to much higher signals than would oth-
erwise occur, these signals are difficult to interpret. They are
dependent on location and on state-sensitive rate constants.
Calibration can be performed only for laser pumping that is
sufficiently small that RET can maintain the original popula-
tion of state 1. An alternative solution is to reduce the laser
pulse length so that only a few molecules can flow into the
ground state via RET during the time the laser is on.
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