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Abstract. Laser-induced predissociative fluorescence (LIPFguenching of some upper-state molecules that would oth-
is often used to deduce gas temperatures from the relativeewise fluoresce. Laser-induced predissociative fluorescence
populations of two rotational states. In this paper we preser{tIPF) considerably simplifies that problem [2] because the
calculations, as well as a measurement, that show that thepper-state molecules dissociate within mean lifetimebkat

ratio of LIPF signals from those two states, and thus the deare so short [2—4] that there are almost no collisions. Then
duced temperature, is sensitive to laser intensity. Even for ahe relevant fluorescence quantum yield (i.e. the fraction of
idealized situation without collisions, the deduced temperathe laser-prepared upper state that fluoresces at the measured
ture can vary by a factor of two or three, although a caretransitions) is approximatelA*zy, where A* is the sum of

ful calibration procedure will reduce or eliminate this error.spontaneous emission rates for all measured transitions from
However, rotational energy transfer (RET) collisions usualthe upper state. However, we will show that deduced tempera-
ly do occur in the lower state, and then the laser spectrdlres are also strongly influenced by collisions in the lower
intensity dependence of the fluorescence ratio can also dstate.

pend heavily upon the value of the RET coefficients. Physical Laufer and co-workers [5—7] have discussed the necessity
phenomena involve time-dependent values of the lower-stafer calibration in LIPF temperature measurements. They ex-
population, caused by competition between filling by RETcited the A<« X, 3 «<— 0 transitionsP,(8) andQ»(11) in OH

and depletion by laser pumping. RET reduces the sensitiwith tunableKrF laser light [5]. The two lower states have
ity of the observed signal to the laser’s spectral intensityJ” = N’ — % = 7.5 and 105 respectively, they have a pre-
however, the conversion of a measured fluorescence ratio tisely known energy level separatiah084 cnt?), and have
temperature is particularly difficult, because RET rates can béegeneracies (Z + 1) [8]. We use the same two transitions

a function of local conditions and of the rotational state beindhere.

populated. Furthermore, the spatial alignment of the excited- Let N; and N, be the pogulations in the upper and
state molecules decreases at higher laser energies, which dawer states respectively, a an initial (i.e. before the
also lead to large changes in the measured fluorescence rati@ser pulse) population. The ratio of initial populations is
We measured the ratio of fluorescence intensities that are in= NS(S)/Nf(ll), where 8 and 11 are the values Nf'.
duced by tunabl&KrF laser light via the A<~ X, 3«0  The Boltzmann equation yields = 1560/ In(11r/8). Unfor-

transitionsP,(8) andQ2(11) in OH. tunately, as we will show below, the ratio of the measured
fluorescence intensitieR is a strong function of the laser’s
PACS: 32; 33; 42.30 spectral intensity, and also of the rotational energy transfer

(RET) rate to the two-probed, time-dependent populations
N1(8) andN;(11). If we substituteR for r in the equationT
Temperature measurements are often made using lasevill change drastically in value, and a simple calibration will
induced fluorescence. Typically, the population ratimf  not avoid these problems.
two rotational levels is deduced from the corresponding flu-
orescence intensities, and these intensities are converted to
temperature via the Boltzmann relationship. The conversiofh Initial discussion
involves various molecular spectroscopic constants (often
well known), the fluorescence quantum yields of the excitedNow let us consider &Hj-air flame at atmospheric pressure.
state (usually not well known), and polarization parameWith our LIPF process, the dissociation rate of A-staxd
ters [1] (usually tricky to apply quantitatively). At higher (i.e., 1/tq) is fast compared with its collision rate, usually to
pressures, for instance atmospheric, the conversion of suthe rate of laser pumping back to the ground state, and to the
data to temperature can be complex because of collisionapontaneous emission rate. Thus almost all of the A-Q&te
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dissociates without fluorescence. The probability thaQke perpendicular to a line between ti@H molecule and the
molecules do fluoresce before dissociation is proportional tdetector. ThaOH alignment, however, yields a minimum ef-
74. We will discuss three cases that produce a change of theeiency whenP-branch fluorescence is measured.
fluorescence intensity ratiR, and thus of apparent tempera-  Note that LIPF tends to have more pronounced polariza-
ture, with laser spectral intensity. tion phenomena than normal LIF. This is because the upper
state is nearly collision-free. Collisions degrade the nascent

i i alignment distribution of thdpy that is prepared by the laser.
1.1 LIPF with no rotational energy transfer

This case is applicable only at very low densities. Each flu, Magnitude of RET effect

orescence yield is still prt_)portio_nal tey. First, consider

a fixed small laser spectral intensity. Then the numb@®df  \e will use Fig. 1, whose origin will be described later,
molecules excited to each upper state is proportion®ifo 5 show the magnitude of the RET effect. It contains cal-
the appropriate Einstein coefficient, and the constant populayjated ratiosR of fluorescence signals as a function of
tions (i.e.N; = N7) of the lower state. The signal raticRis  |aser spectral intensity at an actual temperature 2155 K
proportional tor, the desired ratio of the initial populations, Tpq ground-state RET-rate consta@ker is the parame-
and also proportional to the ratios of the tlipand of those e \We normalize the initial populatioN%(11) to be uni-

of the zy. Next, consider a large spectral intensity (one that ISy. At 2155K, the Boltzmann equation predicts édimes
often attained with common experimental conditions) wherefarger population ifN” = 8, so thatN®(8) = 1.50. That yields

all OH molecules that é:onstitutedo the two original ground-- =1 50" which is often used helreafter_ The scale at the
state populations [i.eN;(8) and N;(11)] are pumped out. iyt of Fig. 1 shows temperatures that were calculated from

In this spectral intensity range, the_ actual values ofBre T _ 1560/ In(11R/8). This equation uses our calculat&
factors, and of the Iaser_ spec_tral intensity, have no effeCtainer thanr [= N9(8)/N%(11)], the desired ratio of initial
Therefore, at large laser intensifg,becomes a constant that populations.

depends only on andzg, with B andzq molecular constants, In the diagram of Fig.1, we have plotted from 0
and this implies that the system can be calibrated. to 200 MW/ (cn? — cmiY). By definition, | = Ep/(toAV),
whereE, is the laser pulse energy, ando andAv, are the
1.2 LIPF with rotational energy transfer beam'’s pulse duration, its cross section, and its spectral width
In this case, the laser light pum@4 out of the ground state,
but the RET processes tend to refill it. At small laser in- T=
tensities, RET will be less important because it retains the 1101 K
two ground-state populations at nearly their original value. 3 r.7
Then R is determined by roughly the same factors as the ,/0 08. 0.04
small-intensity case with no RET. At large laser intensities, 7 R
the pumping rate foOH to an upper state is limited by that i
at which RET can supply ground-sta@#d molecules rather ’ j
than the rate at which those are pumped up by the laser. We 251 1263 K
then have thaR depends not only on the ratidut also upon 0.04, 0.04
RET constants and they for each species. The RET rates, (—ﬁ
which may differ for the two ground states, are not moleculars -
properties, which makes calibration difficult. S 0.08, 0.08 |
° 2 , -] 1842K
o o ’ ~-770.12, 0.121
1.3 Polarization phenomena ° T ]
k) -7 _0.16,0.16
Complications occur when a linearly polarized laser is used®
to excite two different branches [1]. We useQa and aP- 1.5 o ...T2188K
excitation to analyze foN?(11) andN?(8) respectively. The " 0.04, 0.08
Q-excitation occurs most efficiently when the laser lighg's
vector is parallel to the angular momentum vector of@hé Labels are (Qger)p. (Qrer)q
Jon. In contrast, theP-excitation works best whek L Jon
In each case, then, molecules with certain spatial alignments L 5',0 1'00 1L50 203899 K
relative to theE vector are preferentially removed from the
bottom state, and certain upper-state alignments are preferen- Laser spectral intensity in MW / (cm2 cm-1)

tially formed. The particular distributions formed depend ongig 1 The calculated ratiR of fluorescence intensities for various RET-
the extent of pumping and the rate of RET collisions. Bothvate coefficients for an actual temperature2a65 K. A line labeled n, n”
factors refer to particular spatial alignments within the rota-means the line for those values andn of Qrers and Qrer11 respective-
tional levels. With a given detector, the efficiency of detectiorh’v in units of 10t°s~1, Under reasonable conditions (see text), the abscissa

. . ._ihas a range of approximately}~200 mJpulse The apparent temperature
for an OH molecule also depends In turn upon its Spatlalscale at the right has been calculated fréra- 1560/ In(11R/8): The cor-

a”gnment- For example, Whe_n_the fluorescence inVOl\@s a  rect temperature value would be obtainecRifs replaced by, the actual
transition, theOH is most efficiently detected whedpy is  ratio of initial ground state populations. Here= 1.50
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respectively. In order convertto the more commof,, con-  (whose population is assumed to remain constant) into state 1
sider a fairly standard operation of a tunablg= laser, i.e. is Qgrer. The rate coefficient for total loss from state 2, other
1=133ns 0 =1 mmx10mm and Av =0.75cnT?. For  than that due to laser pumpinglis=s A+ Qe+ PD, where
this condition,l in MW/(cn? —cm™1) is numerically equal A and Qe are components for the radiative loss, and for the
to Ep in mJ/pulse sum of all collisional losses (by means of electronic quench-
The solid trace (labeled, ) at the top left of Fig. 1 is ing, or by vibrational or rotational energy transfer), respec-
for the case discussed above, when there is no RET into dively, from state 2. The rate coefficieRD (called P in [9])
ther of the two lower states. Its steep initial slope leads us tes that for predissociation. In this surA,is completely negli-
the conclusion that the deduced temperatures are very segible [10] soL = Qqoai+ PD. For a rectangular pulse shape,
sitive to laser spectral intensity. To illustrate this deductionwhich is used here, exact solutions fdg(t) and Nx(t) are
let us temporarily ignore the temperature scale in Fig. 1 antbund in [9]'s Appendix. Those solutions can be analytically
recalibrate by assigning the actual temperatur2ldd5 Kto  integrated ovet from O tor, wherer is the pulse duration.
the | =0 value (givingR = 1.128) with the laser beam pa- All calculations shown in the Figures were performed
rameters assumed in the previous paragraph. If we used thdth complete analytical solutions to (1) and (2) or with their
laser described in the previous paragraph,.8f @0, and integrals. However, we will present some approximations so
2mJ/pulse apparent temperatures @825K 1398K and as to justify our previous physical descriptions of the main
1143 K respectively, would be deduced. Similar consideraeffects.
tions apply to pulse-to-pulse variations bf as manifested For these calculations, we udg; = 1168 and Bg =
in values of E, or in the spectral widths. Because this sen-4.393 s/[W/(cnm?—cm™1)] [10]. The predissociation rates
sitivity to | shown in the no-RET case is caused only byPD;; and PDg are 104 and 051 (both x109s™%) [3,4].
molecular parameters, suitable calibration techniques mighthere is some uncertainty in the®D values. In all cases
be introduced. Unfortunately, this is only a hypothetical caseconsidered hereQa < PD and, for simplicity, we set the
because some RET occurs in almost all applications. values ofL1; andLg as 11 and0.55x 10°s~1. We could
The other traces in Fig. 1 have been calculated (see belowhly estimate the value @q, but it is so small as to cause
with RET coefficientsQrer as parameters. We see that alllittle error in L. At | =200 MW/(cnP—cm™?1), the values
the initial slopes are different from the no-RET case, and thaof B;;1 and Bgl are~ 0.23 and0.09 (both x10°s™1) re-
they differ considerably among themselves. For each probegpectively. In order to compare with our data, we assume
lower state, at any value of this change arises from the com- reasonable parameters for dBiHs-air flame at atmospheric
petition between pumping out with the laser and refilling withpressure. These are a temperatur2ldib Kand a set 0Qret
RET. The values oQget are unlikely to be the same for each values from0 to 0.16 x 10'°s™1, which are somewhat less
lower state because of the energy-gap laws. They will deperttian the0.18 x 10'°s™! that was previously used in [9] for
upon local conditions, such as the density, composition, andn H,—0O, flamé. We assume the laser beam to be uniform
temperature of the gas, in other words on the severity and tha space, and to consist of a square pulse with 13.3 ns
number of various types of collisions, each of which can hav&hat time is chosen to be consistent with [9]. It has also been

its own temperature-dependent cross-section. shown therein that there are only minor changes in the con-
clusions for more realistic temporal and spatial laser pulse
shapes.

3 Our model and related calculations

3.1 Description of model 3.2 Increase of fluorescence intensity raRavith laser
intensity | (no RET)

We have previously presented [9] coupled differential equa-

tions governing the time dependence of the normalized poprhe integrated fluorescence intensftyfrom each excitation

ulationsN; andN; in an LIPF process involving RET. There, transition isA*(N,), where A* represents a sum of Einstein

we normalizedNy, the lower-state population prior to the coefficients for all measured emissions @) is the aver-

laser pulse, to unity. For simplicity, we assume the same d%rge value ofN,. We obtain values fo(N,) from t—lf N, dt.

generacy in the upper and lower state. These equations areBecause the ratio of Einstein factodg/ A, is ~ 1 {10], we

take R(= Fg/F11) to be [ Nx(8)dt/ [ N>(11)dt. We calcu-

ﬂ = BI(Ny — Np) + (1 — Ny) Qger., (1) Iated.the function®, (t) and the_se integralsfrpm the analytic
dt solutions of (1) and (2) [9]. Figure 2 contaif (8, t) and
and N2(11, t) at three values of. Note, as described in the fig-
ure caption, that the three sets of traces have different scales
dN .
d—t2=B|(N1—N2)—N2L. @ N

W h . f h e A1O 1RET rates: In [9], we used ad,—O, flame to measure RET within the A-
e use these equations for each transitiont At0, we Set  giate ofoH and found that theQreT(A-state)= 0.18x 1010571, Essentially,

N2=0,N; = Nf =1forN" =11, ande =r (=1.50here) we looked at the ratio of fluorescence intensities from the laser-crdated
for N” = 8. Equations (1) and (2) have effective first-orderthose fromAJ’ =41 and 4 2. For lack of further information, we then as-
rate constantQger, Bl, andL (in units ofs1), whereB  sumed thalQrer = Qret(a-state) IN Order to see the effect 0Qrer(a-state)

. - . - : . _ from the change from thel,—O; flame used in [9] to &Hy-air flame, we
is the Einstein coefficient antl is the spectral laser inten repeated in Detroit the measurement and data-reduction method described

sity (in units Of_Wat.tS/(sz—Cm_l))- The rate constant for i, [9]. we used a premixed flame &Ha burning in natural air. The result
the laser pumping i8I, and that for RET from ai®H bath  was Qrer(a-statey= 0.15x 1010571,
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0.1 ] | I . T : value ofRin this case is 7, and an inspection of the relative
. Lin 101 W / (cm? oY) areas also shows th&has increased over its lower spectral
1VP2®  Solidlines  (x10%) 1=107 intensity value. e in Fi :
. 008l \ s Finally, the dashed lines in Fig. 2 apply for a spectral in-
g 4 Dotted lines (x5)  1=10 tensity another ten-times larger. The lines are similar to the
E i\ Dashed lines 1=102 dotted lines, except that both dashed lines are essentially ze-
5 :|‘ \ ro by timez. That means that the laser completely pumps out
g 0.0 -\ T both ground states, and the numberGii radicals that are
s :‘, \\ pumped to state 2 are proportional to the initial populations,
g k R with their fluorescence being proportionallto*. Then
@ 004F . T -
% E “ \\\.'\.-Qz(ﬂ) "-P2(8) R= Fg/ Fi1= I'L]_J_/Lg =3 (4)
g rh N T (largerl, Qrer=0) .
> o0z AN .
' \ N Pe® e Thus, in accordance with these consideratidisises from
N o1 ~ o 1.128 to 3 and this behavior is shown in Fig. 1.
( . N 2: ) A \: ‘7--2(_|.) We now apply the approximatioBl « L to the analyt-
%% 2 a6 8 10 12 14 ic solutions in [9] and, after some algebra and integration, we

Time (ns) obtain the simple result that

Fig. 2. The calculated time dependenceNf(8) and N»(11) for the P»(8) N
and Q2(11) transitions at three different values of the laser spectral intensi-R ~ I'[L11/Lgl[1—exp(—Bgl7)]/[1—exp(—Bu1l7)] (5)
ty, all without RET. Note that thé labels useW, not MW in their units. (Qrer =0, approx) .

The scale of the ordinate is correct for the dashed line, while those for

the dotted and solid lines have been multiplied by 5 a6¢ respective- - . - . . .
ly. The value ofNy (1) is normalized to be unity at=0. The plot is for ~ Within @ maximum deviation of.1%, this approximation re-

T = 2155K, so that the initialN1(8) =r = 1.5. The small absolute values produces the exact values f& that are plotted in Fig. 1.
of the N, peaks are caused by laser-pumping rates that are small compargquation (5) shows that the variation Bfwith | depends al-

to the sum of predissociative and collisional losses from state 2. Only onep st entirely upon the extent to which each ground state is
of the traces displays an exponential decrease after the laser pulse d epl eted

First consider laser intensities so small that only a negli-
gible fraction ofN? is pumped out. WittN” = 11 andN; —  3-3 Effects of RET
N2 ~ 1, then (2) indicates that the initial slope of the curve is
Bl. As N, builds up, the increasinuzL loss-term decreas- Without RET, there is a reservoir of state-1 molecules that de-
es the slope until it becomes zero. This is the solid trace igreases with laser pumping. However, RET is a continuous
Fig. 2, corresponding tb = 103 MW/(cm?—cm™1), and is ~ source for state 1 and that weakens théependence oR,
labeled Q,(11). Then a steady state (SS) is reached whetvhich, as was shown in (5) is caused primarily by the de-
N2(SS = BI/L, whereN,(SS « 1. Integration of (2) un- pletion of N;. With RET, Ny (t) quickly attains a steady state
der these conditions yieldSly(t) = [BI/L][1—exp(—Lt)]. value N1 (SS9 that is determined primarily by the balance be-
The exponentia| term represents the approa%(@S_ The tween molecules Coming in via RET and those Ieaving via
other solid trace, labeleB,(8), is for N’ = 8. It was calcu- laser pumping [9]. Becaus@l is usually< L, only a negli-
lated similarly but, in order to compare the populations, isdible number of state-2 molecules are laser-pumped back to
multiplied byr (= 1.5 here). At the right of that solid trace, State 1 in most of our range. Our maximum valueBdfis
we show an exponential decreaseNofthat occurs after the 0.23x 10'°s™*, while our smallest is 0.55x 10'°s™. Sim-
laser energy drops to zero. (We have omitted the analogoilgrly, we obtain a dynamic equilibrium fax,(SS between
exponential decreases for other curves in Fig. 2 so as to avol@ser pumping in from the constahl(SS and the loss
overlap.) The effect of these two exponentials cancels in theut (mainly by predissociation). We can then dé¢; / dt and
integration over time and leads to a valueRif/L. Thus the ~dN2/dt equalto zero in (1) and (2) and solve the resulting al-
ratio of the two signals is given by gebra. This is an approximation because it ignores the initial
deviation of N2(SS from Ny (t). Some algebraic manipula-

R=r[L11/Lg][Bs/B11] =1.128 (3) tion shows that

(for very smalll, QreTr=0) . '—I11+ Qﬁénl"‘ (Byyl )1
Ls'+ Qrerg+ (Bel )1
(Qret # 0, approx)

=r[L11/Lg] (6)

R
Itis 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/(cmP—cm 1) (of the order of10 mJ, where
a significant fraction of each ground state is pumped ou
The maximum ofN2 (11, t) is greater than that ¢\N»(8, t)]/r
(r = 1.5), becauséBiil/L11] > [Bgl/Lg]. However, because _ _
Bul > Bgl, Ni(11, t) is depleted more rapidly thaNy (8, t), R=rlL/LellBg/Bra] =1.128 (7)
and soN,(11, t) also declines more rapidly. The calculated (for very smalll, Qrer # 0) .

In our example the.~* terms in the sum are small. At very
fow BI as well, (6) reduces to
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Equation (7) is identical to (3), because the RET rates are suife. it is perpendicular to the molecule’s plane of rotation.
ficientto keepN1(11, S ~ Nf(ll) andN;(8, SS ~ NS(S). Thus, in aQ-excitation and aQ-emission, the two corre-
However, at larger intensities tligreT andBI terms become sponding dipoles are parallel and, in the absence of collisions,

comparable and thH; (SS attains smaller values. remain fixed in space. The probability of exciting @t is
Similarly we get from (6) for large laser energy proportional to co%9, whered is the angle between itdon
andE. Thus, with weak pumping, the emission dipoles have
R=rN2(8,SS/N2(11, SS =[L11/Ls][QreTs/ QrET11] a co€ ¢ distribution abou€.
(forL > Qe andBl > Qrer), (8) In our experimental arrangement, that maximizes the

detected fluorescence. The light has intensity components

and R = 3 for our example wherQgretg = Qrer11. In this  whose polarizatio_n is paralle||. and perpendiculalr, to the
high-energy limit, which is beyond the range of Fig. 1, theE vector. A classical calculation [11] shows thayl, = 3.
values ofQger in (8) have taken the place of tiein (7). This ~ (This classical result may be compared with'1, = 2.98,
means that it is the RET rather than the laser pumping that which, atJ = 10.5, is the quantum mechanical value [1, 11].)
the rate-determining step for pumping from state 1 to state 2Vithout RET, large values 0Bl will pump out most of the

Figure 1 shows that the low limit is satisfied, while X-state so that there is no longer a tedistribution in the
the upper limit is approached wheil > Qger. While at Ajstate, and this means thlqary‘/l'l yviII be much rgduced. RET
high laser energies (beyond the range of Kt laser) the  Will tend to re-establish the original random alignmen@st
Spectra| intensity dependence of the ratio (and of deducdf the X-state. The effect of collisions, and of predlSSOClathﬂ
temperature) vanishes, and it is now directly dependent o#pon|; /1. was discussed and measured in [9]. A major re-
the unknown ratio ofQrere/Qrer11. Thus in Fig. 1, when sult there is that; /1, decreases with increasirgf, mainly
Qrets = QreT11, We see the leastdependence whe@rer  because the RET rate becomes too small to repopulate fully
is greatest, i.e. wheN; (8, SS andN; (11, SS are at amax- all thoseOH alignments in the X-state that were preferential-
imum. Note that two more drastic cases exist wiikgrs# |y pumped out by the laser. A value bf/1 . < 3 means less
QreT11, SO thatN; (8) and Ny (11) are filled at different rates. light reaches the detector, because the emission dipoles are

less favorably aligned.

With a P-excitation and aQ-emission, there are two

3.4 Effects of polarization differences from theQ — Q scheme. First, thé>-transition

dipole is perpendicular tdoy. Thus, because it rotates with
The discussion above assumes that the values dof tigl,  the molecule, the degree of alignment of the prepared A-
and Qget coefficients are independent of the spatial align-state is reduced from that obtained with tleexcitation.
ment of theOH molecules. That is true fok.. However, Secondly, the absorption and emission dipoles are mutually
a linearly polarized laser preferentially excitesl molecules  perpendicular. Thus with the same setup as abiqyé, = %
that have particular spatial alignments with respect to thelassically [11] and, afl = 7.5, is Q58 quantum mechanical-
laser beams'E vector. Almost all of the resulting excited ly [1,11]. Then, with weak pumping and no collisions, the
molecules dissociate. That leaves a non-isotropic reservoir diuorescence signal is at a minimum, and the fraction of light
state-1 molecules. Equation (1) has a t€fm- N;) Qret for detected will increase with increasimy .
the rate of RET into state 1. If we divide state 1 into sub- The net result is that a measured raq= Fg/F17) of
states according to their alignment, there should be differentlPF signals will increase wittBI, as a result of changes
steady-state populations for each. in both components, until the alignment becomes complete-

Doherty and Crosley [1] have discussed polarization efly random, andR will then reach a constant value. These
fects in LIF and their influence upon measured relative incollision-sensitive efficiencies cannot be dealt with by a cali-
tensities of P, Q, and R emissions. Their quantitative re- bration at a single value of the laser spectral intensity. How-
sults apply under collision-free conditions. They also dis-ever, if the ratio ofl; /1, is measured at each value of laser
cuss the effects of collisions, but only for normal (i.e. non-spectral intensity [9], the value d® can be corrected. This
predissociative) LIF. The much shorter upper-state lifetimesvas not done in the measurements to be described; however,
with LIPF makes the effects of collisions qualitatively differ- in our subsequent analysis we will assume it has been done,
ent from those in normal LIF. and thus neglect the polarization effect.

As will be described below, we did experiments in which  In addition to the intensity changes described above, the
the laser beam’& vector was perpendicular to the fluores- effect of changes in the value f/1, upon the detection ef-
cence path to the detector. Excitations were made with thiciency should also be considered. For example, when using
(3« 0) P,(8) and Q2(11) transitions. The detector meas- a spectrometer, the grating efficiency is polarization-sensitive.
ured only the corresponding emitt€dlines, i.e., the (3= 2)  This problem can often be solved experimentally: polarized
Q2(7) and Q2(11). When this experiment was performed, light can easily be converted from linear to circular prior
we did not consider that this choice of excitation and emisto reaching polarization-sensitive elements in the detection
sion lines would lead to worst-case polarization effects. Ithain.
does, however, afford an opportunity to illustrate potential
difficulties.

For either LIF or LIPF, a pictorial explanation of the ef- 4 Experiments illustrating predicted effects
fects of the resulting polarization can be obtained from a well
established classical approach [11]. In this picture, the tranFhe experiments to be described below illustrate the ride of
sition dipole, for either aQ-excitation or aQ-emission, is  with I. Both the normal RET description (see Fig. 1) and the
parallel to theOH molecule’s angular momentum vectiyy,  polarization analysis predict this result. Which proportion of
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each effect produced the observed result could not, however, 8000 ——————————————1 ¢
be determined. Z 7000 -
The experiments were completed in Géttingen and thszs ® DATAP,(8)
model was subsequently developed in Detroit, with no initiald  go0 |-
interaction. Accordingly, the data are not suited for quanZ
titative comparison. Nevertheless, they show the qualitativ§ 5000
behavior predicted by the model. Because the experiments ..,
have been described in detail elsewhere [12], we provide onl
a summary here. S 3000
The OH was in a conical laminar flame with a diameter?L
of ~1cm It was fueled by a stoichiometric mixture 6fH,
and synthetic air. A Lambda Physik tunable excimer laser 100
EMG160-MSC was operated witkrF, and it had been mod-
ified for single-pass operation as described elsewhere [13? e
The laser beam pulses were linearly polarized,a cnmt 28l j
spectral width, and wer20 nslong. The beam was focused

A DATA Qy(11)

—— FITTO DATA

2000

by a one-meter FL lens having a cross-section af2mn? o 2°r )
within the flame. This corresponded ko~ 170 MW/ (cné— E 24 e
cm!) at a maximum beam energy 560 mJpulse The > 5, j
beam passed through the peak of the conical flame front. 2

Part of the fluorescence from the flame was focused inté@g  2°1® ®  DATARATIO |
an imaging spectrograph that had an intensified CCD irff 18| —  EITTOPOINTS 1
its exit plane. The beam’& vector was perpendicular to 16k J
the direction of fluorescence observation, which maximized ® L
the measured fluorescence fr@-\eXCitation. Details of the b 1'40 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
methods for mitigation of laser-spectral intensity variation, . LASER ENERGY (mJ /PULSE)
data acquisition, background subtraction, precision, intensi- f T T T | T T T T
ty variation with wavelength and location, etc., are presented 0 20 40 60 80 100 120 140 160
in [12]. SPECTRAL LASER INTENSITY [MW/(cm2 em-1)]

Here we present a brief rationale for the original, but poorFig. 3. a Experimental fluorescence intensities fromCéds-air laminar
choice of the particular spectral lines measured. They wer@r‘mearne;lé'ft:”% ;f(\’l\l”e‘izgg :f;lot' %2%1“?8 :nggioggcis a :‘rl:plcs“‘;fr‘] (;fv'ear?feef’:;) -
a poor choice b.ecau.se.Of the very large polarization _eﬁeCtgogOylaser shétsb Ratio of the two data sets. from thpe upper panel ’

In spite of predissociation of the = 3 states, some vibra-

tional energy transfer (VET) does occur within the upper

electronic state [1, 14] to the much longer-livéa=0, 1,or2 lisions, should not obscure the major message of this paper:
states. WithCH, and air, it has been shown [14] that more there is a large, experimentally observed change in the inten-
light comes from these states than from the desired 3.  sity ratio with laser energy.

Accordingly we chose to measure only the=32 fluores-
cence, consisting of a triplet ¢, Q, andR lines. There was
also a continuum of interfering fluorescence from unknow!
species. Because thH@-emission was found to be more in-
tense than that frorR or R, and we wished to maximize the .
ratio of OH signal to the continuum emission, tigeline in- -1 Extrapolation to lowl

tensities were used for the temperature ratios.

The experimental data are shown in Fig. 3. They are ploth is tempting to measure fluorescence ratios at large laser in-
ted both as actual intensities for each transition (a) and faensities. The resulting large signals found there, which arise
their ratio (b). Both individual plots look fairly linear, but mainly from RET within the ground vibrational state, will en-
we must note here that apparent linearity of the fluoreshance precision (but not necessarily accuracy). Unfortunately,
cence intensities with laser energy does not mean that &ls has been seen above, the magnitudes of the observed sig-
is well! In [12], for instance, these data were fitted to findnals are heavily dependent upon the valueQggtrs and
a value ofQgeT, and clearly the general shape in [12]’s Fig. 7 QreT11, Which are different for each environment and are
is in qualitative agreement with the behavior in our Fig. 1;probably different [15] for the two measured transitions.
however, the fit produced values f@rer in the range The effect of the polarization errors discussed here can be
0.001-0.003x 10'°s~* which are unrealistically small val- drastically reduced by better choice of exciting and detected
ues. The error is almost surely in the failure to take account dines. They can be eliminated if the degree of polarization of
the drastic changes in the measured intensity ratios caused the laser light is measured and the signals appropriately cor-
the polarization effects previously discussed herein. Becausected. Accordingly, we focus on the low laser energy data
QreT is a sum of all RET coefficienta Qgret for particular  as interpreted via (7). This equation contains only Big,

OH alignment states, it is clear thAtQreT < Qret. We have  Li;, Bg, and Lg variables. WhileL = A+ Q+ PD, and Q
no way of correcting our data for these phenomena. is collision-dependent, in our exampg<« PD and so con-

However, our failure to reproduce this curve quantitativetributes little toL. That means we may regard bdshand L
ly, which is caused by the two different effects of RET col- as molecular constants.

5 Temperature determination with LIPF
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The low | portions of all the traces in Fig. 1 have a limit 0.12 | T ; T ;
of R=1.128, atl = 0. They have different initial slopes, de-
pending on the values dDgeT, but all are nearly straight Solid lines Q=0
lines. We suggest below extrapolation of valuesFofrom Dotted lines Q = 0.12x101¢ g1
finite values ofl to | =0. The values of the molecular con- 01 B

stants determine the value of the intercept (see (7)). Thu
based on Fig. 1, we suggest the following:

1. Perform a calibration measurement at a known temperag 0.08
ture such as that of Quagliaroli et al. [5]. Measure thes
fluorescence intensity ratio at several small values of theg
spectral laser intensity. Make sure that the variation in g
E, is made in such a way that other beam characteristicsg  0.06
such as cross-section or spectral width, are not affected. 8

2. Plot the resulting ratio oP-to-Q fluorescence versus 3
and then extrapolate the results to zero laser spectral ir®¥
tensity. This will provide an overall calibration, indepen- ¢ 0.04
dent of the RET rate as well as of the other calibrations
factors discussed by Quagliaroli et al. <

3. Repeat this procedure in the medium to be diagnosed.

X
o

0.02

A different slope may be obtained, but it is the extrapolat- : 1=0.01 in %,
ed intercept that matters and that is independent of RET. 1010 W/cm2 cm-! K T,

4. In principle, the method should be the most accurate using S, e..,
points with the lowest. Unfortunately, that is where the ) . I L L EPPPURONLL LY
measurement precision is least, and some compromise 0 02 04 06 08 1 12
will have to be reached. Time (ns)

Fig. 4. The calculated time dependence of the densitie&3) and Na(11)
for the P»(8) and Q2(11) excitations with a laser pulse @47 ns i.e.
6 Ps-range laser pulses a hypothetical psrange laser. Compare these results with the dashed
line in Fig. 2. The solid lines are without RET, the dotted lines with
The use of short-pulse lasers may largely avoid the effect gprers= Qreri1=0.12x 10:%s"%. Note from the areas under the respec-
RET upon temperature measurement. Recent reports [16, :@Cﬁ S(:tl{;;’\;ﬁsitéhat the influence of RET upon the fluorescence ratio is small,
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. temperature errors can occur from errors in measuring laser
The work in [17] discussed the measuremenDbfden-  spectral intensity. The neglect of the effect of rotational en-
sity via excitation ta’ = 2, a non-predissociative state. How- €rgy transfer can lead to large errors. The system cannot be
ever they used &.4 ns gate width on the detector, which Well calibrated unless accurate values @ger are available
yields results similar to short-lived upper states. Their lasefor both states. Careful attention must also be paid to polar-
had100 MW/ (cmP—cm~1), which is the middle of the range ization gﬁecps, wh|c.h require even more d_etalled knowledge
of Fig. 1, and a = 0.47 nspulse width. of collisions, i.e. their paths into defined alignment states.
Figure 4 displays our calculated(t) for a hypothetical While RET leads to much higher signals than would oth-
case in which we use the same two transitions to predissocigfwise occur, these signals are difficult to interpret. They are
tive states that have been considered in the rest of this papégPendent on location and on state-sensitive rate constants.
with at = 0.47 nssquare laser pulse. Thé:(8) andN,(11) ~ Calibration can be performed only for laser pumping that is
without RET, i.e. the solid lines, are a blowup of the dashedufficiently small that RET can maintain the original popula-
lines in Fig. 2 up tar. There is an exp-L (t — 7)] decrease for  tion of state 1. An alternative solution is to reduce the laser
t > 7. We can see, first, that the effect of the finger has ~ Pulse length SO that only_a few molecules can flow into the
relatively little effect on the areas under the curve; secondlyground state via RET during the time the laser is on.
that theN,(11) is more affected than thid,(8) because, even
inthe short pule time, there is more depletio hirdly, _ aceouedgererig e e el S o ece A
that the area under the expongntla_l tall.s is not negligible; an anks Professor H. Pauly, Direct%r at thepl‘\J/Iax—PIanck—lnstitut fur Stro-
fourthly, a look at the dashed lines in Fig. 2 shows that a larg&ungsforschung, Géttingen, for the hospitality of his Institute, where some
fraction of the probed state is involved in this analysis. of the work was done. We are grateful to David Crosley for sending us
The additional use of a gate, such as @h&nsone men-  appropriateA and B values forOH.
tioned above, would allow added flexibility in selecting a de-
sired portion of the curve.
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