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Relative predissociation rates of OH (A 23 %, v’=3) from combined cavity
ring down—Laser-induced fluorescence measurements

J. J. L. Spaanjaars, J. J. ter Meulen, and G. Meijer
Molecular and Laser Physics, University of Nijmegen, P.O. Box 9010, 6500GL Nijmegen, The Netherlands

(Received 13 March 1997; accepted 12 May 1997

Relative predissociation rates of OfA 23, v’ =3) have been determined f&' up to 17 by
simultaneously measuring laser-induced fluorescence excitation and cavity ring down absorption in
the same experimental setup. The results are in overall agreement with calculated predissociation
rates by Yarkony[J. Chem. Phys97, 1838 (1992], but show a stronger increase of the
predissociation rate with increasimy. The obtained values for the quantum yield can be used in
the application of the laser-induced predissociative fluorescence detection technique in combustion
diagnostics. ©1997 American Institute of Physid$$0021-96007)03631-3

I. INTRODUCTION results. The experimental uncertainty of the data of Heard
. _ . et al. varies between 10% and 20% and is largest for higher

~ Laser-induced predissociative fluoresce(ld®F) detec-  \ gtates. Since these states are most important for tempera-

tion has been proposed as a possible technique to determigg.e geterminations by LIPF this strongly affects the accu-

2D temperature distributions in flames, plasmas, dischargeg,cy of the temperatures obtained. We therefore decided to
etc., at atmospheric presstr@he method has been applied perform an experiment in which precise values for the rela-

to OH, O, and HO in various combustion processes by e predissociation lifetimes are obtained from a simulta-

exciting these molecules to the_short lived predissociatefle s measurement of absorption and fluorescence in a com-
statesA 22#1 v'=3,B 0 andC 'Bu, respectively. Be-  pined cavity ring down(CRD)—laser-induced fluorescence
cause the lifetime of the excited state“100 ps) is much (. |F) experiment. The ratio of the absorption to the fluores-
shorter than the collisional timétypically 1 ns at atmo- cence signals is a direct measure of the predissociation rate.
spheric pressujethe problem of the collisional quenching neasurements could be performed fof up to 17. The re-

can in principle be avoided, which facilitates the quantitativegts can be used in LIPF diagnostics and form a test of the
determination of temperature fields. Despite this advantaggg|culations by Yarkony.

the LIPF technique has thus far not been established as a
re!lqblg method for temperature meas_urements. This finds ”ﬁ_ BACKGROUND
origin in a number of problems, which, when not solved
properly, may easily give rise to large errors in the derived  After excitation to theA 23", v’ =3 state the OH mol-
temperatures. The most important problems are the colliecules will undergo one of three different processes, as indi-
sional refill of the state from which the excitation takes cated in Fig. 1. By far the largest fraction will dissociate due
place, the rotational dependence of the electronic transitioto a crossing of thé 23 * state with the repulsiv&S, ~ state.
moment, and the rotational dependence of the predissoci#&ccording to the calculations of Yarkony, the predissocia-
tion rates of the excited states. The effects of the replenishtion rate increases strongly with the rotational quantum num-
ment of the initial state can be made negligibly small byber N’, ranging from 4.&10°s™! for N'=0 to 2.3
reducing the laser power, which, however, also reduces thi& 10'° s™* for N’ =145 For higher rotational levels the re-
signal intensity. The rotational dependence of the transitiopulsive S~ and*Il states(not shown in Fig. 1also come
moment can be determined from absorption measurements iato play. Instead of dissociation, some of the excited mol-
a well-defined temperature, which is not easy to perform forecules undergo a collision induced transition to either the
OH. For theA 23", v'=3<—X 2II, v"=0 transition only electronic ground staténonradiative decayor to another
theoretical values are known thus fafhis paper discusses rovibrational state withifA 23+, which may be followed by
the determination of the relative predissociation rates of theadiative decay to theX ?I1 state. The former process is
rotational states im' = 3. called collisional quenching. For both processes the collision
Experimental values for the predissociation lifetimes ofrate essentially depends on the composition of the gas and
OH (A23*, v'=3) have been reported by Gray and the temperature. In contrast to t#e?s*, v'=0 and 1
Farrow’ and Heardet al* Gray and Farrow obtained abso- states, there is no information available about the collision
lute values for the lifetime foN' up to 9 from linewidth rates for thev'=2 and 3 states. Typical values for the col-
measurements in an optical—optical double resonance expetisional quenching rate for OH in’ =0 andv’=1 are of the
ment. Heardet al. determined relative predissociation ratesorder of 16—10° s in flames at atmospheric pressireA
for N’ up to 14 in LIF measurements in a low pressureminor fraction of nondissociating molecules will decay di-
flame. Their values are in reasonable agreement with calcuectly to the ground electronic state and emit fluorescence
lated values of Yarkony,whereas the results of Gray and radiation. About 60% of these molecules decay to ifie
Farrow show some serious discrepancies with the theoreticat 2 state and 40% to the”=3 state. The radiative decay
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4g- :A(N’,J’) 3
" P(N',J")’
A’z * Not included in the expression fob; is the fluorescence

emitted from othep '’ states which are populated by collision
induced vibrational energy transfefVET) within the

A 23" state from they’ =3 level. It can be shown that this
contribution causes an increase of the quantum yield by a
factor:

3 oCP) + H(S)
S

A(v,N,J R(v'=3N’",J'—v,N,J
1+ ( ) ( )

X2H v,N,J A(U’=3,N’,J,) Q(U,N,J) ’
BT PUMP laser (4)
® 248 nm

CuF where R(v' =3N’,J'—v,N,J) is the rate of the collision
Al 30046nm induced transition from the exciteg/ =3 state to the state

Y (v,N,J). Rotational energy transfer within the =3 state
&~ Quenching does not have to be taken into account; in this case the
P qguenching rateQ(v,N,J) in the denominator has to be re-
N\ Predissociation placed by the much larger predissociation r&éN,J),

which makes this contribution negligibly small. In the
é)resent experiment a transmission filter is used which blocks
all relatively strong transitions from states other thah
=3, with the exception of a fraction of the'=2—v"=1
band (see later. Therefore we decided to neglect the extra
factor (4) in the quantum yield. Due to the partly observed
rate ranges from 1:210° s 1 for N’=0 to 1.0x10f s *for ~ 2—1 band an error will be introduced, which will be small if
N’=142 It should be noted that the nonradiative decay ofthe rotational dependence of the VET is weak. The observed
the v'=3 state might be influenced by collision induced fluorescence is a fraction d§;, depending on the solid
effects on the predissociation, for which, however, no evi-angle of the optics involved, the quantum efficiency of the
dence is found in literature. We assume that these effects arketector, and the transmission of the filter in front of the
small and can be neglected within the present experimentaletector.
accuracy. Temperature determinations by the LIPF technique are
The intensity of the total fluorescence radiation emittedbased on the simultaneous measurement of two fluorescence
after excitation from a statfi) in X Il to a state(j| in  signals from molecules in different initial statés) and
A 23 % is given by: li’). From the Boltzmann distribution and the ratio of the
fluorescence signaly; andS;/j, the temperature is obtained:

FIG. 1. The different decay processes of OH radicals after excitation to th
A 237", p'=3 state.

Sij=c®;Bj;I.f;, 1)
where ¢ is a constant containing the OH density and the T= (B —&) Inl ¢’ Sir Al CBi G , (5)
irradiated volumeB;; is the Einstein absorption coefficient, k Sij %y By g

I is the laser intensityf; is the number of OH molecules in  whereg; andg;, are the degeneracies of the stafiesand

the statei), given by the Boltzmann factor, andl; is the i), respectively, and’ is a constant containing the differ-
fluorescence quantum yield: ence of the experimental conditions for the two excitation
A(N’,J") and fluorescence processes. Since the accuracy of the tem-

D= — — - (2 perature determination is inversely proportional to the energy
POANNTIDHP(NTID+QN'IY) difference E;, —E;, it is important to excite molecules in
HereinN’ andJ’ are the quantum numbers for the nuclearrotational states as far apart as possible. This also requires
end-over-end rotation and the total orbital angular momenknowledge of the relative quantum yields for hilj states,

tum of the excited statf), respectively, and\, P, andQ  for which we now report values fd{’ up to 17. In case the
are the state dependent rates for the spontaneous emissifinprescence is observed from an area along a line,(Bq.
predissociation, and collisional quenching, respectively. Ithas to be modified into:

should be noted that the Boltzmann factor in ED.can be

used only in the weak excitation regime where collisional Sij:C/Bijj @1 Ni(x)dx, (6)

refill of the initial state can be neglected. In the denominator

of Eq. (2) the spontaneous emission rate is much smallewhere the integration has to be performed over the length of
than the other terms and can be neglected. Except for the lotihe observation region\;(x) is the local density of mol-

N’ states, the predissociation rate is one to two orders ofcules in stat§i ), andc’ is a constant. The quantum yield in
magnitude larger than the quenching rate, andcan be  principle depends or via the collision rate. In the present
approximated by: experiment a flat flame burner is used with a constant tem-

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997
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FIG. 2. Scheme of the experimental setup.

perature and species distribution along the laser beam direof a premixed adiabatically stabilized flat flame burh@he

tion over nearly the total area of the burner plate. Moreovercircular burner plate has a diameter of 30 mm and thickness
for thev’ =3 state, the influence @ on the quantum yield of 2.0 mm. The plate is perforated with a hexagonal pattern
is small, and consequentll; can be assumed to be constantof approximately 2800 holes of 0.5-mm diameter and

over the path length. When absorption of the laser radiatio®.7-mm pitch. The flow velocity and gas mixture is regulated

is small Eq.(6) can be written as: by mass flow controlleréMFC) in such a way that no tem-
perature gradient exists across the burner plate, which is a
szc’®jBilef N;(x)dx. (7)  condition for adiabatic burning. This condition is controlled
by five thermocouples in the burner plate. In the present

In the present experiment the relative quantum yields arexperiment, the MFC setting is such that the flame is stabi-
determined by a simultaneous measurement of fluorescentiged in a stoichiometric composition, with a flame velocity
and absorption. Hereto the laser beam is split into twaof 28 cm/s. LIF measurements show that in this situation the
beams, one of which, with intensity , is used for fluores- OH density distribution in a horizontal plane is homoge-
cence excitation, and the other one, with intensjty, for  neous over about 90% of the cross sectional area of the
the absorption measurement in a CRD set up. In the CRBlame. In a plane at about 8 mm above the burner plate the
experiment the cavity decay time is measured, which is demolecules are excited by 248-nm radiation from a frequency
termined by the reflectivity of the cavity mirrors and the doubled Nd:YAG pumped dye laséQuantel TDL 50. The
absorption of the molecules inside the cafifyrom the de-  |aser beam is split into a low intensity beam which is de-
cay time and the known mirror reflectivity the absorption flected toward the cavity of the CRD setup and a beam of

signal is obtained: relatively high intensity for the fluorescence measurements.
The intensity of the CRD beam should be kept low in order
Pij :aBijf N;(x)dXx, (8)  to allow for running the photomultiplier tube in an optimal

linear power range. The intensity of the LIF beam is in all
where is a constant. In the experiment care is taken that thgases lower than 5.6 MW/cnem™! (pulse energs5 mJ,
line integrated density is the same for both the fluorescenceeam diameter 3 mm, pulse duration 7 ns, bandwidth
and absorption measurement. In this case division of the.18 cm?), in order to prevent sizeable collisional replenish-
fluorescence signal of E¢7) by the absorption signal of Eq. ment effects in the ground staf®The two beams cross each

(8) gives the quantum yield: other in the center of the flame under an angle of about 35°.
s Although the beam paths are different, it can be assumed that
—':/3(1)]. , (9) due to the cylindrical symmetry of the burner the tempera-
Pij ture and density distributions along the two paths are equal.

whereg’j:S” /1, the fluorescence signal normalized with Care has to be taken to prevent interference of both pro-
respect to the laser power, apds a constant factor, which cesses. Without proper shielding of the CRD circuit the Ra-
in principle can be determined from the experimental condi“mnan and Rayleigh scattering, evoked by the high intensity
tions if the OH density is known. LIF beam, will cause a signal on the CRD detector even
when blocking the CRD beam. By reducing the solid angle
of the LIF beam toward both CRD mirrors, an effective re-
duction of this interference to less than 1% of the typical
A scheme of the experimental setup is shown in Fig. 2CRD signal can be obtained.
The OH molecules are produced in the laminar,@i flame The fluorescence from OH molecules over the full length

Ill. EXPERIMENT

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997
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of the burner plate is imaged onto the 10-mm photocathode CRD absorption spectrum
of a photomultiplier tube by a set of quartz lenses. In front of
the photomultiplier a Schott UG 11 filter is mounted in com- Q,(11) Q,(12) Q,(12)
bination with a special band pass filter with a bandwidth of P.(9)
+7.5 nm around 300.0 nm. This filter transmits mainly the
v'=3—0v"=2 band and part of the-21 band. Both bands
have about the same transition strength. In addition some
very weak 1-0 lines are transmitted, as well as a few lines R,(15)] Ry (15)
of the strong 6-0 band at the low frequency edge of the 4 \
filter. i
The ringing cavity for the absorption measurements con-

sists of two highly reflecting mirrors in an optically stable
setup. The distance between the mirrors is 41.2 cm, and the
radius of curvature 25 cm. The reflectivity of the mirrors is P.(8) o
determined in the same setup without burner. In this case a 2 LIF excitation spectrum
decay timeg(see belowof 7=276 ns is found, corresponding
to a reflectivity ofR=99.5% at 247 nm. The laser pulse with
an energy of typically 150 nJ is reflected back and forth Q,(11)
between the two mirrors. The time dependence of the trans-
mitted laser pulse energy is detected by a photomultiplier
tube (PMT) operating in the linear regime. To reduce the
continuous background signal caused by the flame front, a
special narrow band pass filtéschott,\ =253+ 20 nm) is
mounted in front of the PMT. Care has to be taken to posi- _,/\A
tion the PMT close to the outcoupling mirror of the cavity to
ensure that all cavity modes are detected with equal probabil-048.4 248.6 248.8 249.0
|kt‘y The corr_1bmaﬂon qf a W|d§ Imeay range PMT and a fas_t Wavelength (nm)

igh dynamic range digitizer is crucial for accurate determi-
nation of the absorption signal. In the present experiment @G, 3. Part of theA 25 *, v’ =3 X 2II, v"=0 spectrum of OH, mea-
10 bit, 100 M samples digital oscilloscoggeeCroy 9430  sured simultaneously by CRD and LIF. The differences in relative intensity
was applied. The burner is mounted in the center of the Ca\%:g to the rotational dependence of the predissociation rate are clearly vis-
ity. '

In the ideal case the CRD signal shows an exponential

decrease given by the decay time:

il P4(9)

P.(9)

P»(9)

mination of decay times by means of fitting algorithfris.
all measurements each data point consists of a sampling of

L (10) the CRD or LIF signal over 25 laser pulses.

T~ e(Jin R[+ o/ N(x)dx)’

wherec is the velocity of light,L the cavity lengthR the V. RESULTS

reflectivity of the mirrors, and the absorption cross section. Several wavelength scans have been made in the range
The integration is over the full length of the cavity, but in the from 245 nm to 253 nm. A typical result is shown in Fig. 3.
present experiment can be limited to the path length abovin the upper part of the figure the CRD absorption spectrum
the burner, since the density of OH molecules outside thécc1/7) is depicted, whereas the simultaneously measured
flame is negligibly small. Jongmet al® have shown that due LIF spectrum is shown in the lower part. A first inspection of
to either a too strong absorption or a too large laser bandhe two spectra reveals a large difference in relative intensi-
width, the measured transient can deviate from an exponeries. This is due to the strong rotational dependence of the
tial curve. In this experiment, for each absorption line thepredissociation in the’ =3 state, which causes a decreasing
measured CRD signal was checked on exponential behaguantum yield for higheN’ states. Whereas the intensities
iour. In all cases an exponential decay up+03.57 could be  in the absorption spectrum increase wiNf, which reflects
demonstrated. In the presence of the flame, absorption losst#ee Boltzmann distribution peaking arouhld =12, the fluo-
occur due to Rayleigh scattering and broadband absorptiorescence signal is strongly decreasing. In Fig. 3 the transi-
by hot oxygen, causing a decrease of the decay time frortions toN’=16, which is the highest but one rotational state
276 ns to about 70 ns. On the strongest OH absorptions tha v’ =3 considered in the present work, are still clearly
decay time further decreases down to 50 ns. observable. In addition to the OKA, v'=3+X, v”"=0)
Together with the signal from a power metéast diode  lines, weaker lines are also observed in the absorption spec-
the PMT signals are fed to the digital oscilloscope, which istrum, which can be assigned to the Herzberg | band of O
triggered by the laser. All signals are fed to a PC operatindA %%, v'=9—X 3%, v”=0).** A closer view of these

u
with specially designed software for data storage and detel®, lines is given in Fig. 4. It is mainly the oxygen in the

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997
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FIG. 4. Part of the CRD spectrum of OtA °5*, v/ =3—X 21, v"=0)

showing the Herzberg | bands 06,0 FIG. 5. The flat line shape ab for the Q;(10) transition as obtained by a

point-by-point division of the normalized LIF sign@lolid line) by the CRD
signal(dashed-dotted lineThe noise in the far outer wings is caused by the
division of two nearly zero signals and is not relevant for the data reduction.

ambient air outside the flame which contributes to these Sigas Obtained by mu|t|p|y|ng the quantum y|e|ds by the radia-
nals. The presence of the Herzberg lines enabled us to detgfye lifetimes as given by Yarkony.

mine the bandwidth of the laser by removing the flame so

that temperature effects could be eliminated. Knowledge of, pscussioN

the laser bandwidth is required in order to eliminate the in-

terfering G lines from the measured spectra. In addition to ~ In Fig. 6 the scaled values for the quantum yield are

the Herzberg band, lines belonging to the Schumann—Runge@mpared to the calculated results of Yarkony, showing the
band of @ B %3, v'=0,1,2—X 329* ,v"=6,7 are also Same strong decrease for increasiig As was found also

observed, due to hotan the flame. by Yarkony, the predissociation rate is consistently larger for

The relative quantum yield® were determined foN’ F, states. In previous work on SH, similar differences were

between 6 and 17 by measuriiy, P,, Q;, Q,, R;, and  observed between the predissociapedoublet states of the
R, transitions. From the®;, Q,, and R, transitions, the A ?2, v’ =0 state'* Also in this case the predissociation is
quantum yield for the uppgs-doublet states of-symmetry ~ caused by a repulsivéS ™ state. It was shown by Ubachs
(F, state$ was obtained, whereas the quantum yield for thethat the differences can be explained by the spin-orbit inter-
lower p-doublet states of-symmetry(F, states was deter- action of the’> " state with the'S sta;e,_whlch is stronger
mined from theP,, Q,, andR, transitions. Each line was for theF; states than for thé, states:’ Figure 6 gives the
measured four times or more in slow scans, with at least 1#mpression that the present values for the quantum yield are
data points per linewidth. As the LIF and CRD signals are
smultanequsly measgred, a simple pomt-l')y-pom't division of 5 £ | Quantum yields® and lifetimess of the A 25*, v’ =3, N’
the normalized LIF signal by the CRD signal yields a flat otational states of OH. The quantum yields are scaled to the value of
line shape, as shown in Fig. 5. The height of the resulting1.0x10°° for F,, N’=11 as calculated by YarkonfRef. 5. The life-
signal is proportional to the quantum yield, according to Eq.times are derived from the values fdrusing the calculated radiative decay
(9). Interferences with @cause deviations from the flat line s of Yarkony(Ref. 5. The values foN'=6 and 8 are based on inter-

hape. In those cases accurate simulations of the respecti olation of Yarkony's results; foN’=15 no radiative decay rates are re-
shape. PeCtiySiicq.
O, spectra were subtracted from the CRD spectra to correct

for this interference. No data points are presented in which O(F,) D(F,) 7(Fy) (F,)
this correction did not lead to a nice flat shape of the quan- N’ X110 X110 (P9 (P9
tum yield over the full width of the transition. Another cor- 5 202+ 16 292+18 167 154
rection involved the change of the background level of the 6 173+14 18715 144 156
CRD signal during a scan, due to the wavelength dependence 7 159+13 17215 134 145
of the reflectivity of the mirrors. Hereto the background level 8 126-10 13611 107 116
was subtracted by fitting it first to a linear function of the 9 101%9 114+10 87 o
y 10 96.2:7.7 1099 85 96

wavelength. . _ 11 67.7:7.5 81.0:8.1 61 73
The obtained results for the relative quantum yields are 12 51.4-8.2 56.0+5.6 47 51
presented in Table I. The experimental accuracy given in 13 40.0+6.0 46.4:7.0 38 44
Table | ranges from 8% for loN’ states to 20% for the 14 80.375.1 41.3°5.0 29 40

15 26.0:3.1 31.9:6.4

hlghestl\ls states. The res,ults are scaled to the value of ¢ 21138 217:48
81.0x10 ® for the F,, N'=11 state as calculated by ;- 13.0-2.6
Yarkony? In Table | the predissociation rates are also given

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997
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FIG. 6. The measured quantum yield for OHAI?S ", v’ =3 as a function 3500 F. states
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N'=11. °o Heard et al.
2500+ - theory
2000
larger than the calculated values for loW’' states and a rs00
S— 5 -

smaller for highN’ states, but this depends on the scaling &
point. Important for the application of these results in com-
bustion diagnostics is the conclusion that the calculated val-
ues seem to overestimate the quantum vyield for Mgh

1000

500

states relative to the yield for lolN’ states up to about 50%. T ts

. . . . 0 r T . T T T : r r : . r T .
This dlscrepgqcy cannot bg explained by_ the possible occur- K ; i . : 10 1o 1 e e
rence of collisional quenching of the excited state. Quench- N’

ing would result in the opposite effect: a too small quantum

yield for the lOW_erN’ states where the pr'edISSOCIatlon rate ISFIG. 7. A comparison of the present values for the relative quantum yield of

smallest. Rotational energy transfer in the ground stat@y a 2s+ ,'=3)with the results of Heardt al. (Ref. 4 for F, statesa)

would result in the observation of a too high quantum yield.and F, states(b). The smooth curves connect the calculated values by

However, at the applied laser intensities of Yarkony(Ref. 5. The values are scaled to each otheFin N'=11.

<5.6 MW/cn? cm™ ! the excitation efficiency is smaller than

5% as calculaﬁd by u5|ngivalue for the Ems@n_qef— ences in® decrease wittN’, this is not the case for the

ficient of 11.7 sY[W/cm? cm™] for the Q;(11) transitioR lts of Heardt al

and a pulse duration of 7 ns. It follows that RET effects are ©sUts of hearet al.

maximally of the order of a few percent, which cannot ex-

plain the observed discrepancy. It should be noted that als\él' CONCLUSIONS

the results of Heardet al* show a similar deviation with The combination of LIF and CRD detection offers new

theory. possibilities to study predissociation effects. In this work the
The values for the relative predissociation rates reportedelative predissociation rates for OfA 23", v’'=3) were

by Gray and Farrofshow large fluctuations with respect to determined up tdN’ =17. Further improvement of the sen-

the present data, far beyond the experimental accuracy. 8itivity by using mirrors with a higher reflectivity would al-

comparison of the present results with the values reported bipw the study of the predissociation of even higher rotational

Heard et al. is made in Fig. %@ and 7b) for F; and F, states. This is of particular interest because of the increasing

states, respectively. Also, in this comparison the valuefor importance of the repulsiveS ~ and“Il states as dissocia-

are scaled to match fod’ =11,F,. As can be seen from the tion channels. According to Yarkony the perturbation by

figures the results are in qualitative agreement with respect tthese states is still negligible for the =3 predissociation.

the overallN’ dependence. For some of the quantum yieldsA larger influence of thés ~ and“Il states would, however,

(particularly F;, N'=6 andF,, N'=12), however, devia- explain the relatively too low predissociation rates for the

tions up to 30% are observed which are outside the range dfigh N’ states as calculated by Yarkony. This discrepancy,

the experimental accuracies. Noticeable also are the largevhich is also shown by the results of Headal., may have

differences between the quantum yieldsFqrandF, states, important consequences for the application of the LIPF tech-

not only in comparison to the present results, but also relanique in combustion diagnostics. The accuracy of the tem-

tive to the calculated values of Yarkony. Whereas in bothperature determination strongly improves with increasing en-

Yarkony’'s work and the present measurements the differergy range of the excited molecules, i.e., by measuring both
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