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Quenching of I(2P12) by Oz and O(P)
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Oxygen-iodine lasers that utilize electrical or microwave discharges to produce singlet oxygen are currently
being developed. The discharge generators differ from conventional chemical singlet oxygen generators in
that they produce significant amounts of atomic oxygen. Post-discharge chemistry includes channels that
lead to the formation of ozone. Consequently, removal?® 4 by O atoms and ©may impact the efficiency

of discharge driven iodine lasers. In the present study, we have measured the rate constants for quenching of
1(?Py12) by OCP) atoms and @using pulsed laser photolysis techniques. The rate constant for quenching by
03, (1.84+ 0.4) x 102 cm? s7%, was found to be a factor of 5 smaller than the literature value. The rate
constant for quenching by €R) was (1.2+ 0.2) x 10t cm? s%.

Introduction TABLE 1: Subset of Reactions That Are of Importance in

the EOIL Active Medium

Oxygen-iodine lasers that utilize electrical or microwave

. . . I n n
discharges to produce singlet oxygen are currently being ate constant

. . ) 4 . no reaction (cm?s™) ref
investigated. At present, the highest singlet oxygen yield at the = 2 p 5 m
output of an electrically powered singlet oxygen generator is 1O 3A) + '(2P3/2):OZ();12) + '(ZP”Z) 7.8x 10_11 30
bout 15-20%2~4 With post-discharge addition of o the 2 O0dX%) +I(Pud) — Oo&) H10Ps) 27> 1070 29
about 15=20%0.~ P g _ U1 3 OfaA) + I(2Pr) — Ob'S) + I(2Py2)  1.1x 10713 30
flow, positive gain on the #Py,) — 1(2Ps)2) electronic transition 4 1(X) + 1(2Py2) — 1o(X) + 1(%P3) 3.8x 1011 30
at 1315 nm has been measured for both supersaamici 5  1xX) + OCP)— 10+ 1(?Ps0) 1.4x 107 33
subsoni¢ flow conditions. Recently Carroll et lreported the 6 10+ OFP)— Oz(XEZ) + 1(°Psp) 1.5x% 101‘; 33
first demonstration of an electrically powered oxygéodine 7 1CPu)+ OCP)— I(*P a) + OCP) 12x 10"~ this work
. ; - 8  I(3Pyy)+ Os— products 1.8< 10722 this work
laser (EOIL) using supersonic flow conditions. The cw laser I(2Pg) + O3 — 10 + O, 12% 1012 17
output power was 220 mW. To facilitate further development 19 @p,,) + 10 — I(2Py) + 10 ?
of the EOIL system, we need to improve our understanding of 11 10+ 10 — products 9.9 101t 34
the post-discharge reactions and energy transfer processes. 12 O(a'A) + 10 — Ox(X°%) + 10 ?
13 O@D) + N, — OFP)+ N, 2.6x 1011 35

A list of the reactions that are most important in determining
the post-discharge kinetics of a discharge-driven iodine laser . " )
was presented in ref 7. A subset of these reactions that is relevanfnc€ 17, which presents a critical review of these measurements,
to the present investigation is listed in Table 1. It has been shown rticommends a rate constant for reaction 9 of1.20"%2 cm®
that atomic oxygen plays an active role in the post-discharge S
kinetics of EOIL! It accelerates the molecular iodine dissocia- _Vhringer et al® measured the quenching rate constant for
tion rate (reactions 5 and 6), but it also appears to be involved I(*Py2) + Os using flash photolysis of GFOz mixtures to
in the quenching of excited iodine atoms (reaction (7)). To Produce electronically excited iodine atoms. Resonant absorption
minimize this negative effect, Nhas been added into the post- by the 1¢Py) atoms at 206.2 nm was used to follow the decay
discharge oxygen-iodine mixture to scavenge the excess ofkinetics. Vdiringer et af® reported a rate constant for the
oxygen atomd:*7-8The details of the GP) energy loss process ~ removal of 1€Py) by Os of 1.1 x 107! cm® s™%, which was

and the role of N@in EOIL systems are not yet adequately an order of magnitude greater than the rate constant for the
characterized:8 reaction of 1fPs;) with ozone. However, their measurements

Ozone is formed in the gas channel between the output of aWere compromised because the flash lamp photodissociated both
discharge singlet oxygen generator and the point where iodineCFsl and Gs, and the consequences of the @hotolysis were
vapor is injected. This is another potential source of complica- ot considered in the data analysis. Oxygen atoms and oxygen
tions as @reacts with both AP1) and 18Py atoms (reactions ~ Molecules, which are both good quenchers féPyg), would
8 and 9, forming IO molecules). The IO self-reaction (11) have been present in the post-photolysis mixture.
produces 1@ and bO,.24 This is undesirable as these reactions ~ Quenching of {Py,) by OCP) has been investigated by
result in the loss of iodine atoms, and 10,,/@nd kO, may modeling the kinetics of,lreacting with the products from a
quench ItP;;) and/or singlet oxygen. discharge in @(analyses of gain and lasing demonstratidifs).

The reaction of atomic iodine with ozone is one of the Very recently’® we used pulsed photolysis of;8/1,/CO,/N
pathways for @ loss in the atmosphefeThe rate coefficient mixtures in experiments designed to observe the quenching of

for reaction 9 was studied by different techniqé&sé Refer- I(?P2) by OCP) under conditions where the kinetics were less
convoluted. The rate constant from this investigatior= (1.2

+0.1) x 10~ cm? s71) was consistent with the range of (6:5
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photolysis of ozone in the near-UV spectral range, we used
either a KrF excimer lasei (= 248 nm, Lumonics TE-860-4,
pulse duration 10 ns) or the fourth harmonic from the Nd:YAG
laser ¢ = 266 nm, duration 10 ns) with laser energy densities
in the rangeE = 10—30 mJ cn2. Molecular iodine vapor was
PMT | moooh === Gi==H oo [EM] entrained by flowing M or Ar carrier gas over iodine crystals

held at room temperature. Thedoncentration was determined
by light absorption at 500 nnmof, (500 nm)= 2.24 x 10718

Excimer laser —{ e laser cm?, ref 20). A Xe lamp was used as the light source for this
measurement. Ozone was produced by a commercial generator
= (Pacific Ozone Technology L21) and collected on silica gel
Delay Digital Ge Nd:YAG cooled to—100 °C. Once a sufficient quantity of ozone had
generator] |oscilloscope| — |detector 355 nm been collected, the silica gel trap was warmed-#0 °C, and
L | the G; was eluted by a slow flow of Ar. The concentration of
Figure 1. Apparatus used to study quenching dPi(,) by Os. FM, ozone was measured using the absorption of the mercury
mass flowmeter; PMT, photomultiplier; (*, light source. emission line at 253.65 nnw¢, (253.65 nm)= 1.15 x 107
cnp).24

systems. It is important to establish a reliable value for this rate
constant as it has such a dramatic effect on the kinetics of the
laser system. Hence, it is of value to make multiple determina-
tions of the rate constant using different reagents and technique
in order to improve the confidence limits.

In the present study, we have used pulsed laser photolysis
techniques to further examine the quenching é&Pjf) by Os
and O@P). The kinetics were followed by observing the 1315 o g
nm fluorescence from 4Py,) as a function of time. Measure- 30 mT_orr. The _transn time be_tv_veen mixing of the gases and
ment of the ozone quenching rate constant was carried out bothhe point at which they were |nj_ected Into the photolysis cell
for its relevance to the discharge laser system and becayise 0'/as in excess of 50 ms. With this configuration, we found that
was used as the photolytic precursor of O atoms for the & N€W Species was being formed by a spontaneous reaction
measurement of #Py,) + OEP) quenching. Photolysis of &t bef[vyeeni anql Q. One of the products of_ th_ls reaction was
) = 485 nm (absorption cross sectianz(485 nm)= 1.52 x efficiently excne_d by the 485 nm pr_lotonS|s light and_ylelded
10718 cmd)2° was used as the source ofR(y,) for the ozone a strong, short-lived fluorescence signal that was registered by

quenching experiments. At this wavelength the dominant the detector used to monitor emission fronfPip). The
photodissociation channels are interfering emission signal was not present for the iodine or

ozone flows alone. We did not examine the details of thé |

In the first series of experiments, the gas streams from the
flasks with iodine and ozone were merged before the entering
%\/Ihe fluorescence cell via a rake injector, as shown in Figure 1.

ixing of the gases occurred during their transportation to the
fluorescence cell through 20 cm of metal and blackened plastic
tubing. Typically, measurements were carried out using partial
pressures of 0zonB(Oz) < 1 Torr and iodine vapoP(ly) <

1,(X) + 485 nm— 1,(B) — I(?Py,,) + I(*P5,) Os reaction, but made the assumption that this unwanted
complication could be avoided by minimizing the mixing and
— (1) = 1(°Py,) + 1(?Pyy) transport time.

By experimenting with the inlet manifold design, we found

The branching ratio for the production offi,;) atoms is in that the progress of the spontaneous reaction was negligible for
the range [KP12)1/([I( 2P12)]+ [1(?P32)]) = 0.23-0.3 (refs 2% transport times of 10 ms or less. The flow cell shown in Figure
23). The photolysis of ozone at this wavelength was insignificant 2 was designed to achieve good mixing of tharid G streams
(003 (485 nm)= 7 x 1022 cn? (ref 24)). with a total transit time below 10 ms. The heart of this cell

Pulsed laser photolysis off Os/N, mixtures using 248 or 266  consisted ba 1 cmdiameter flow channel with a concentric
nm light was used to study the quenching éPl() by OCP) movable injector. A flow of @ in N2 was supplied at the top
in the presence of OLight at these wavelengths is not absorbed of the flow channel. The,IN, flow was introduced via the
significantly by b. Excited oxygen atoms and singlet oxygen injector. This consisted of a tube with an external diameter of

molecules were the primary photolysis products 6 mm. It was closed at the end, and th#Nb mixture was
. L injected via 40 0.5 mm diameter holes that were drilled in the
O, + 266 or 248 nm— O('D) + O,(a'A) sidewall. For this arrangement the characteristic mixing length

was about 1.2 mm. The distance from the injector to the center
Electronically excited iodine atoms were subsequently produced of the flow cell could be varied from 1 to 6 cm. The baffle
by the sequence of reactions 13, 5, 6, and 1. The conditionsarms of the flow cell were sealed at the ends by quartz windows.
were chosen such that a small fraction of the O atoms was These assemblies were purged using a slow flow of buffer gas
consumed in the reactions with and 10. (N2 or Ar).

A mass flowmeter (FMA 1814) and needle valves were used
to control the gas flow rates. The cell was evacuated by a rotary

A schematic view of the apparatus used for laser photolysis pump, and the pumping rate was adjusted using a ball valve.
of 1,/Os/Nx(or Ar) mixtures is shown in Figure 1. For experi- Pressures in the fluorescence and absorption cells were measured
ments involving the photodissociation of #85 nm light was using capacitance manometers (MKS Baratron models 622,
produced by a dye laser (Quanta-Ray PDL-2) that was pumped0—1000 Torr and 122 A, €10 Torr). Fluorescence from the
by the third harmonic of an Nd:YAG laser (Quanta-Ray DCR- center of the flow cell was detected by a Ge photodetector (ADC
1A). The laser energy density per pulse usgd4(30 mJ cnr?) 403HS). A long-pass filter was used to block scattered laser
was chosen to photodissociate about 10% of the iodine light. The signal from the photodetector was captured and signal
molecules and a negligible fraction of the ozone. For laser averaged by a digital oscilloscope (Yokogawa DL1520).

Experimental
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Figure 3. 1(?Py,) fluorescence decay curves recorded for variogs O
partial pressures. These curves were obtained using 485 nm laser
photolysis of ¥Os/N, mixtures atPi,: = 17 Torr, P(lz) = 28 mTorr,

Gpur = 0.1 mmole/s,Gizcar = Goscar = 0.24 mmole/s. Symbols are
representative fitted points.

4
Figure 2. Details of the flow cell used to minimize the;@- |, contact 6x10

time: 1, moveable injector for entrance efN, mixture; 2, body of
cell; 3, ports for Q/N, mixture; 4, ports for entrance of purge gas; 5,
entrance window for laser radiation; 6, output window for emission.

4

Decay rate, s

Results and Analysis 4x10

Quenching of 1(3Py;) by Os. Preliminary observations of
the quenching of FPy/») by Oz indicated that the rate constant
was far below the previously reported valtief 1 x 10711 cm?
s In fact, the process was slow enough that quenching by T T
residual Q in the G; stream was found to be a serious problem. 0.0 0.1 0.2 0.3 0.4
I(?Py/2) quenching by @(reaction 2) is an important process in P(O,), Torr
the oxygen lodine laser. Consequ.ently, the rat(_a constant of thlsFigure 4. The I@Py,) decay rate as a function of;@artial pressure
reaction has been measured by different techni¢ié$Based  {or p,, = 17 Torr, P(I,) = 28 mTorr, Gu = 0.1 mMMole/s Gp,car =
on a critical analysis of these data Perfdrecommends a rate Goscar= 0.24 mmole/sT = 295 K.
constant ofk; = 2.7 x 1071 cm® s71,

In the process of collecting ozone, a small fraction of the pulse. The sharp spike at zero time in these traces was caused
unconverted @from the ozone generator was trapped on the by electrical noise from the laser, while the non-exponential
silica gel. A trap-to-trap distillation procedure was used to reduce behavior observed within the first 1@ was an artifact caused
the amount of impurity @ The first silica gel trap was warmed by the response time of the detection system. Decay rates were
to —70°C, and the desorbing gases were eluted, using a slowdetermined by analyzing the> 100 us data. Figure 4 shows
flow of Ar, into a second silica gel trap held atL00°C. Prior a plot of the decay rate versus the @artial pressure. The slope
to each experimental run, the second trap was pumped out (atof this plot defined a quenching rate constantkef= (2.6 +
—100°C) to further reduce the £xontent. The traps used for 0.2) x 1072 cm?® s™1. The error in this rate coefficient was
collection and purification of ozone were housed in a fume hood derived from the random errors of the data set. As the fraction
that was approximatgl8 m away from the flow cell apparatus. of residual Q in the O flow was not determined, our
In principle, G could have been produced by the decomposition measurements could be subject to a systematic error. Therefore
of Oz during transport (via Teflon tubing) from the trap to the this rate constant should be considered to be an upper bound.
cell. However, experiments where this transport time was varied The 1@Py2) decay without added £vas governed by deactiva-
yielded essentially identical results, indicating that decomposi- tion by I, (reaction (4)). The observed decay rate R§O3) =
tion of the ozone in the transfer line was not a problem. 0 was consistent with the well-known rate constant for quench-

Figure 3 shows fluorescence decay curves ﬁﬁljﬂ recorded |ng by l,. This observation was used to validate the assumption
for a range of ozone partial pressures. All other conditions were that the 5 concentration measurement in the absorption cell
held constant, with anyIvapor pressure 28 mTorr, total gas Provided a reliable determination of thecboncentration present
pressure of B = 17 Torr and a temperature of 295 K. The N in the flow cell.
carrier gas flow rates for iodine vapofiGs-and ozone Gs, car Photolysis of G; in the Presence of 3. As noted in the
were both 0.24 mmole/s. The baffle arms of the flow cell were introduction, UV photolysis of @l,/N, mixtures resulted in
purged by N with a flow rate ofGp,r= 0.1 mmole/s. The decay  emission from I§Py,;) due to a sequence of secondary photo-
curves shown in Figure 3 exhibited single-exponential decay chemical reactions. The present work on this system was carried
characteristics, starting approximately 1@0after the photolysis  out with the intention of examining the quenching ofPy,)
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Figure 5. 1(2Py) emission intensity following 248 nm photolysis of  Figure 7. 1(2Py;) emission intensity following 266 nm photolysis of
1,/03/N2 mixtures forP(Os) = 0.24 Torr, Pyt = 17 Torr, and a laser 15/03/N, mixtures at B = 21 mTorr, Ry = 17 Torr, andE = 9 mJ
irradiance of 10 mJ cn?. These traces illustrate the dependence of cm2 The traces illustrate the dependence of the signal on iipadial
the signal on thejlvapor partial pressure: B(l;) = 31 mTorr; 2, pressure: 1P(0s) = 0.55 Torr; 2,P(03) = 0.33 Torr; 3,P(03) =
P(l2) = 13 mTorr; 3,P(Iz) = 6.3 mTorr. The dashed curves are kinetic  0.22 Torr; 4,P(O3) = 0.13 Torr; 5,P(0s) = 0.067 Torr. The dashed
simulations of the data. curves are kinetic simulations of the data.

T " T i T in Figure 6 and 7. Note that these two data sets were recorded
using 248 and 266 nm photolysis, respectively. Measurements
were carried out using a wide range of initial concentrations
and laser pulse energies. In some experiments conditions were
achieved where quenching off,) by a single species, €R),

Os or |, dominated. For example quenching by d@minates

at E < 10 mJcnm?, P(l;) < 20 mTorr andP(Os) = 0.3 Torr
(Figure 5, curves 2 and 3).

Kinetic modeling was used to analyze the time histories of
the 1Py emission signals. The model included all of the
reactions listed in Table 1. The system of differential rate
equations was solved using the FEMLAB 3.1 modeling package.
The initial concentrations of oxygen atoms and singlet oxygen

0.0 0.1 * 0.2 molecules formed by laser photolysis as a function of distance

’ Time, msec ' along the optical path were determined by Beer’'s law using
Figure 6. 1(?P12) emission intensity following 248 nm photolysis of data for the pulse energ, the crqss-sectlon of _the beam<
/05N, mixtures atP(l,) = 21 mTorr, P = 17 Torr, and a laser ~ 0-2 ¢nf) and the ozone absorption cross-sectiogsd = 9.65
iradiance of 22 mJ cn?. The traces illustrate the dependence of the x 1071 cn?, 0248 = 1.04 x 10717, ref 24). As an appreciable
signal on the @ partial pressure: 1P(Os) = 0.57 Torr; 2,P(Os) = fraction of the Q was photodissociated, it was necessary to
0.24 Torr, 3— P(O) = 0.13 Torr and 4~ P(Os) = 0.065 Torr. The take into account the change in the; ©@oncentration that
dashed curves are kinetic simulations of the data. occurred as the laser pulse evolved in time. This was done using

the formulation of Beer's Law proposed by Tellinghuisen et

by OEP). Hence, the conditions were chosen such that only a al3! that takes proper account of the changes in the O
small fraction of the O atoms would be consumed by the concentration and the intensity of laser radiation along the beam.
secondary reactions. The apparatus shown in Figure 1 (with theThe optical baffles in the photolysis cell selected the center of
flow cell of Figure 2) was used for these measurements. O the excimer laser beam, so that the transmitted component of
was photolyzed using either the 266 nm light from the Nd/YAG the light had a near constant intensity distribution over the cross
laser or the 248 nm light from the KrF laser. Figures/show section. Using the FEMLAB 3.1 modeling package, we also
examples of the Py, fluorescence in presence of varying tested the influence of radial diffusion on the predictions of the
iodine vapor pressures (Figure 5) and ozone partial pressurekinetic model. These calculations showed that the effects of

£

~

I("P,,) emission intensity

2

(Figure 6 and 7) following photolysis 0f/0s/N, mixtures. diffusion for our experimental condition®,,; = 17 Torr and
These experiments were carried out under the conditiys observation times 0k0.2 ms, were negligible. The yield of
= 17 Torr, Gur = 0.1 mmole/s and5i,car = Goz,car = 0.12 singlet oxygen for ozone photodissociatiotat 266 nm is in

mmole/s. The iodine emission intensities exhibited the typical the range of 0.850.9032 Excited oxygen atoms dD) were
rise-fall characteristics expected for excitation by secondary rapidly converted into GP) due to quenching by Nreaction
reactions. The rate of 4Py;) generation was governed by (13)). Calculations were made under the assumption that the
reactions 5, 6, and 1, while removal by%0Y, G;, and b defined exited oxygen atoms were relaxed on a time scale that was much
the decay rate. Figure 5 shows the influence of the initial | faster than any of the other kinetic processes considered in the
pressure for conditions where both the rate of appearance andnodel (e.g., in the presence of 17 Torr of tke relaxation rate
maximum concentration of 4®Py;) were dependent on the is 1.4x 10’ s™1). The rate constants used in the model are listed
amount of } available. A laser irradiance of 10 mJ cfwas in Table 1. The rate constants for reactions 10 and 12, which
used for these measurements. Increasing thee@ial pressure are both quenching by 10, were unimportant for the conditions
increased the maximum?2Ry;) concentration, as can be seen of our measurements. The model showed that the removal of
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Figure 8. The dependence of the calculatetPl(;) concentration on Figure 9. The dependence of the calculate#Plf,) concentration on
the assumed value for the rate constant of reaction R(la} = 21 the assumed value for the rate constant of reaction B(laj = 13

mTorr, P(Os) = 0.24 Torr,P = 17 Torr, and a laser irradiance of 22 mTorr, P(O3) = 0.24 Torr,P = 17 Torr, and a laser irradiance of 10
mJ cnt2. In this calculation the rate constant for reaction 8 was held mJ cni2. In this calculation the rate constant for reaction 7 was held
atks = 1.8 x 102cm s atk; =1.2x 102 cm¥sL

IO by reaction 6 was so rapid that it did not survive for long (*Py,) + 03— 10+0,

enough to influence the&p;/,) emission kinetics. Rate constants 2

for reactions 7 and 8 were treated as variable parameters. The (P + O

most satisfactory fit to the entire data set was obtained using and it is reasonable to assume that branching fraction of channel
the rate constants; = (1.2 4+ 0.2) x 10 andkg = (1.8 & IO+0, will be significant. However, in the present study we
0.4) x 1072 cm® s™L. The dashed curves in Figures B show did not investigate the products of reaction 8.

the results from kinetic model simulations. In our calculations ~ The modest rate constant for quenching éPif) by Os,

we used the ozone absorption cross-seatigg= 1.0 x 10717 taken with the relatively low concentrations of &pected from
cn®, taken from ref 24 and a yield for @)) atom production low-pressure €15 Torr) discharge singlet oxygen generators,
of 0.9. The error limits for these parameters are in the rangessuggests that this process will not be an important loss
from 0.9 x 10717 to 1.2 x 10717 cn? for the absorption cross ~ mechanism for the EOIL systems investigated so far. However,
section and from 0.85 up to 0.9 for the yield of'D} atoms. efforts to scale the laser call for discharge generators that work
Figure 8 shows the influence of uncertainty in the absorption at appreciably higher pressures {500 Torr). Under these
cross section on the predicted(fP1,,)] temporal profiles. Here  conditions ozone formation may play a more significant role in
it can be seen that the predicte@Py,) density changes 20% the kinetics. lodine atoms are consumed in reactions 8 and 9,
over the range of values. The uncertaintiessiand the yield ~ which could reduce the gain coefficient in the EOIL system.
of O(*D) atoms are the reason for the relatively high error ranges Compensation for this effect by increasing the initial molecular
for the rate constants; and ks. iodine content would be accompanied by additional energy
consumption for dissociation of the addeadhrolecules. Hence,
reactions 8 and 9 should be taken into account in computational

Discussion models of EOIL kinetics.

The rate constant obtained for the quenching &P.i¢) by The rate constant for quenching off;) by OCP) was in
05 from the kinetic model was 30% smaller than the value agreement with the value obtained in the most recent study of
obtained from the experiments involving photolysis efin the NeO/I/N, photochemistrdf (given the error ranges, the exact
excess @ As the presence of impurity 0n the O stream agreement is accidental), and it is consistent with estimates that

was a potential source of error in the latter, the influence of have been obt%ined from kinetic models of gain and lasing
residual @ on the G photolysis experiments was explored using Measurementst’As noted in ref 19, itis likely that a Landau
the kinetic model. The simulations were found to be insensitive ZENer curve crossing process is responsible for the relatively

to residual @ for fractional concentrations as high as 10% of large value for this rate Qonstant. At this point it is evident that
the total Q flow. This situation occurred because high '(*Pu2) + OCP) quenching was the main obstacle in early

concentrations of @alA) are generated by DOphotolysis, attempts to develop discharge driven oxygen iodine lasers.
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