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Kinetics of NCl(alA) via Photodissociation of CIN
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Kinetic measurements of NClA) metastables produced by the photolysis of chlorine azide JGIN193

nm are reported. High NCItA) density 10 molecules/cr#) production facilitates measurements of the
NCI(a'A) + NCI(a'A) self-annihilation rate. A gas phase transient chemical titration scheme is used to calibrate
absolute NCI(&\) density. The NCI(®\) bimolecular rate coefficient at room temperature is (#.2.9 x
1012 cm?¥/(molecule s) and has a magnitude very critical to the development of an MEHa l(?Ps,) —
I*(2Py) + NCI(X3Z") chemical laser. Despite the large value of the self-annihilation rate, interf&gJ(
emission via transfer from NCKA) is strongly observed when mixtures of @kland CIN; are photolyzed

at 193 nm. Unlike the analogous,@A) + 1(?Ps;z) energy transfer system, the relatively large N&i(a
bimolecular rate constant suggests that N&{jaransport times must be short and will require small chemical
mixing regions for efficient lasing. In addition, the 300 K collisional quenching rate constants of'NLl(a
by R, Clp, and Bp are (2.54 1.1) x 10°%3, (2.94 0.6) x 107, and (1.44 0.2) x 107 cm®/(molecule s),
respectively.

Introduction all0 Similarly, for a successful scale-up of an NCKa-based

laser system, a critical evaluation of NGi{g second-order self-
removal rate must also be determined. In this paper, we report
on the development of a gas phase titration scheme to measure
the absolute NCI(a\) densities obtained from the photodisso-
ciation of CINs. Rate constant measurements for the bimo-
lecular self-removal rate constant of NG9 at high densities

and other species are made. The magnitude of the bimolecular
rate constant and its implications for an NCGHa—1*(2Py)
chemical laser are discussed.

Metastable atoms and diatomic molecules have long been
recognized for their importance as intermediates in atmospheric
and combustion chemistry and in plasma and laser media. For
example, in the near-infrared COIL chemical laser sy&fdime
Oy(a!A) metastable pumps the PRy, — 1(2Ps) lasing
transition at 1.315um through the resonant energy transfer
reaction between §a!A) and ground stated®s,). In this vein,

a considerable amount of attention has been given to the
isovalent NF(dA) and NCI(&A) metastables as energy carriers

in chemical laserd* Of these, the NCI(a\) metastable appears _ )
particularly viable as an energy carrier in a chemically pumped EXPerimental Section
system since NCIfa\) efficiently pumps I1*€Py) via collisions

ith ground state FPsy) in a flow systents The experimental apparatus is divided into three sections: a
WI u 3/2) | W SY: Y

CIN3z generator, an optical diagnostic on the gtiénerator flow,
. and a laser photolysis cell for NCK&) production.
Cl+ N;— NCl(a'A) + N, (1) CIN3 Generator. Access to a large NCItA) density regime
(>10" molecules/cr) is critical in understanding the bimo-
NCI(@A) + 1(?P,,) — NCI(X3Z7) + I*(?P,)  (2) lecular self-annihilation rate coefficient of NCl&). High
densities are produced by the pulsed ArF photolysis of flowing
generating a population inversion between ti®y6—2Psy) chlorine azide mixtures at 193 nm. The most widely used
hyperfine state$. Recently, an NCI(&) to 1(23P5,) energy method for synthesizing chlorine azide is the reaction of chlorine
transfer laser was demonstrated from the photolysis of chlorine 9as with water-moistened sodium azide (Nptleposited on a
azide (CIN) and CHl, gas mixtures at 193 nfh. glass wool suppof Since the duration of these experiments
For NCI(&A) to be practical as an energy source in chemical €xtended well beyond the conventional reactor lifetime-621
lasers, several issues need to be understood. These include th& @ modification to the reactor design was made. The new
generation of high NCI@) densities, determination of absolute  CINs generator is depicted in Figure 1. The generator is
NCI(alA) concentration, identification of NCIA) quenching ~ comprised of two parts: a Pyrex reactor (40 enb cm o0.d.)
species and their temperature-dependent rate constants, total rafnére Ct and water-moistened NaNeact to form chlorine
constant and branching fraction, and the transfer rates to the@zide and a dryer (30 cm 5 cm o.d.) filled with anhydrous
laser candidate species. In the COIL system, the principal c@lCium sulfate to remove water vapor from the giream.
transport issues for singlet oxygen are the(a@\) energy Both the reactor and dryer are jacketed with recirculating water
pooling rate to produce {bX) and second-order removal rates cooled to 5°C. The principal modification to the synthesis is
such as the @alA)—O,(alA) self-annihilation rate. Since these the use of a Pyrex tube, 25 cm long3 cm in diameter, where
rates are smaflthe transport of high concentrations of(&A) upon NaN and C} react to form CIN. The reactor is prepared
to the iodine mixing nozzle occurs over large distances enabling PY laying flat a 1 cmthick x 15 cm widex 25 cm long blanket

high COIL powers of greater than 1 kW as reported by Fuijii et Of glass wool and evenly distributing 45 g of sodium azide
(Kodak, 99.9%) onto the wool and subsequently wetting with

t Currently at TPL Inc., Albuguerque, NM 87120. 5 mL of deionized water (10 K2 resist.ance). The wool is then
€ Abstract published ilAdvance ACS Abstractdfay 1, 1997. wrapped around the Pyrex tube, moistened with 2 mL of water,
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operated at the ArF and KrF wavelengths with a repetition rate
of 0.5—1.0 Hz to allow the replacement of reagent gases before
each laser pulse. The beams were focused into the aluminum
cell, producing laser fluences of 2200 mJ/cr. The excimer
laser energy was measured by a Scientech (Model PHD 50)
energy meter. All emissions were observed &0the incident
laser beam. The NCIH{A) fluorescence was isolated with a
1.075um interference filter (0.0m bandwidth) and recorded
Coolent In —— with a 500 MHz digital oscilloscope (Tektonix TDS 544A).
Spectral scans of the near-IR emission produced by;CIN
photolysis were recorded with a 0.3 m monochromator having
a 1um blazed grating (300 grooves/mm) coupled to a liquid
nitrogen cooled intrinsic germanium detector (ADC Model
Nals (aq) on glass wool 403LS) and processed by an SRS Model 250 boxcar averager.
The fluorine and chlorine gas mixtures used in the titration and
guenching experiments were 5% in helium (Matheson) and 20%
in argon (Matheson), respectively. Gas mixtures of bromine
(5% in helium) for the titration and quenching experiments were

- prepared by evaporation of liquid B¢Aldrich, 99%) into a
Pressure Port— Pyrex storage vessel and diluting the vapor in helium (Matheson,
Coolant Out ~—— UHP). The bromine was purified by a freezgump—thaw
~—— Coolant In

CINg
R

(¢) Dryer Assembly Coolant Out

Anhydrous CaSO,

(b) Pyrex Reactor Tube

cycle before using. Similarly, a 0.5% mixture of @bl(Fluka,
>98%) in helium was prepared for the NCi9—1(2Ps,) energy

(a) Generator Assembly transfer demonstration. Gas flow measurements were made with

1
calibrated mass flow controllers (MKS Model 2258) while
pressures were measured with a capacitance manometer (MKS
! Baratron Model 127A).

5% Cla Optical Diagnostics. Due to a limitation in reactor conver-
Figure 1. Diagram of the CIN generator. (a) Generator housing with ~ sion efficiency, a finite amount of €is entrained in the CIN
Cl, entrance, reactor pressure, and coolant input/output ports. (b)flow. The rate constant for quenchiigf NCI(alA) by Cl is
Insertal?_jle reac:jiotr;1 tutb% whe(;ethmO(i?‘S{tel\rl‘e’?jG Namt_g|aSS wool (is) (1.8 + 0.3) x 1071 cm’/(molecule s) and thus, significant
wrapped aroun e wpe an a reaction occurs. (C H H :
Rearg:rt)or dryer housing with CH\bxi?Zand coolant input/output ports. guenching OT NCI(b.A) by background Glis possible. Hence,
The last chamber is filled with anhydrous calcium sulfate to remove the photolysis (_:eII _mcluded a dual beam ?‘"angement (90 cm
H,O from the flow. path length) forin situ background Gl density measurements
and is shown in Figure 2. A HeCd laser (Omnichrome Series
sprinkled again with 10 g of sodium azide, and then inserted 56, 1 mW power) operated at 325 nm provided the sample and
into the reactor. In this manner, we are able to generate a stablgeference beams. The beams are sent to a 0.3 m monochromator
CIN;3 flow for several hours per day for a period of a week or €quipped with a photomultiplier tube (RCA C31034) and a lock-
longer. in amplifier (Stanford Research Systems, Model 5029) for
Photolysis Cell. Initial NCl(alA) transient emission results ~ detection. The detector response was linear as determined by
were obtained using a simple 6 3 cm aluminum cell fitted the transmission properties of several neutral density filters.
with UV grade fused silica windows and a liquid, Mooled Chlorine absorption measurements made on the; Gtheam
intrinsic germanium detector (ADC, Inc., Model 403HS). revealed variable Glconcentrations ranging from 0 to 30% of
However, this design proved unreliable for several reasons. First,the total CIN; density and were found to be a function of the
considerable background window fluorescence and/or scatterec@mbient factors controlling the synthesis. These include the
light was found to be coincident with the NCls) emissionat  chlorine flow rate and passivation of the reactor and LIN
1.08um produced via 193 and 248 nm photolysis despite the transport surfaces. At high {flow rates (greater than 50 sccm),
use of an interference filter. Furthermore, the background the chlorine residence time in the reactor is too short for
emission was similar in magnitude and decay time to the NCI- quantitative conversion to CiNand thus the optimal reactor
(alA) fluorescence and could not be separated from the NCI- flow and pressure conditions for the G/Nynthesis were a 20
(alA) decay. Finally, the time constant for an intrinsic Ge sccm flow of a 5% Gl mixture in argon (Matheson) at a total
detector is approximately 1Bs, and a significant portion of ~ pressure of 80 Torr. Furthermore, after several days of reactor
the early NCI(A) time decay is lost due to the slow time conditioning the CIN efficiency improved to near unity as no
response of this Ge detector. To eliminate the background Cl2 was detected in the reactor effluent. Because of the high
fluorescence from the NCKA) emission, a new photolysis cell  conversion efficiency of CIyl here, it was deemed useful to
was fabricated and is shown in Figure 2. The photolysis cell record the UV absorption spectrum for calculatingitu CIN3
consists of a 20 cnx 2.5 cm i.d. aluminum tube. The CiN densities and the corresponding fractional dissociation o CIN
reactor flow and guenching gases were injected into the cell from the laser pulse. The UV absorbance spectrum of;CIN
through a 90 cnx 2.5 cmi.d. Pyrex side arm. The background was obtained with a Cary 5E spectrometer. In calculating the
fluorescence was further minimized by anodizing the cell black, UV absorption cross sections, it is assumed that thésGully
inserting light baffles along the laser axis, and using laser converted into CIN such that the Clddensity is 5% of the
entrance and exit Brewster windows. Enhanced N@l(a  total reactor effluent. This assumption is verified by the lack
transient response time was obtained using a S1 photomultiplierof Cl, detected in the effluent as evident from the absorption at
(Hamamatsu R1767, 8% quantum efficiency at 6§ cooled 325 nm. Figure 3 shows the CiMbsorption spectrum in the
to —70 °C. The excimer laser (Questek Series 2000) was region from 180 to 300 nm at a total pressure of 44.5 Torr and
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Figure 2. Diagram of the laser photolysis cell/titration apparatus. BS1 and BS2 are beam splitters, M1 and M2 are mirrors, NDF is a neutral
density filter, andyp is the phase angle of the sample and reference beams.

7 vibrationally excited M(X,»).12 Since the KrF/ArF photolysis

1 of CIN3 produces NCI(®\) via the chain reaction of )X,v)
] with undissociated CIN812 it was necessary to examine the
5 effect of secondary chemical processes within the photolysis
medium. Figure 4 shows a comparison of the N&i(a
X33¥7),=o time decay resulting from the 193 and 248 nm

6

5 ] photolysis of CIN. The 248 nm induced photolysis exhibits a
slow NCI(&A) time decay lasting for many milliseconds. In
2 the context of the chain decomposition of GJkhe long decay

here is suggestive of the removal of GlNy Nx(X,») and the
subsequent regeneration of NGIa. In contrast, the 193 nm
photolysis produces a relatively rapid time decay of several
hundred microseconds. To determine the magnitude of the NCI-
160 180 200 220 240 260 280 300 320 (aA) chain formation at 193 nm, experiments were conducted
by varying the laser intensity and initial CiNdensity and
observing the tail of the NCI{&) decay profile. In particular,
the effect of changing the ArF intensity on the time decay of
NCI(atA) at two widely different laser fluences of 143 and 14
mJ/cn? was studied. At the higher fluence, more(X.,v)

a path length of 15 cm. The spectrum gives an absorption cross A . ; .
section of 2.6x 10-8 crr? at 193 nm and 1.5 10-18 crr? at should be formed and a significant enhancement in the intensity

248 nm. An on-ine FTIR spectrometer (MIDAC, Model of the NCI(dA) tail region should be seen. However, we
M1210, 2 cnt resolution) continuously monitored the GIN observed for the high-fluence case no appreciable enhancement
density prior to its injection into the photolysis cell using the in the mFensny of thg tail rellatlve.to the. low-fluence case, thug
asymmetric stretch of Nat 2060 cm. Quantitative CIN suggesting the chain chemistry is minimal under these condi-
measurements in the IR were obtained by calibrating the N tions. Similar results were obtained for different Gld\ensities
asymmetric absorbance to the UV absorption at 250 nm. Figure&t constant fluence. Thus, to simplify the kinetic analysis here
3 reveals a value of 1.5 1078 cn? at 250 nm and is used to e 193 nm photolysis wavelength is utilized.

Abs. Cross Section (10"I8 cmz)

o
N

Wavelength (nm)

Figure 3. Ultraviolet absorption spectrum of CiNpath length 15
cm, 5% CIN; in Ar, total pressure 44.5 Torr).

infer an IR absorption cross section of 4910719 cn¥ at 2060 NCl(a'A) Bimolecular Self-Annihilation Rate. The decay

cm L. Typical photolysis cell densities werex1 10! molecules/ ~ Of NCI(a'A) is initially treated using the following kinetic

cm?® of CIN3 mixed with an Ar carrier gas density of 22 scheme:

107 atoms/crd NCI(a'A) — NCIOCE ) + hw (1.08xm)  (3)

Results and Discussion NCI(a'A) + NCI(a*A) — products 4)
CIN3 Photolys_is. Fo_r the laser fluences available a su_bstantial NCI(al A) + CIN, — products (5)

amount of undissociated CiNis calculated to exist in the

photolysis volumé? For example, up to 75% of the initial CiIN NCI(a'A) + Cl, — products (6)

remains after photolyzing the sample with a laser fluence of ) e

134 mJ/crA. In addition, the 193 and 248 nm photolysis of NCI(@'A) + Ar — NCI(X°Z") + Ar (7)

CIN3 liberates more energy than is required for NEXR Reaction 3 is the radiative decay of NCIfg to its electronic
productiont* It has been postulated this excess energy producesground statek, ~ 0.7 s'1, and is negligible compared to other
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Figure 4. Time profile of the NCl(a-X),—o emission produced by 193
nm photolysis of CIN. Photolysis conditions: laser fluenee67 mJ/
cn?, CINz density= 7.4 x 10" molecules/cr# total pressure 4.6
Torr. (b) Time profile of the NCl(a-X),=o emission produced by 248
nm photolysis of CIN. Photolysis conditions: laser fluenee280 mJ/
cn?, CIN; density= 6.0 x 10'® molecules/cr# total pressure= 5.2
Torr.

removal rates in this systeth. The bimolecular reactions 4 and
5 represent the NCIfA) self-removal and residual CIN
quenching. The absorption measurements of for the
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Figure 5. Plot of 1/NCl(a) intensity vs time illustrating a complex
NCI(a) decay profile.

constantk’;, and the integrated solution of reaction 8 follows:

_ K, INCI@)],
expK ) (K[NCl(@)], + k') — K[NCI(@)],

1(®) )

wherel(t) is the observed NCI{a) intensity at timet and [NCI-
(@))o the initial intensity of NCI(&A) att = 0.

Because of the presence of a mixed second-order component,
a simple second-order treatment to obtain the bimolecular self-
annihilation rate constant is precluded. Indeed, Figure 5 displays
a second-order plot of 1/ NCHKA) intensity vs time and clearly
shows the presence of a complex decay. To determine the
bimolecular rate constants andk',, the NCI(&A) intensity
must be calibrated to absolute number densities. A gas phase
titration of NCI(dA) by Br, was used to measure absolute
densities and is discussed in detail in the Appendix. This
method involves quenching the NCIfg fluorescence to zero
intensity with known amounts of an added quencher. At zero
intensity lies the end point where the amount of added quencher
equals the initial NCI(®) density. An NCI(aA) titration by
Br, is presented in Figure 11. The titration is collected under
the photolysis conditions described in Figure 4a. A least-squares
fit to the linear portion of the plot and extrapolation to the Br
axis gives an intersecting end point of (240.2) (20) x 10'
molecules/criwhere the uncertainty represents the accumula-
tion of error from the least-squares fit and determining the titrant
number density from mass flow calculations. Several N@ljfa

conditions described in Figure 4a indicate the chlorine concen- titrations were performed at various GlNlensities and are

tration is small (less than 10% of the GlNand process 6 can

summarized in Table 1. Using these titration data, an overall

be ignored. Similarly, the quenching by the reactor carrier gas conversion efficiencyd) of NCl(a'A) density produced per CEN
Ar is slow, k = 10715 cm¥/(molecules s), and process 7 can be dissociated can be calculated from the following= NCI-

disregarded? Lateral diffusion may also affect the observed

(@A)J/([CINg]; — [CIN3]o), where NCI(8A)o is the initial density

decay of NCl(a), but at total pressures above 2 Torr the from the titration, [CIN]; is the initial starting CIN density

diffusional losses become sm&ll. Thus, the loss of NCI{&)

before the laser pulse, and [Glis the residual CINdensity

is reduced to a system of concurrent second-order and mixedafter the laser pulse. Accordingly, an average N®&\jayield

second-order decays described by reactions 4 and 5:

_ 1
w = lINCI(@A)]* + K,INCI@A)][CINS (8)

where k; is the second-order rate coefficient for the self-
annihilation of NCI(8A) andk', is the removal of NCI(®\) by
collisions with undissociated CEN In this model, the quenching
of NCI(a'A) by residual CIN is treated as a physical process,
NCI(aA) + CIN3 — NCI(X3Z") + CIN3, where the amount of
residual CIN remains constant with respect to NG Thus,
the product ofk’, and CIN; is combined into a single rate

of 60 £ 18% is obtained.

The extraction of the second-order rate constants is obtained
through a nonlinear least-squares fit of eq 9 to the observed
decay profile in Figure 4a. The error analysis in Figure 6 clearly
shows the data are not well described by the concurrent second-
order decays of reactions 4 and 5, indicating a significant decay
contribution from an unknown source. The NCKa emission
in Figure 4a is comprised of two distinct decay components: a
fast decay of several tens of microseconds followed by a slower
decay of several hundred microseconds. A complex decay as
shown here sometimes signifies the presence of a multicom-
ponent decay attributed to several simultaneous and independent
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TABLE 1: Summary of Titration Data and Second-Order Rate Constants

initial CIN3 titrated NCI(dA) ko (NCI(alA)) K5 (CIN3)
titration (molecules/cmd) (molecules/cmd) (cm¥molecule s) (cm?/molecule s)
1 1.2x 10 (2.8+£0.2) x 10' (7.240.9) x 10722 (6.8+£1.7)x 10713
2 7.1x 1015 (2.2+0.6) x 10 (6.1+0.8) x 10712 (7.6£1.9)x 10713
3 7.4% 1015 (2.4+0.6) x 10' (7.5+0.9) x 10722 (5.7+£1.4)x 10713
4 4.9x 10 (2.3+£0.3) x 105 (8.0+ 1.0)x 107 (1.4+0.4) x 1022
5 2.0x 105 (8.2 2) x 104 (7.0£0.9) x 10712 (2.7+£0.7)x 10713
av (7.2+0.9) x 10722 av (7.4+4.7)x 107
07 (0,0)

056 -
05 -
0.4 -
0.3 -

(8]
02

Intensity (arb. units)

0.1 4

0.0
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[ —

-0.1
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Figure 6. Nonlinear least-squares fit (solid line) of the model described
by eq 9 to the observed NCI(a) decay)(in Figure 4a. The lower
trace is the residual analysis of the least-squares fit.

processes. Since the photolysis of gi&t 193 nm produces
nitrogen metastables and is exothermic enough to prodgce N
(BI1) directly!! a spectral scan of the near-IR emission was = : . ,
performed. The presence of nitrogen metastables was confirmed 1095 LSS Lo7s 1068

by the observation of the (0,0) band of the first positive N ) wavele_"gm (k) o

(T, ~ A" system near .04 To check for NIy FUS T Seesium o s T et cmissr poskess o e
emission In th? vicinity of NCI(&), a spectrum in the (a'A—X3Z") transition are identified. An unidentified spectral feature
wavelength region from 1.06 to 1.096m was measured as oy 1.085:m is observed.

shown in Figure 7. The spectrum was recorded with asCIN

density of 5x 10 molecules/crhat a 1us delay with a gate 07
width of 1 us on the boxcar integrator. The spectral bandwidth
of the monochromator was 2 nm. The presence of the (1,1)
band of NCI(@A) at 1.069 um suggests that NCHA) is
produced with vibrational excitation. The broad spectral feature
near 1.085um is unidentified. In the first positive system, the
(4,5) band of N(B3I1g) emits at 1.074:m and, thus, overlaps
with the (0,0) of NCI(8A) at 1.077um. If the (4,5) band were
present, other nearby transitions such as the (Z,3) (1.14

um) and (3,4) £ =1.11 um) bands may also be evident.
Spectral scans were made in this region, but the presence of
the (2,3) and (3,4) bands was not observed. However, we note 0.0 1
the Franck-Condon factor® for these transitions are much o
weaker than the (4,5) band (the 3,4 band is a factor of 10 less ' 0 200 400 800 800 1000
than the 4,5 band), and thus, their emission may be so
diminished that they lie below the detection limit of the system.

Whether the fast decay component is nitrogen first positive or independent first-order and second-order decay described by eq 10 to

some other unidentified process, we treat it as an independentye gpserved NCI(a) decapy in Figure 4a. The lower trace is the
first-order decay. In this regard, the kinetic model described residual analysis of the least-squares fit. A value of (Z.9) x 10-12

by eq 9 was modified by adding to it an independent first-order cm®¥(molecule s) for the NCI(a) bimolecular self-annihilation rate

| |

0.6
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Figure 8. Nonlinear least-squares fit (solid line) of the sum of an

decay of the formi’(t) = I'(t)o exp(—kit): constant and (5.7 1.4) x 10 cm?/(molecule s) for the CIN
quenching rate constant are obtained. The independent first-order rate
K, INCI(@)], constant is 2.0x 1° s™%.
I(t) = ,
expK ) (INCI(@)], + K1) — k[NCl(@)], Figure 8 shows a nonlinear least-squares fit of the independent

I'(t)g exp=k,t) (10) first- and second-order decay model to the N&\(gtime decay
in Figure 4a. Shown with Figure 8 is the residual analysis and
wherel'(t)o is initial intensity of the fast decay component and suggests the model accurately accounts for both the independent
ki is the first-order rate constant. first-order and second-order NClf®) decays. Accordingly, a
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TABLE 2: Summary of the Parameter Contribution for the
NCl(alA) Decay Model

parameter rel % of obsd decay
[NCl(a'A)lo 56.2
K1 6.0
ko 35.5
10'(t) 0.3
ke 2.0

2 These values are obtained by calculating the range of the minimum
and maximum partial derivatives of a parameter, multiplying the range
by the fitted parameter value, and normalizing to 100%.

value of (7.54 0.9) (20) x 10-12cm?/(molecule s) is obtained
for the NCI(dA) self-annihilation rate constant, (5 1.4) x
10713 cm?/(molecule s) for the Cltlquenching rate and 2.0

10° s71 for the fast first-order decay componert,. The
uncertainty in each rate constamk @ndk';) arises from the
accumulated uncertainties from the titration (see Appendix), the
residual CIN density, and the confidence intervals from the
least-squares fit. The largest source of error for the residual
CIN3 density stems from the measuring the fluence (in particular,
the beam areat-25%). The coefficient of determinatio® for

the data shown in Figure 8 is 0.998. However, eq 10 is a five-
parameter fit to the observed NCIfg) decay. Because of the
large number of adjustable paramete?ss not necessarily the
best figure of merit for the kinetic model. A sensitivity analysis
of the parameters in eq 10 across the intergitye domain in
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Figure 9. (a) Time profile of the KP12—2Ps2) emission from the 193
nm photolysis of only Chl,. Photolysis conditions: laser fluenee
210 mJ/cm, CHl, density= 2.2 x 10'* molecules/cri (b) Time
profile of the 1@P1,—2Ps/;) emission from the 193 nm photolysis of a
mixture of CHl, and CIN;. Photolysis conditions: laser fluenee210
mJ/cn?, CHyl, density= 2.2 x 10" molecules/crfy CIN; density=

7.8 x 10 molecules/crh The intense feature at short times in (a) and
(b) is believed to be,(B3Il, — X!=og) emission. The AP —2Psp)
emission was isolated with an interference filter at 1.34B and
observed with an intrinsic Ge detector (77 K).

which NCI(dA) radicals decay by simple homogeneous and
mixed bimolecular reaction pathways.
Photolysis of CH,lo/CIN3 Mixtures. The rate constant for

Figure 8 is perhaps a better test of model accuracy. Table 2 isthe pumping of RP.) by NCI(&8A) is (1.8 + 0.3) x 1071

a summary of the parameter influence across the entire NCI-
(aA) decay. The values are expressed as a relative percentag

of the entire NCI(8A) decay and illustrate the magnitude a
particular parameter has on the overall time decay. Each
parameter contributes significantly to the overall decay, sug-
gesting the model adequately describes the loss of NE)(a

the system. Several bimolecular rate constant determinations,

were performed with the results summarized in Table 1. The
average NCI(®\) self-annihilation rate constant is (7420.9)
x 10712 cm¥/(molecule s). The NCI{&A) bimolecular self-
removal rate was first addressed by Benard and co-wdrkers
in a study of the thermal decomposition of GlNto NCI(aA).
A value of 8 x 10712cm?/(molecule s) for the self-annihilation
rate constant was obtained by calculating the yield of N@l(a
from emission intensities and known Einstéincoefficients.
Due to the uncertainty iA, the rate constant is an approximate
value; however, it is not inconsistent with the rate constant
reported here. The magnitude of the N&Xaself-annihilation
rate is also comparable the analogous NE&)aelf-removal rate
constant of (5 2 x 10712 cm®/(molecule s) reported by Du
and Setsel®

The NCI(&A) bimolecular self-removal rate in reaction 4
describes a process in which the NGXaradicals are removed

cm’/(molecule s To assess the magnitude of the bimolecular

8elf-removal rate constant measured here in relation to the

[(2Py/2) pumping rate by NCI(&\), a mixture of CHl, and CIN
was prepared and photolyzed at 193 nm. We note the branching
fraction of ground state 4P;;) from CHgl, is = 0.95 at the
193 nm photolysis wavelengifi. Further, Ray and Coombe
have concluded that the secondary photolysis;Id#l not a
significant source of APy;) emission at 193 nm. Figure 9a
shows the RPy;) emission time profile resulting from the
photolysis 193 nm of only CHi, at a density of 2.2« 10*
molecules/crhiand a laser fluence of 210 mJ/&mThe rapid
and intense spike in Figure 9a at short times (within thed5
detector time constant) arises from g photolysis and is
identified as #(B3I1, — XZog) emissiont® Figure 9b shows
the 1@Py;) emission time profile under the same photolysis
conditions but with the addition of 5.% 10'> molecules/cri

of CINs. The time profile shows a promp(B3I1,) spike
followed by a rise and a slow decay of significantly enhanced
I(2Py2) emission over several hundred microseconds due to the
collisional pumping by NCI(®&\). A nearly 3-fold increase in
the 1@Py,,) emission intensity over that of just GH photolysis

is observed. Clearly, despite the relatively rapid N&\(a-
NCI(aA) self-annihilation rate, the APy;) pumping by NCI-

via chemical reaction. The “products” of the self-quenching (a*A) remains a dominant process.
process are many, and numerous energetically available products

are possible including 2Ct+ Na(v), NCl, + N, and 2NCI(X).
The energy pooling reaction, 2NCl®) — NCI(b=") +
NCI(X3Z7), is another possible channel for NG9 self-
removal. No attempt was made to quantify the pooling process;
however, the analogous NF{§) pooling reaction is a minor
component of the total self-annihilation reactiSand most of

the self-removal of NCI(\) is probably due to chemical

Summary and Conclusions

The second-order decay kinetics of NGHa resulting from
the pulsed 193 nm photolysis of GJNvas studied, and a gas
phase transient titration scheme calibrated the absolute NCI-
(atA) densities. Using these absolute N&adensities and a
kinetic model that accounts for the second-order time behavior

processes. Although reaction 5 is treated as a simple quenchingf NCI(alA), the bimolecular self-annihilation rate constant of

process, NCI®\) + CIN3 — NCI(X3=Z") + CINg, other
chemical processes can be drawn for five in whici{eiNor
NCI(a'A) is regenerated, for example, NCligg + CIN3 — NCI-
(a'A) + NCI(X3Z7) + Nx(v). However, the 193 nm photolysis

NCI(aA) is found to be 7.2 0.9 x 10712 cm®/(molecule s).
Despite the rapid self-removal rate, intens#®if) emission is
still observed when mixtures of GH and CIN; are photolyzed
at 193 nm. The significant NCItA) bimolecular rate constant

results presented here are consistent with a kinetic model insuggests the transport of this metastable in chemical laser
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systems must be short unlike the COIL system where the O Previous mass spectroscopic studies by Clyne &t ah the
(atA) bimolecular ratgis slow,k = 5 x 10717 cm¥/(molecule NCI(atA) + Cl, reaction demonstrate the rapid production of
s), and facilitates long transport times and efficient extraction NCI, and Cl, whereas the reaction between ground state NCI-
of the metastable energy. Thus, an N&\gbased system  (X3%) and C} is unreactive. More recent studies by Du and
would necessitate a short mixing region to overcome N@l(a Setsef® and Ray and CoomBghave focused on the mecha-
self-annihilation losses. Future work will be directed at nisms of the NCI(8A) + Cl, and NF(3A) + Br, reactions.
measuring the effects of high temperature on the self-annihilation They have shown these reactions to proceed chemically through
process, the NCIfa) + 1(?Ps;) energy transfer reaction, and  an insertion step (established through correlations of measured
the quenching of NCI{&). rate constants and ionization potentials) to form a vibrationally
excited amine-like intermediate followed by dissociation:
Acknowledgment. This work is supported by the Air Force

Office of Scientific Research. NCI(a'A) + Cl, — NCl;* — NCl, + Cl (A.4a)
Appendix — NCI(X) + Cl, (A.4b)
NCl(a'A) Titration. Second-order rate coefficients require

knowledge of the absolute concentration of the reactants. INNF(a'A) + Br, — NFBr,* — NFBr + Br (A.5a)
photolytic studies as those presented here, the absolute densities

are typically obtained by a transient absorption measurement. — NBr(X) + BrF (A.5b)
However, the NCI(BA — X3=7),— transition occurs at 1.08

um and makes the absorption measurement difficult. In this — NF(X) + Br, (A.5¢)

respect, a gas phase quenching titration was developed to ) ) )
measure absolute NCKa) density. The method involves Indeed, no evidence for physical E to V quenchfngis seen

photolyzing CIN to produce NCI(3A): in the quenching of NCI¢&\) by Cl, and NF(&A) by Cl, and
Br,. Since the product analyses of reactions A.4 and A.5 suggest
CIN, + hw (193 nm)— NCI(a'A) + N, (A.1) the dominant pathways are channels A.4a and A3ait is

reasonable to presume the analogous chemical reaction occurs
— NCIB'S") + N, between By and NCI(&A):
NCI(@'A) + Br, — NCIBr,* — NCIBr + Br (A.6)
— NCI(X3Z7) + NL(A’2")
In light of Figure 4, it appears that some of the NCia is
The NCI(&A) fluorescence is quenched or titrated by the removed by secondary reactions. As such, the titrant quenching
addition of a known amount of quencher;:Q rate constant must also be very large (that is, a reaction on nearly
every collision) with respect to all other loss channels. This
NCl(a'A) — NCI(X*2") + hw (2.08um)  (A.2) ensures that eq A.3 is completed at any reaction time and
essentially all the NCIf&\) is removed through the QF NCI-
NCI(@'A) + Q,— NCIQ+Q (A.3) (a*A) reaction channel.
To more fully understand and gauge the utility the titration
The NCI(a) intensity is then monitored at various reaction experiment, measurements were undertaken to obtain ghe F
times after the laser pulse. However, due to the presence ofCl,, and Bg, quenching rate constants for NClg. These
the fast decay componerk & 2 x 10° s71), the titration data experiments were performed by recording the time history of
were not collected until at least 1&s of reaction time had  NCI(a!A) resulting from the 193 nm photolysis of GIN
transpired. The amount of added quencher to titrate the NCI- quencher mixtures. We note the photodissociation of these
(a%A) intensity to zero is taken as the initial NCY{(g) species at 193 nm is expected to be small since the absorption
concentration in the system. A scaling factor (in units of V cross sectior?$ are about 16%° cn?. The CIN; density was
cm®/molecule) is derived from the ratio of the peak fluorescent held at a constant value, and variable amounts of quencher gas
NCI(a*A) amplitude (in V) to the titrated NCI{a) density were added in a large,4L0-fold excess over the NCHA)

(molecules/crf) and converts the observed NCig amplitude density to maintain pseudo-first-order kinetics. Care was taken
to a number density. To determine the second-order rateto minimize the effects of the NCHA)—NCI(a'A) bimolecular
constank,, a nonlinear least-squares fit of an NGl kinetic rate by reducing the laser fluence to 65 m¥and the CIN

model to an NCI(8\) time profile is performed. The rate  density to less than 1.5 10'® molecules/crh Figure 10a shows
constant is extracted (in"V* s71) and is converted to a second a time history of NCI(&\), indicating the presence of a fast
order rate constant by applying the scaling factor. ThesCIN decay element of a fews followed by a slow decay component
quenching rate constarkp, is obtained by dividing the fitted  of several tens of microseconds. In accordance with the
value ofk'y (in units of s'1) by the residual CINdensity. The previous observation of a fast independent first-order process,
accuracy of titration is contingent on accurate measurementsthe decay curves were fit to a sum of two independent first-
of the titrant density (the mass flow uncertainty4$%) and order decaysl(t) = I'p exp(—t/t') + lp exp(—t/z), where 1
the absence of secondary chemistry since competing reactionsand 1t are the rates for the rapid and slow decay components,
between the added titrant and the(AB=",), NCI(b'="), and respectively. The NCI{) quenching ratesk (s™1), were
NCI(X3Z") photoproducts would skew the titration to higher obtained from a least-squares fit of the slow decay component
end point values. However, the photolysis yiéld8 of these and are plotted as a function of quencher densgynilecules/
species are smalk(1%), and any secondary reactions with the cm?), 1 = ki[Q2] + ko, wherekg is comprised of contributions
titrant are not expected to occur. from quenching by Gland CINs and the radiative decay of
Several requirements must be met for a successful titration. NCI(alA). Since the radiative rate of NCKA) is smalll® its
First, reaction A.3 must proceed chemically so that the amount contribution to the decay is negligible, and decay rates gt [Q
of titrant consumed can be directly related to NEXpdensity. = 0 are largely due to residual CiMind any background ¢l
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Figure 10. (a) A least-squares fit of two first-order independent decays Figure 11. Comparison of a Brtitration for the initial NCl(a) density
of the forml = Iy exp(—t/t') + lo exp(t/z) to an NCl(a-X) - time using fixed reaction time and time-integrated intensity methods resulting
decay where ¥ and 1t are the rates for the rapid and slow decay from the ArF photodissociation of CNPhotolysis conditions: laser
components, respectively. Photolysis conditions: laser fluen&s fluence= 67 mJ/cr, CIN; density= 7.4 x 10" molecules/cr#y total
mJ/cn?, initial CIN; density= 1.6 x 1015 molecules/cr?) total pressure ~ pressure= 4.6 Torr. The end point is obtained by extrapolation off the
= 2.3 Torr. (b) Stera-Volmer plots quenching of NCI(a) by®( Br, linear portion of the titration plot to the Brxis. (a) Fixed reaction
(O) Cly, and @) F, for the slow component. The solid lines drawn times: @) = 15us, (O) = 100us. An average titrated initial NCl(a)
represent a least-squares fit to the slow decay data. density of (2.4+ 0.8) x 10" molecules/crhis obtained. (b) Time-
integrated intensities. A titrated initial NCl(a) density of (2:40.2) x
TABLE 3: Quenching Rate Constants for NCI(a!A) and 10> molecules/crhis obtained.
NF(@'a) in 10°** cm? molecule* s* clarity. The titration is collected at an initial CiNlensity of
halogen NCI(&A)?2 NCl(atA)® NF(aA)° 7.4 x 105 molecules/criy a laser fluence of 67 mJ/&rand a
F, 25+1.1 0.32+ 0.03 total pressure of 4.7 Torr. The end points are obtained by
Cl, 290+ 60 180+ 30 5.8+ 0.6 extrapolation off the linear portion of the titration plot to the
Brz 1400+ 200 380+ 60 Br, axis. Accordingly, the initial NCI(&\) density for the 15,
l2 1500+ 200 100, and 20Q:s reaction times yields equal end poirtsi6%)
aValues obtained in this work.Reference 12 Reference 23. of 2.6 x 105 2.7 x 105, and 1.9x 10 molecules/cr

respectively, and thus Bis deemed a valid titrant. However,

quenching. SteraVolmer treatment of the slow decay com- we find the intensity data too weak and noisy at reaction times
ponent for the collisional quenching of they = 0 band of greater than 30@s for an accurate extrapolation. To avoid
NCI(aA) at 1.08um by R, Ch,and Bs is shown in Figure this limitation, an alternative approach to titrating the initial NCI-
10b. The rate constants are determined from a least-squares fi{a'!A) density is made by fully time integrating the NCi9
to the data as indicated by the solid lines. These values areintensity profile as a function of added Bitensity. The NCI-
summarized in Table 3 along with a comparison of the (a'A) density,N, is proportional to the intensity of NCRA),
guenching of isovalent NFtA) by these species. The value Inc), and itsA coefficient,Iyc; O NAor Ingr O N. The product
for Bryis (1.4+ 0.2) () x 1071°cmd/s and suggests thatBr  Incir gives is the integrated NCKA) density. As a quencher
is a very rapid quencher of NCKA). Quenching by Glis is added, the product of the lifetime and the intenslity ) is
(2.9 £ 0.6) () x 101 cm¥(molecule s) is also rapid. reduced in proportion to NCI{A) density. Figure 11b il-
However, only the magnitude of the Brate constant can lustrates the experimental time integrated titration with an end
provide the necessary quenching characteristics in view of thepoint of (2.4 & 0.4) x 10 molecules/cri and compares
secondary loss channels of NG in this system. favorably to the fixed point titrations of 15, 100, and 2@9in

Figure 11a shows a consistency check for thetBration at Figure 1la. In determining the bimolecular self-annihilation
two reaction times of 15 and 10@s. A third titration at a rate constants above, we adopted the time-integrated intensity
reaction time of 20Q«s was also performed but is omitted for method for measuring the initial NCKA) density.
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