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SUMMARY

We have studied the excitation of the IF(B3H0+) state in energy
transfer reactions of NZ(A3Eu+) and the effluents of microwave discharges
through argon/nitrogen mixtures with IF(x't*). These studies were carried out
in a discharge-~flow reactor in which the N3;(A) was made by energy transfer
from Ar(3P0,2) to Ny, the.argon metastables having been produced in low-power,
hollow-cathode, d.c. discharge. The IF was made in a side arm of the flow
reactor in the reaction between F and CF3I. The major species diagnostic in
these experiments was spectral observations between 200 and 700 nm. Air
afterglow measurements at 580 nm in the presence of known quantities of O and
NO calibrated our system for absolute photon emission~rate measurements.
Relative vibrational-level populations of the various emitters in the reactor
were determined by least-squares fits of synthetic spectra to the

experimentally measured spectra.
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\\\
We studied the production and loss of IFﬁin our flow system using a
laser~induced fluorescence diagnostic for measuring IF number densities. We
related the production of F-atoms to the residence time of CF4: in the
microwave discharge and found a yield of about 0.3 F-atoms per CF;'molecule
under typical operating conditions. We identified flow conditions that
produce complete reaction of CFéI in the injector and showed that a negligible
amount of IF is destroyed in the injector under these conditions. Some loss of
IF in the main flow tube was found at low flow velocities; however, this loss
appeared to be negligible at higher velocities and permitted us to operate in a
regime where IF number densities were directly related to the amount of CF;I
flowing into the injector. We also found that operation of the injector using
excess CFSI resulted in the deposition of an optically opaque thin film on the
reactor walls. This required us to operate in excess F-atoms and eliminated

the need to measure absolute F-atom number densities. Lo g
_— AU

Our experiments show that the energy-transfer reaction between
N2(a32,*) and IF(X':*) is extremely rapid (kiopa; = 2.0x10~10 cm3 molecule-'s~1)
and that 40% of the quenching collisions result in IF(B) photons. The reac-
tion populates IF(B) vibrational levels up through v'=9 and produces v'=0-6
with about equal probability. The vibrational distribution relaxes rapidly,

iii
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~
;: however, in collisions with the reactor bath gas even at pressures of a few
- torr. The vibrational relaxation rate coefficients for levels 3-6 of IF(B) v
o are about 3x10~12cm3 molecule"s“, with levels 1 and 2 being a little slower.
;; Our results indicate that any differences in IF excitation between N3(A) v'=1
.E and v'=0 are small (kyi=i/ky'=p € 1.2). Electronic quenching of the IF(B) at
- higher reactor pressures did not appear to be significant. 1In addition to
measuring the kinetics of the reaction between N3(A) and IP, we also measured
quenching~-rate coefficients of N,(A), by CF3I, CF4, NF3, and SFg.
Active nitrogen, created in microwave discharges in Ar/N; mixtures,
also excited IF(B) strongly when ground-state IF mixed with it. A 2000 K
f, Boltzmann distribution characterized, roughly, the vibrational distribution from
- this reaction. The primary species in the active nitrogen responsible for the
;' IF(B) excitation appeared not to be N3(A), but perhaps Ny(X, v>>0).

iv
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1. INTRODUCTION*

Iodine monofluoride (IF) and other interhalogens have been the subject
of considerable interest in recent years because their compressed electronic
energy manifold and intense radiative transitions cause these molecules to
exhibit visible lasing action. For example, the "blue-green" emission,
D'(3H2) *> A'(3H2), of IF has been studied extensively for application in

short-wavelength, gas-discharge chemical lasers (Ref. 1).

Recently, interest has also focussed on the B(3H0+) +» X('t*) bands of
the interhalogens. 1In an elegant series of papers, Clyne and coworkers
studied the radiative and collisional properties of IF and BrF (Refs. 2-7).
Clyne et al. showed that these species were highly suitable for forming an

+1 B 3> V 4+
. i

laser coperating on the B » X
upper states have short radiative and long quenching lifetimes (Refs. 2-7).

In parallel with this work, Davis and Hanko, using a pulsed dye laser to
excite ground-state IF formed in an I5/F, flame, demonstrated optically punped
lasing on the IF(B + X) transition (Ref. 8). Optimal chemical (kinetic) reans

for pumping the IF(B) state remain to be determined.

More than a decade ago, Clyne et al. studied the three-body recombin-
ation of I with F, and noted extensive enhancement of the IF(B » X) emission
upon adding 02(1A, 1) to the reacting mixture (Ref. 9). Recently, Davis and
coworkers demonstrated and examined the enhancement of IF(B) emission from the
1,/F3 system upon introducing 02(1A) and 02(12) (Ref. 10). In these experi-
ments, 02(1A) rather than 02(12) appeared to be responsible for the IF(B)
enhancement. In the absence of Op*, IF(B(v)) distributions were relatively
cold, extending only to about v = 4 - 5., Adding O3* greatly enhanced the
B + X emission intensity, with up to ten vibrational quanta excited in the
B state. Subsequent work by Davis and coworkers shows even stronger IF(B)
excitation when the effluents of microwave discharges in He/N; mixtures inter-
act with the I,/F; mixing zone of their reactor (Ref, 11). They did not iden-
tify the species in their active nitrogen that was responsible for the IF

excitation.

*The inclusion of names of any specific commercial product, commodity, or ser-
vice 1in this publication is for information purposes only and does not imply
endorsement by the Air Force.

1
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The present study examined the feasibility of enhancing IF(B + X
cheniluminescence by energy-transfer processes between a number of nitrogen-
containing metastable species and ground-state IF. Candidate metastables in-
cluded No(A 3r,*), Np(X, v), NH(a 'A,b 't*), Ncl(a 'a,b '£*) and N(2D, 2P),
all of which can be produced by chemical means (Refs. 12-16). Preliminary
results on N,(A) and active nitrogen were so exciting that the program focus-

sed on these systems.

Our experiments show that the energy-transfer reaction between
No(A 3z,*) and IF(X 't*) is extremely rapid (kygpay = 2.0 x 10-10 cm3
molecule~ls~1) and that 40% of the quenching collisions result in IF(B) pho-
tons. The reaction populates IF(B) vibrational levels up through v' = 9 and
produces v' = 0 - 6 with about equal probability. The vibrational distribu-
tion relaxes rapidly, however, in collisions with the reactor bath gas even at
pressures of a few torr.? The vibrational relaxation rate coefficients for
levels 3-6 are about 3 x 10~12 cm3 molecule~! s-1, Although we did not study
it explicitly, electronic quenching of IF(B) in our reactor must have been
mich slower because we observed strong IF(B) excitation by Nz(A' at pressures

up to 10 torr.

Active nitrogen--created in microwave discharges in Ar/N; mixtures--
also excited IF(B) strongly when ground-state IF mixed with it. A 2000 K
Boltzmann distribution characterizes roughly the vibrational distribution from
this reaction. The primary species in the active nitrogen responsible for the

IF(B) excitation appeared not to be N3(A), but perhaps Na(X, v >> 0).

* 1 torr - 133.3 Pa




2. EXPERIMENTAL

2.1 Apparatus

The apparatus consisted of a 50.8 mm flow tube, pumped by a Leybold-
Heraeus Roots blower/forepump combination which produced linear velocities up
to 5 x 103 em s~1 at pressures of one torr. The flow-tube design was modular
(see Fig. 1), with separate source, reaction, and detection sections which
clamp together with O-ring joints. The details of the flow system were
described in several publications (Refs. 17-21). The detection region was a
rectangular stainless-steel block bored out internally to a 50.8 mm circular
cross section and coated with Teflon® (Dupont Poly TFE #852-201) to retard
surface recombination of atomsg (Refs. 22-24). Use of a black primer prior to
the Teflon® coating significantly reduced scattered light inside the block.
The block contained two sets of viewing positions which consisted of four
circular ports each on the four faces of the block. These circular ports
accommodated vacuum-ultraviolet (VUV) resonance lamps, VUV and visible mono-
chromator interfaces, laser delivery side-arms and a spatially filtered photo-

multiplier/interference filter combination.

The upstream observation position (Fig. 2) was fitted with two
microwave-discharge resonancellampe placed normal to each other, with a VUV
monochromator diametrically opposite one of the resonance lamps. The lamp
which was viewed by the monochromator was used in absorption studies, while
the lamp normal to the monochromator's optical axis was used to excite reso-
nance fluorescence of atomic species in the flow reactor. The lamps and the
monochromator were separated from the flow tube by 25 mm diameter MgF, windows

which have a short-wavelength cutoff of 115 nm.

The downstream observation position contained baffled side arms to
allow entry and exit of a laser beam, and at right angles to these a filtered
photomultiplier and a UV/visible monochromator interface. The filtered photo-
multiplier was for detecting LIF fluorescence, while the monochromator was used
in the bulk of these studies to detect fluorescence between 180 and 850 nm. A
suprasil lens collected light from the center of the flow tube and focused it
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on the entrance slit of the monochromator (0.5 m Minuteman instrument out-
fitted with a 1200 groove mm=1 grating blazed at 250 nm). A thermoelectrically-
cooled photomultiplier tube (PMT) detected photons with the aid of an SSR 1105
photon-counting rate meter and strip-chart recorder. Initial experiments used
an EMI 96590A PMT (S-20 response), but near the end of the work this was
replaced by an HTV R943-02 PMT (GaAs photocathode). This change resulted in
significant improvements in red sensitivity, particularly beyond 650 nm.

The spectral system was calibrated for relative response as a function
of wavelength using a standard quartz-halogen or D; lamp. Absolute response
calibrations were made in situ by observing the air afterglow under carefully

controlled conditions (see below).

The metastable nitrogen molecules, N2(A3Eu*), were produced in the
reaction between metastable Ar(3Po,2) and molecular nitrogen (Ref. 25). This
transfer excited N2(C3nu) which quickly cascades radiatively to the metastable
A32u+ state via the B(3Hg) state (Ref. 26). A hollow-cathode discharge source
was built to produce the argon metastables. While most experimenters used
tantalum fgr the electrodes (Refs. 25,27), we found a 0.127 mm thick aluminum
shim made an excellent electrode material. The shim was rolled into a cylin-
der whose diameter was the same as the inside diameter of the glass tubing
through which the gas flowed (13 mm). The cathode (the downstream electrode)
is 40 mm long, the anode 15 mm long, and the two electrodes were separated by
45 mm. The discharge was operated in the dc mode with the anode biased at
+240 V. A load resistor of 10 kQ gave the discharge stability and limited the
current. The current in the present experiments was about 3 mA. The argon
and nitrogen were purified by flowing the gases through traps filled with 53
molecular sieve. Since the experiments involved metastable nitrogen, it was
not necessary to remove the nitrogen impurity from the argon carrier. The
argon metastables produced in the discharge were detected by the appearance of
the characteristic reddish-violet flame which is obtained upon the addition

of nitrogen downstream from the discharge. The concentrations of N; at the
point of addition, ~ 10'5 cm-3, resulted in a flame length of about 2 cm.
This 1ehgth was governed by diffusional mixing of the two streams of gas,

because, at these nitrogen concentrations, the collisional quenching times for

nitrogen on argon were on the order of tens of microseconds (Ref. 28).
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A typical spectrum of the Vegard-Kaplan bands emanating from the flow
tube is shown in Fig. 3. The spectrum shows that the first three vibrational
levels of N3(A) are populated in our system with relative populations of
approximately 100:50:10 for v'=0,1, and 2, respectively. This is in contrast
to the relative populations reported by Stedman and Setser of 100:95:10 for
the same three levels, respectively (Refs. 24,25). We performed some experi-
ments which showed that the ratio [N2(A)]yx1/[N2(A)]y=p increased under condi-
tions of higher total pressure and higher mole fractions of nitrogen in the
flow, and when the nitrogen inlet was separated from the Ar metastable dis-
charge by a Wood's horn light trap. (These general conditions obtained in the
work of Stedman and Setser, and, for the most part, did not in the present
experiments.) In particular, the intervention of a light trap between the
hollow-cathode discharge and the nitrogen injection point enhanced the ratio

[Ny(A)y=1/[N2(A) ly=0 by more than a factor of two.

Several runs were made to measure the IF(B) excitation by active
nitrogen. The active nitrogen was prepared by microwave discharging (70 W) a
mixture of nitrogen in argon. We diagnosed the discharge effluent spectro-
scopically in the region 130-850 nm. Prominant radiators observed 20 ms down-
stream of the discharge included the Lyman-Birge-Hopfield (a‘nu-X'£g+).
Vegard-Kaplan (A3zu+-x‘zg+), second-~positive (C3Hu-B3ng) and first-positive
(B3Hg-A3£u+) systems of Nj, the NO y-bands (A2*+-X2[1) and N(2p-2p, A =
346.6 nm). Under some conditions when CF3I or discharged CF4 was added to the
reactor, the CN blue (B2I*-X2¢*) and red (A21-X2r+) systems appeared.

The reagents for producing IF entered the flow tube through hook-
shaped injectors whose outlet orifices are coaxial with the main flow tube.
For some studies, reagents entered through a 25.4 mm diameter loop injector
seated on the end of a 6.2 mn diameter tube which slides along the bottom of
the flow tube, parallel to its axis, thus allowing a variety of reaction dis-
tances for accurate kinetic studies. The hook injectors facilitated introduc-
tion of unstable species produced in a secondary discharge. These injectors
had relatively large diameters (10 mm) and were Teflon® coated to inhibit wall
recombination of these unstable species. IF was produced in one of these

injectors by the reaction between CF3I and F atoms. Fluorine atoms were
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produced in a microwave discharge of He/CF4 mixtures further upstream in the
injector. We'll discuss the characterization of this IF source in more detail

below.

Mass-flow meters or rotameters monitored the flow rates of most gases.
All flow meters were calibrated by measuring rates of increase of pressure
with time into 6.5 or 12 ¢ flasks, using appropriate differential pressure
transducers (Validyne DP-15) which themselves have been calibrated with sili-
con o0il or mercury manometers. Typical flow rates for argon, nitrogen, and
helium through the injector were 2000-5000, 100-500 and 200-500 pmol s~1,
respectively, while CF4 and CF3I flow rates ranged between 0 and 1 umol s-1,
respectively. Total pressures, as measured by a Baratron® capacitance manom-
eter, ranged from 0.4 to 9 torr, and flow velocities varied from 500 to

5000 cm s-1.

Tetrafluoromethane (CF4) was obtained 99.5% pure from Matheson, and,
due to the small amount employed, was used without further purification.
Trifluoroiodomethane (CF3I) was obtained 99% pure from PCR Research Chemicals.
The major impurity, I,, was removed by distilling CF31 from a trap at -115°C
followed by storage in a dark bulb.

During the latter part of the contract, a laboratory computer system
enhanced our data acquisition and analysis capabilities. The system com-
prises an IBM PC with 512 K of RAM, two 360 K diskette drives, a monochrome
monitor, and a 160 cps dot-matrix printer with graphics capability. Data
acquisition is accomplished using an I/0 system manufactured by Data Transla-
tion (DT2801A), which features 16 channels of A/D input, two channels of D/A
output, two 8-bit digital I/0 ports, software programmable gain, single-ended
or differential input, and data acquisition rates as fast as 14 kHz.

A software package written by Laboratory Technologies Inc. ("Real-time
Laboratory Notebook") interfaced the computer to the D/A board and organized

data in a form compatible for analysis using the "Lotus 123" business spread-

sheet software.

o
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2.2 Iodine Monofluoride Production and Destruction in the Flow Reactor

Because IF is known to be somewhat unstable with respect to wall reac-
tions, we performed experiments to characterize IF production and loss in our
flow system. These experiments used a laser-induced fluorescence system to
measure IF concentrations under a variety of injector and main flow tube con-~
ditions. The goal of these experiments was to determine the optimum condi-
tions for IF production, and to determine the extent to which IF was destroyed
in the flow tube in the absence of any pumping agents or their co-products.
The knowledge of this latter quantity was important in determining absolute IF
excitation efficiencies and in choosing the simplest and most effective way of
measuring IF number densities. In the following sections, we describe these
experiments, their results and conclusions, and their implications for the

research.

2.2.1 Background

In our experiments the reaction of F-atoms with CF3I produced IF.
Bozzelli and Kaufman determined the rate coefficient for this reaction to
be (1.2 + 0.6) x 10~'0 cm3 molecule~! s~! (Ref. 30). Stein, Wanner, and
Walther showed that the IF produced in this reaction had both a relatively
"cold" and statistical internal energy distribution, and that most of the
exocergicity of the reaction was channelled into internal excitation of the CFj
radical (Ref. 31).

Fluorine atoms were produced in a microwave discharge using CFy
diluted in He. This discharge was conducted in an alumina tube which was con-
nected to a Teflon®-coated Pyrex® injector equipped with a Wood's horn 1light
trap. The CF4/He mixture was made by mixing a small flow of a stock 10%
CF4/He mixture with a larger flow of pure He in a preparation line prior to
entering the discharge tube. The typical composition of the final mixture

covered a range from 0.04 -~ 0.6%.
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The F-atoms produced in the discharge were swept into a small mixing
region by the He carrier gas. A dilute mixture of CF3I in He entered this
region via a side arm, and the two gas streams mixed and flowed for a distance
of 10.5 cm down an 8 mm inside diameter, Teflon®-coated Pyrex® tube which
<. injected the gas mixture on the main flow tube center line. The CF3I/He mix-

ture was made in a similar manner to the CF4 mixture using a stock of 3% CF3I

in He.

Our experiments were dgenerally conducted with F-atoms in excess over
CF3I. In the absence of any loss mechanisms for IF this method of operation
was preferred, because the amount of IF produced was related directly to the
amount of CF3I introduced. In addition, we discovered that operating the flow
system using excess CF3I over F-atoms resulted in the deposition of an opaque
material on the inside of the flow reactor which severely decreases our
ability to observe IF emission. This will be discussed in more detail in a

later section.

;‘ An important consideration in designing and operating the IF injector
is to allow sufficient residence time in the injector for all of the CF3I to
s react with F-atoms. The fraction of unreacted CF3I leaving the injector is

- given by the expression

[CF3I] ~kplFl(2/v1)

[CF3Il, : (1

In this expression, kp is the rate coefficient for the reaction of F-atoms
with CF3I, [F] is the number density of F-atoms in the injector, 2 is the
length of the injector tube (10.5 cm), and vy is the linear flow velocity in

the injector. The concentration of F-atoms in the injector is given by

a fcr, NoP
4 No*l
[F] = 5 R (2)
I RT
and the linear flow velocity is obtained using

-6 f£IRT
> vI =10 PrAr

(3)

12
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In these expressions, fCF4 and f; are the CFy4 and total flow rates (pnol s=1)
entering the injector respectively, a is the fractional yield of F-atons per

CF4 molecule, P; is the pressure in the injector, N, is Avagadro's constant,

? and A1 is the cross sectional area of the injector tube. Using these rela-
k tions, expression (1) becomes
f
. 6 CF4 PI 2
. [CP3I] ~a10 Nokp 77— » Ar(37)

—_——— = e . (4)
[CF3I],

For fast flow in the injector, the viscous pressure drop along the
- tube may be substantial and Py will vary down the tube length. The magnitude

of this pressure drop is given by the Poiseuille equation (Ref. 32)

p 2 _ p 2 _ 16FUqRT (s)
1 2 -

In this expression, P{ and P are the upstream and downstream pressures in
dyne cm'z, F is the molar flow rate in mol s‘1, 2 is the tube length in cm, n
is the He carrier gas viscosity in Poise, r is the tube radius in cm, R is the

ideal gas constant, and T is the gas temperature in Kelvins.

If the pressure drop down the length of the tube is small, as in our
injector, then the Poiseuille equation may be simplified to give AP as

: P = 6.00 -g nfIRTL 6
- = 6. 1 .
2 A x 10 ;;;;z— (6)
In this expression, AP is the pressure drop in torr, fr is the injector flow
rate in pymol s‘1, and P, is the injector outlet pressure in torr. The average
injector pressure, E;. is at the midpoint of the injector tube and is given by

the expression

- AP -9 nfIRT o
PI Po+2—Po+6.00x1O m-z. (7)

This value of Py is a lower limit since there is an additional pressure drop
due to a bend in the injector tube at the flow tube center line. The frac-

tional consumption of CF3I in the injector was determined by substituting Pp,

calculated using expression (7), for Py in expression (4).

13
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2.2.2 LIF Detection of IF

A Molectron DL200 dye laser pumped by a Molectron UV14 (400 kW) nitro-
gen laser was the cornerstone of the laser-induced fluorescence system for
detecting IF. A 100 cm focal length lens coupled almost 50% of the laser out-
put energy into the fluorescence viewing region (~ 130 pJ at 470 nm). The
beam was collimated as it passed through ti:e tube, which significantly reduced
a the scattered laser light. The LIF signal was monitored by a spatially and
¢ spectrally filtered PMT (HTV/R955) connected to a boxcar integrator (PARC 160)
hi via a 1 k2 load resistor. A 520 nm long pass filter on the PMT blocked the

469.7 nm probe light, which pumped the 6-0 band, while passing more than 50%
t;~ of the total emission from that level. An energy meter (Laser-Precision) mon-

itored the dye laser energy at the output of the flow tube detectior. cell.

2.2.3 Fluorine Atom Generation

Our initial experiments explored the optimum conditions for generating
F atoms. A schematic diagram of the injector and flow system are shown in
Fig. 4. 1In these experiments, the main flow tube pressure was held at 1 torr
with a linear flow velocity of approximately 4500 cm s~! and a transit time of -
4 ms from the injector to the detector. This flow velocity was maintained by
flowing Ar or an Ar/N; mixture through a port upstream of the IF injector.
The flow of He carrier gas for the CF3I and the flow of the 10% CF4/He mixture
for the discharge were kept constant. Three different flow rates were tested
for the He which carries the CF4 mixture into the discharge. At each flow
rate, the variation in the IF fluorescence signal was determined with the

amount of CF3I added downstream of the F-atom discharge.

The results of these experiments are shown in Fig. 5 where the energy-
normalized LIF signal is plotted against the CF3I concentration that would be
found in the flow tube if it were not consumed by F-atoms. All three flow
rates through the discharge show a linear dependence of the LIF signal on CF3I
added at low CF3I flow rates. This is characteristic of a regime where
F-atoms are in excess. At higher CF3I number densities each of the curves

rolls off to an asymptotic value. This is due to a transition from a regime

14
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having excess F-atoms to one having excess CF3I. The CF3I number density in
the injector at which each curve reaches its asymptote is equal to the initial
F-atom number density entering the injector. These experiments show that
large flow rates through the F-atom discharge, corresponding to smaller resi-~
dence times in the discharge region, result in larger initial F-atom nunmber
densities. This is most likely due to diminished F-atom recombination, prob-
ably occurring in the alumina discharge tube and in the short section of tub~

ing between the discharge and the tee where CF3I is added to the flow.

A second set of experiments were done to measure a, the effective yield
of F-atoms fronm the CF4/He discharge. In these experiments, the flow tube
pressure and flow velocity were fixed at 1 torr and 4500 cnm s'1, and the He
flows carrying the CF3I and CF4 into the injector were fixed at the conditions
corresponding to the intermediate flow depicted in Fig. 5. Ve determined a by
observing how the concentration of CF3I in the'injector at the roll over
point, demonstrated in Fig. 5, varied as a function of the flow of CF4 into
the discharge. This CF3I concentration is equivalent to the F-atom concentra-
tion in the injector, and the derivative of this function at any CF4 concen-
tration gives us the effective F-atom yield. These experiments are difficult
to do because, each time one enters a regime with excess CF3I, a deposit
quickly builds up on the optical surfaces and degrades the detection sensiti-
vity.

The results of these experiments are shown in Fig. 6. They show a lin-
ear variation in the effective F-atom concentration with CF4 flow over the
range studied. The slope of this line gives an F-atom yield of 0.3 per CFy4
molecule for the flow conditions employed. Our earlier experiments showed
that lower He carrier flow rates through the discharge decreases this F-atom

yield.

The desire to optimize the F-atom number density from the discharge
must be tempered by the need to have complete reaction of CF3I in the injec-
tor. Expression (4) shows that the log of the fractional consumption of CF3I

17
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is proportional to -1/f12; therefore it is important to minimize the total

. flow rate through the injector. Using expression (4) for a 1 torr flow tube

pressure, a flow rate through the injector less than approximately 100 uynole

s~1 is required to completely consume the CF3I. This restricts us to operat-
ing on the curve corresponding to the smallest flow in Fig. 2, unless we in-

crease the amount of CF4 in the discharge.

2.2.4 Injector Losses

A third series of experiments tested for any homogeneous or heteroge-
neous loss of IF in the injector. This was done by varying the residence time
of IF in the injector. If the formation of IF in the injector was rapid and
the loss mechanism was first order, the fractional loss of IF in the injector

would be given by the equation

L
[1rly _ =k (3)
[IFlg e L Vi . (8)

In this expression kj is the first order rate coefficient,'z is the length of
the injector mixing region, and vy is the linear flow velocity in the mixing
:; region. The linear flow velocity is given by expression (3) where fj, the
;_ total flow rate through the injector, is approximately equal to the combined
flows of the He carriers for the CF4 and CF3I, fp and fy. Expression (8) can

now be rewritten as

(1rly _ . -k Ar¢P1/ (fp + £m)RT.

[IFl, (9)

The IF exiting the injector is diluted by the bulk flow in the main

flow tube, its concentration measured at the detector is given by

D M
[1F], = [IF]p . —— « =

(10)
fr P

where fr is the total flow rate in the main flow tube. This expression is

only valid if there is no loss of IF in the main flow tube. The initial




concentration of IF formed in the injector when excess F-atoms are present,

(IF],, is approximately given by the expression

CFa1 NOPI
+ ° : 11
£+ £y RT (1

f

[IF], =

In this expression fC

(10), and (11) gives

Fal is the flow rate of CF3I. Combining expressions (9),
3

kLlAIEI
feraz . PoNo e- (£p+£y)RT
fT RT :

[IF]M = (12)

The energy-nornalized signal from the LIF detector for IF, Sg, is related to

the IF number density by the expression
SE=B [IF]M (13)
where 8 is a calibrat:on constant. Substituting. (12) into (13) gives
kLlAfFT .

forar . BoNg ' (fp+Ey)RT
£ RT

Sg = 8 . (14)
Expression (14) shows that excess F-atoms and constant fp, fp, and

fM,» the LIF signal will be a linear function of the quantity (fCF3IP°N°/fTRT)

with slope 8. 1If Kk is significant, varying either fp or fju will modify the

apparent value of 8. Greater values of fp or fy would give larger values of

B, and plotting &nf vs. ApRPr/(fp + £4)RT would give a line with a slope of

kg, .

Ve measured the apparent value of 8 for 3 values of fp + fy at 1 torr
total pressure and constant flow velocity in the flow tube. To vary this
quantity we changed fy, the He carrier for CF3I in the injector, since varying

fp, the carrier for CF4 through the discharge, effects the F-atom yield. 1In
Fig. 7, Sg is plotted vs. for I PoNo/fTRT for these 3 different injector flow
) 3

rates. The quantity f PoNo/fTRT is actually the concentration of CF3I

CF3I
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which would be found in the main flow tube if it were not removed by reaction

with P-atoms, and the abscissa is labeled as such. If kj is insignificant,

there are no constant losses due to impurities in the CF4 or CF3I, and there

are no losses in the main flow tube, then the apparent value for g8 is a true

. calibration constant relating the IF number density at the detector to the LIF
signal. This 1is true because CF3I would be directly converted to IF with no
losses. For almost a factor of two variation in the injector residence time,

i we measure values of B of 1.00, 1.03, and 1.11 x 10-12 mVuJ" molecule~! cm3

; for residence times of 1.7, 2.4, and 3.1 ms, respectively, in the injector.
When these values are corrected for incomplete consumption of CF3I(< 12%) at
shorter residence times, the values become 1.14, 1,07, and 1.11 x 10-12 mVuJ‘1
molecule~! cm3. Within experimental error there is no variation 8 over this

range, and it appears that losses in the injector are insignificant.

2.2.5 Flow Tube lLosses

Experiments to determine the extent of losses in the main flow tube

were similar in concept to those done for the injector. At constant pressure

i the rate of diffusion of IF to the tube walls, where most of the losses should

.

occur, is constant. If the time that IF is in contact with the tube walls is
varied by changing the linear flow velocity in the tube at constant pressure,
injection rate, and injector position, then any losses of IF on the walls
will result in a variation in the apparent value of 8. Expression (15) re-

lates the LIF signal to the wall loss rate in the flow tube:

L
Sp = 8 fCF3I Poo ~kw (VT) (15)
E fp RT :

In this expression L is the distance from the injector outlet to the LIF de-
tector, vp is the linear flow velocity in the flow tube, and ky is the first

order wall-loss rate coefficient.

In Fig. 8 we show a plot of Sg vs. the effective [CF3I] in the flow
tube for several values of (L/vp), the transit time from the injector to the

detector. We have varied (L/vp) from about 4-20 ms by varying fp, the bulk
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rate through the tube, while also varying the punping speed to maintain con-
stant pressure. All these plots have a regime of linear increase in Sg with
[CF3I], but the roll off region moves to higher [CF3I] as the transit time is
increased. This is because there is less dilution of the IF leaving the

injector as fp is decreased to give longer transit times. This uoves the roll

off region to higher number densities in the main flow tube. It is clear from

Fig. 8 that B is not invariant with transit time at 1 torr total pressure.

If the wall loss mechanism is first order in IF, then plotting ¢{n 8 vs.
(L/vp) should give a straight line with slope -ky. This plot is shown in
Fig. 9. While the data do not clearly define a straight line, it is clear
that there is some loss of IF at longer transit times. At shorter transit
times, the loss of IF is negligible so that we can operate safely in this flow

regime.

2.2.6 Solid Deposition in Excess CF3lI

Experiments by Appelman and Clyne, investigating the reaction of F-
atoms with I> and ICL, showed that excess F-atoms in their systems promoted
the formation of IFg via heterogeneous reactions (Ref. 29). Their flow tube
system had uncoated silica walls. Given these results, we originally designed
our experiments to operate in a regime with excess CF3I. As a result, much of
our early effort was directed toward the need to measure absoclute P-atom num-
ber densities. Early in our LIF studies to measure IF, we found that opera-
tion in excess CF3I resulted in the rapid formation of a smokey-gray substance
on all of the exposed surfaces of the flow tube, including our optical viewing
ports. This severely degraded our detection sensitivity. The film is very
similar in appearence to thin films of I; and washes off with methanol. In
excess F-atoms, there is no evidence for the formation of any solids in our

systen similar to those reported by Appelman and Clyne (Ref. 29).

This deposition problem requires that we operate in excess F-atoms.
As shown above, there appears to be no serious problem in the injector due to

operation in this mode; however, there does seemn to be some loss of IF in the
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main flow tube. This may be a result of having some surfaces in the main flow
tube, such as optical viewing ports, which are not Teflon®-coated and may cat-

alyze the rapid destruction of IF.

2.2.7 Surmary of IF Production and Loss Studies

We studied the production and loss of IF in our flow system using
laser-induced fluorescence for measuring IF number densities. We related the
production of F-atoms to the residence time of CF4 in the microwave discharge
and found a yield of about 0.3 F-atoms per CF4 molecule under typical opera-
ting conditions. Ve identified flow conditions that produce complete reaction
of CF3I in the injector and showed that a negligible amount of IF is destroyed
in the injector under these conditions. Some loss of IF in the main flow tube
was found at low flow velocities; however, this loss appears to be negligible
at higher velocities and permits us to operate in a regime where IF number
densities may be directly related to the amount of CF3I flowing into the
injector. We also found that operation of the injector using excess CF3I
results in the deposition of an optically opaque thin film on the reactor
walls. This requires us to operate in excess F-atoms and eliminates the need

to measure absolute F-atom number densities.

2.3 Absolute Photon Emission Rate Measurements

2.3.1 General Procedure

The analysis of IF(B) excitation by active nitrogen requires the de-
termination of absolute IF(B) photon-emission rates. The following paragraphs

detail how we calibrate our system for such measurements.

The observed signal is related to the true volume emission rate

through

n,T.V (16)

Iobs Itrue Z? A
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fal
where =— i3 the effective solid angle subtended by the detection systen, n. is

A

47
the quantum efficiency of the photomultiplier at the wavelength of interest,

T) is the transmission of the optical system (e.g. mirror reflectivities and
grating efficiency) and V is the observed volume of luminous gas in the re-
actor. The wavelength dependence of the product %; nyTyV is given by the
relative monochromator response function R). Absolute values of that product
are obtained in a calibration experiment using the O/NO air afterglow at one

or several specific wavelengths. Absolute values at wavelengths other than

those chosen for calibration experiments are obtained by scaling with R;.

The relative spectral response of the monochromator was calibrated
between 200 and 800 nm using standard quartz-halogen and D; continuum lamps
(Optronic Laboratories Inc.). Additional confirmation of the calibration
between 400 and 800 nm is obtained by scanning the air afterglow spectrum and
comparing observed relative signal levels with the relative inténsities given
by Fontijn et al. (Ref. 33). The absolute spectral response of the detection
system is measured at 580 nm using the O/NO air afterglow as described in the

following subsection.

When atomic oxygeh and nitric oxide are mixed, a continuum emission
extending from 375 nm to beyond 3000 nm is observed (Refs. 33-41). The inten-
sity of this emission is directly proportional to the product of the number
densities of atomic¢ oxygen and nitric oxide, and independent of pressure of
bath gas, at least at pressures above about 0.2 torr. Thus, the volune-
emission rate of the air afterglow is given by

irue = k)‘[O][NO] AX (17)
where k; is the air afterglow rate coefficient in units of em3 molecule=! 3=
nm~! and A\ is the monochromator band width. Literature values for this rate
coefficient span a range of more than a factor of two (Refs. 33-39), but
recent studies (Ref. 38) indicate that the original work of Fontijn et al.
(Ref. 33) is probably correct at wavelengths shorter than = 800 nm. Ve use

a value of 1.25 x 10-12 on3 molecuie~! s=! np=! at A = 580 nm. Combining

Eqgs. (16) and (17) gives the observed air afterglow intensity:




O/NO 2
= —_— v .
IX kA[O][NO]AX an nXTX (18)

Air afterglow calibration experiments give a calibration factor,

0/NO
I

Q
x " Torvol T KAt mAY (19)

A

the determination of which will be described in the next subsection.

Absolute number densities of emitters are obtained by dividing abso-
lute volume emission rates by known transition probabilities. The air after-
glow calibration factor, «,, and the moderately well established value of the
air afterglow rate constant, kx, are used to convert observed emission inten-
sities to volume emission rates:

I k R
obs A A>‘(': A

I = ¢ (20)

where A. represents the wavelength of the calibration experiments and Aobs 1is
the wavelength of the transition of interest. I, g must be the total integ-
rated band intensity. In this work we usually measured emission intensities
in terms of peak intensities. A calibration factor consisting of the ratio of
the integrated band intensity to the product of the spectrometer band width
and the peak intensity was determined for cases in which total intensities
were needed. In calibration experiments, the band areas were integrated num-

erically using spectral scans which were greatly expanded along the wavelength
axis.

A series of calibration experiments taken over a period of time
established the calibration factor, xggg, to £ 10%. An additional uncertainty
of * 25% exists in the absolute value of the air-afterglow rate constant ksggg.
Further uncertainties in the determination of the absolute photon-emission
rate for IF(B) come in through the relative monochromator response function

(10%), IF(B) band transition probabilities (10%), and minor uncertainties in

the calibration factors to convert observed peak heights to band areas.
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2.3.2 Air-Afterglow Calibration Procedure

In air-afterglow calibration experiments, the intensity at the cali-
bration wavelength is measured when known quantities of both atomic oxygen and
nitric oxide are added to the reactor. Known gquantities of atomic oxygen are

prepared by titration of nitrogen atoms with excess nitric oxide:

N + NO » Ny + 0 A (21)

(ko1 = 3.5 x 10~'1 cm3 molecule~! s=1) (Refs. 42-44).

In the absence of added nitric oxide, N-atom recombination produces chemilun-
inescence from the nitrogen first-positive bands, the intensity of which is
proportional to the square of the N-atom number density. The kinetic

processes are described below.

N + N+ M+ N (B3H ) (22)
2 g

N2(B 3Hg) > NZ(A3zu+) + hv (first-positive bands). (23)

Upon addition of NO the first-positive emission intensity decreases until such
point as the quantity of NO added balaﬁces the amount of N-atoms initially in
the flow. At this point, the end point of the NO titration, all N initially
in the reactor has been quantitatively converted to O, and no emission is
observed in the reactor. As NO is further added to the reactor, the air-
afterglow emission begins to be observed, and the intensity of the emission
varies linearly with the amount of NO added. Such a titration plot is shown
in Fig. 1C. The equation describing the change in the air-afterglow intensity
as a function of added NO for NO additions beyond the titration end point is
To/no = KlOI(NOT = «[NT _((NO]_ - (N1 ) (24)
where « is the constant of proportionality relating the air-afterglow inten-
sity to the product [0][NO], ([N], is the number density of N-atoms initially
in the reactor prior to NO addition, and [NO], refers to the NO number density
which would obtain in the absence of reaction (21). The factor « then is de-

termined to be the ratio of the square of the slope to the intercept of the

line describing the change in air-afterglow intensity with [NO].
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Two major complications can lead to problems in using the above tech-
nique to calibrate the apparatus for absolute photon-emission rates or for [0O]

measurements. If the initial N-atom number density is greater than about 1014

.'l 2

atoms cm'3, some O, spectral features from O-atom recombination will begin to
be observable above the air-afterglow continuum, and can lead to incorrect
air-afterglow intensity determinations (Refs. 45-46). A more serious problem,
however, lies in the slow removal of O-atoms in a three-body recombination

with NO. The important reactions are

O+ NO + M~ N02 + M (25)

(k25 = 7 x 10-32 cm6 molecule-'2 3-1 for M = Ar) (Ref. 47)

and

O + NO, » NO + O, (k, = 9.5 x 10712 cn® molecule™! s7') (Ref. 47). (26)
Reaction (26) is fast, and essentially acts to maintain a constant NO number
- density and to double the effective rate at which O is removed in reaction

(25). This effect becomes a problem at higher pressures (» 1.5 torr), longer

mixing times (» 30 ms) and large NO concentrations (> 1014 molecules cm=3).

* e .-'.- ]

Unfortunately, it is just these adverse conditions which give the best
signal-to-noise in the calibration experiments. The calibrations for the
experiments described in this report were corrected when necessary for the
effects of removal of O in reactions (25) and (26). Conditions were such that

the corrections never amounted to more than 5% however.
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3. THE EXCITATION OF IF(B 3Ng+) BY Np(a 3r,*)

Three types of measurements fully characterize the excitation of

IF(B 3H0+) by No(A 3£u+). Spectral scans under a variety of conditions char-
acterized the distribution of IF(B) vibrational levels excited in the energy-
. transfer reaction. Measurements of IF(B) intensities as a function of IF num-
ber density in the presence of known number densities of N3(A) determined the
’1 rate coefficient for the excitation of IF(B) by Ny{(A). Finally the rate coef-

ficient for N3(A) removal by IF was determined by monitoring the disappearance

of No(A) as a function of added IF number density.

3.1 Vibrational Distributions from N5(A) Excitation

When IF is added to a flow of Ny(A) metastables, the IF(B 3Ho+ > x'z%)
system appears prominently between 440 and 640 nm. Figure 11 shows a typical
spectrum. Relative populations of the B-state vibrational levels were deter-~
mined by dividing the response-corrected intensity of a given band by the ap-~
propriate Einstein emission~-rate coefficient (see Appendix A). In initial ex-
periments, the band intensities were determined by planimetry. Later in the
program we used a spectral fitting routine which determined the best set of
populations in a least-squares sense which gave a synthetic spectrum most
nearly reproducing the experimental spectrum (Ref. 48). Typical fits for
runs at 0.5 and 5 torr (primarily argon) are shown in Figs. 12 and 13. Com-
parison of the spectra in Figs. 12 and 13 clearly shows evidence of vibra-
tionai relaxation of the IF(B) at the higher preassure. Figure 14 compares the
vibrational distributions determined in three runs at three different pres-
sures. Clearly the vibrational distribution is relaxed at the higher pres-
sures. Figure 15 shows that nitrogen is more efficient at relaxing IF(B)
vibration than is argon, and that CF4 is even more efficient. The data of
Fig. 15 all were taken at a constant total pressure but with varying mole
fractions of N; and CF4 in Ar. Figure 16 shows how the vibrational population
distribution varies with pressure over the range of 0.5 to 9 torr. The
increase in population of the lower vibrational levels and the concomitant
decrease in population of the upper vibrational levels demonstrate, graph-

ically, the extent of vibrational relaxation.

A modified Stern-Volmer analysis of the data in Fig. 16 allows us to

estimate vibrational relaxation coefficients. The analysis assumes that
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electronic quenching is negligible, that vibrational relaxation proceeds only
a single quantum at a time, and that the gas composition is constant. Our
mixture is approximately 80% argon and 20% helium and nitrogen, with minor
amounts of CF4 added for this series of experiments to relax the N5 (A) vibra-

tional distribution to v' = O,

Because radiation is so rapid in the reactor, IF(B) is in steady
state in the observation region. Thus, in the absence of vibrational relax-

ation, we have
R =N A (27)

where Ry is the rate of formation of IF(B) in vibrational level v, Ns is the
population of that level, and A, is the radiative decay rate. When vibra-
tional relaxation is included, the Eq.(27) becomes:

R +

v kv+1,va+1P = (Av + k P)Nv (28)

v,v=1

where ky y_1 represents the vibrational relaxation rate out of level Vv; ky+1,y,
the vibrational relaxation rate coefficient into level v; and P is the gas
pressure. If we now sum Egqs. (27) and (28) over.all levels above level v,
subtract the resultant sums of Eq. (27) from Eq. (28), and divide through by
the quantity N,A,, we obtain the working equation for the vibrational-

relaxation analysis:

N: mmax N3+m i Nv+m kv v 1P
oo T 5 ) =1+ — (29)
v m=1 v v

Figure 17 shows some typical plots of the data analyzed according to Eq. (29).
Least-squares fits to the data for each vibrational level indicate that the
vibrational relaxation rate coefficients range from 2.6 to 4 x 10-12 cm3
molecules™! s~1 for vibrational levels 3-8. Levels 1 and 2 appear to relax a
bit more slowly with rate coefficients of 0.6 and 1.6 x 10~12 cm3 molecule-!
s“, respectively. Table 1 summarizes the vibrational-relaxation-rate measure-

ments. Experiments at the Air Force Weapons Laboratories (Ref. 49) have
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TABLE 1

RATE COEFFICIENTS FOR VIBRATIONAL RELAXATION OF IF(B3[g+)
BY AN 80/20 Ar/He-N; MIXTURE

v! k2
v,v=1

1 0.6 £ 0.1

2 1.6 * 0.2 .
3 2.6 * 0.2

4 3.5 * 0.3

5 2.6 * 0.1

6 4.1 * 0.1

7 4.0 £ 0.2

8 2.9 t 0.1

@ ynits of 1012 cm3 molecule~! s-!
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indicated that the rate coefficients for vibrational relaxation of IF(B;v'=3)
by helium, nitrogen and argon are 5.7, 3.9, and 1.2 x 1012 cm3 molecule-! s",
respectively. From these data we calculate a vibrational relaxation rate
coefficient for an 80/20 Ar/Nj-He mixture (with an average rate coefficient for
the He-N; component of 5 x 1012 cm3 molecule-! s=') of 2.0 x 10~'2 cm3 mole-
cule-! s=1. This agrees excellently with our measured value of 2.6 x 10-12
cm3 molecule=! s-! given the 30-40% uncertainty in the AFWL data, and our own
experimental uncertainties which must be of comparable size. The AFWL experi-
ments also indicate that the rate coefficients for relaxation of vibrational
level 1 by He, Ne, and N3 are about a factor of three smaller than the corre-
sponding rate coefficients for vibrational level 3. This agrees moderately

well with the factor of four reduction observed in our experiments.

3.2 Rate Coefficients for the Excitation of IF(B 3no+) by N> (A 3Zuj)

Knowledge of the B-state vibrational distribution, and measurements of
the change in intensity of various bands as a function of IF number density
for otherwise constant conditions, determines the rate coefficient for excita-
tion of IF by collisions with N3(A). The differential equation describing the
rate of change in, the IF(B) number density with time is

dlIF*] _

at kex[IF][Nz(A)] - krad[IF*] . (30)

(We have ignored electronic quenching of the IF(B) state by the various species
ff in the reactor.) Because the IF(B) radiative-decay rate is quite large, IF(B)
is in steady state in the observation volume. Thus, the B state emission

intensity is

"N, (a)
Tpe = K glIF*] = k_ [IF1IN,(A)] = k_ [IF] 23—  (31)
N, ()

Qj where I are the intensity and transition probability of N3(A)

and A
N2 (A) N2 (A)
in the observation volume. This expression can be rearranged to give

I k [IF]
IF* - 82X . (32)

- I A
: N, (A) N, (A)
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Zquation (32) shows that the ratio of the intensity of IF(B) to that for i{y(A)
t should vary linearly with IF number density. Figure 18 shows that this is

indeed the case for a number of different IF(B) vibrational levels.

The experimental runs monitored only the intensities of the peak

heights of the Vegard-Kaplan or IF(B) bands. Planimetry or numerical integra-
tion determined the ratio of band areas to peak heights which were the required
correction factors in analyzing the raw data. Dividing the integrated band
areas of a given v',v" band by branching ratios determined from our IF(B)
Einstein-coefficient calculations (Appendix A) gave the total emission inten-
sity out of a given vibrational level of the IF(B) electronic state. Dividing
this IF(B;v') intensity by the fraction of the total IF(B) population in a
given v' state gave the total fluorescence from all vibrational levels of the
IF(B 3H0+) state. Shemansky's (Ref. 50) Einstein coefficients, appropriately
weighted to account for the different lifetimes of the degenerate levels of the
N,(A) state, were used to convert the Vegard-Kaplan emission intensities to

N5 (A) number densities. A number of different runs at 1 torr total pressure
showed that the total rate coefficient for IF(B) excitation into all vibra-
tional levels in the energy-transfer reaction between N3{(A) and IF(X) is

(8.3 £ 0.10) x 10~'! cm3 molecule~! s~!. This value is independent of the
observed band, the transit times from the injector to the observation volunme

(less than =10 ms), and the initial F-atom number density.

A few excitation-rate-coefficient measurements at higher pressures
indicated a decrease in the excitation rate coefficient with increasing pres-
sure. The drop was about a factor of two between one and five torr. Interpre-
ting these results is not so straight forward, however. An over estimate in
the IF number density will lead to an apparent reduction in the excitation-rate
coefficient. This situation is likely to arise because the higher pressures
are achieved by throttling the pumping system, which results in reducing the
bulk flow velocity and an accompanying increase in the transit time from the
injector to the observation region. Our laser-induced fluorescence studies
indicated some fall off in the IF number density reaching the observation .
region at longer transit times, but constant pressure. The laser-induced fluo-
rescence monitor is unsuitable at higher pressures, because the IF fluorescence

distribution changes within the band pass of our detection system as the higher
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pressures relax the IF vibrational distribution. Thus, a calibration made at

low pressure and short residence time cannot be used in measurements at high

‘a,

pressure and long residence time. A solution to this problem would be to use

f
Py

the IF(B+X), (v',v") = (0,0) transition for the laser-induced fluorescence

L

~ studies. Our laser lacks sufficient energy to pump that transition adequately,

2

however.

An indication that we did indeed overestimate the IF number density in
the reactor at the higher pressures comes from our observation that the effec-
tive quenching rate of N3(A) by IF is also reduced at higher pressures. The
N2(A) quenching data at the higher pressures cannot be used to calibrate the IF
number densities, however, because the reaction-time mixing correction is also

pressure dependent, and therefore is not the same at the different pressures.

We conclude, therefore, that the reduction in apparent IF excitation
- rates at higher pressures results predominantly from IF losses on the reactor
walls during the longer transit times from the injector to the detector which
accompanied the high pressure studies. Any real electronic quenching in our

system is only minor.

The ratio of total IF fluorescence intensity to N(A) number density in
the presence of 2% CF4 added to the bath gas just downstream of the metastable
discharge indicated a decrease of approximately 20% in the IF fluorescence from
the intensities observed in the absence of CF4. The CF4 relaxes the N3(A)
vibrational levels, so that in its presence, only N;(A) v' = 0 is in the reac-

A:{ tor. Thus, the implication of this study is that the excitation-rate coeffi-
cient is slightly smaller for N>(A) v' = O than it is for higher levels of
N2(A). We do not feel confident in this assertion, however, because adding the
CF4 also causes the IF(B} distribution to be vibrationally relaxed, and any
errors in relative monochromator response function or IF(B) transition prob-
abilities will be reflected in the total IF fluorescence intensity measurement.
Thus we can state with confidence only that no dramatic changes occur when the

N2(A) is vibrationally relaxed compared to conditions under which it is not.

v e,
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3.3 Rate Coefficients for N>(A) Removal by IF and Other Molecules

The important kinetic processes in our reactor which involve Nj(A)

are:
Na(A) + IF  + Np(X) + IF* (33a)
+ other products (33b)
No(A) + Q + Na(X) + Q' (34)
N (A) + wall + No(X) (35)

where Q represents other quenchers. Given these reactions, the differential
equation describing the variation in the N3(A) number density with time is

aln,(a)]
3. "~ - {k33[IF) + k34[0Q] + k3s}(No(a)] . (36)

Because the number densities of IF and any other significant quenchers in the
reactor will be much greater than that for N5(A), they can be considered to be
constant (the pseudo-first-order approximation) and the differential equation

can be solved to give

(N2(A) 1 (¢)

A I (t=0) {k33[IF] + k34lQ] + k3s}t , (37)

where the reaction time, t, in the flow reactor is given by the ratio of the
distance between the injector and the detection region, z, and the bulk flow
velocity, v. For fixed z and v (fixed-injection-port analysis), measurements

of the change in N5(A) number density as a function of reagent number density

give decay constant [,

d 4nI
- - —N2(A) z
r aig] k34[0Qlz/v , (38)
given that the N3(A) number density is directly proportional to the Vegard-
Kaplan emission intensity. The desired rate coefficient is then the ratio of

the slope of a plot of &n INz(A) versus [Q] (i.e., T') to the reaction time,

z/v.
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The above analysis assumes perfect mixing at the injector, and negiects
the fluid dynamic effects of the coupling of the radial density gradient of the
N>(A) with a radial velocity profile. (N3(A) is destroyed with unit efficiency
in collisions with the walls.) This effect has been thoroughly discussed in
the literature (Refs. 51-58). The result, under appropriate conditions, is
dtnlyg/d[IF] = - 0.62 kyz/v. These conditions are generally obtained in our

experiments.

The correction for imperfect mixing must be made empirically by doing

experiments at several different values of z. Then the effective mixing
length, zeff = 2-2z5, is deduced by plotting decay constants, ', as a function

of reaction time and extrapolating to zero reaction time.

b

b We observed the decays in the log of the Vegard-Kaplan intensity as a
function of the number densitites of IF, CF31, CF4, and NF3 for both vibra-
tional levels 0 and 1 of N;(A) and SFg for vibrational level 1. We made care-

ful measurements of the CF3I quenching rate coefficient at three different
mixing distances, and applied the mixing correction so obtained to the results

of the other systems.

Figure 19 shows the results of adding CFy to Na(A) with a reaction time
of about 90 ms. Vibrational level 1 decays only slightly, while vibrational
level 0 actually increases. This shows that vibrational relaxation of v'=1 is
feeding v'=0, and that electronic quenching is negligible. Our data suggest
that the rate coefficient for vibrational relaxation of v'=1 to v'=0 is about
3 x 10=13 cm3 molecule~! s-!, with an uncertainty of about a factor of 2
because of the small decay range of the measurement. In other experiments we
added relatively large flows of CFy with the nitrogen just downstream of the
Ar* discharge and could thereby convert all Nao(A;v'>1) to Np(A;v'=0).

Figure 20 shows the decay in the (0,6) Vegard-Kaplan intensity as a
function of CF3I number density for three different reaction times. The slopes
of the decays in Fig. 20 are plotted against reaction time in Fig. 21 to deter-
mine a mixing correction to the data. These results and some similar data for

v'=1 indicate that CF3I quenches Ny(A) with rate coefficients of 2.0 and
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VEGARD-KAPLAN INTENSITY (KHz)

o

0,6 BAND

1,10 RAND

Z

4

[CFy] (101 moLecuLes M)

Fig. 19 variation in Vegard-Kaplan intensity as a function of CF4 number density.
The data for the 0,6 band were taken at 7.1 tor
band were at 4.2 torr.

r while those for the 1,10

The reaction times for both experiments were = 90 ms.
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2.1 x 10-10 cm3 molecule~! s-1 for vibrational levels 0 and 1, respectively.
Because the accuracy of these determinations is only about 15%, the difference

in the coefficients for the two levels is not significant.

Figure 22 shows the decay of Ny(A) as a function of IF number density.
These data and some similar runs under different sets of conditions indicate
that the rate coefficient for removal of N5(A) by IF is 1.9 and 2.0 x 1010 cm3
molecule~! s=! for vibrational levels O and 1 of N2(A), respectively. Again
the 5% difference between the coefficients for the two different levels is much

smaller than the overall 15% uncertainty in the measurements.

Table 2 summarizes all quenching-rate coefficient determinations.
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TABLE 2

N5(A) RATE COEFFICIENT DETERMINATIONS

A BN b R T e Al e T

Reaction

Rate Coefficient
(cm3 molecule~! s-1)

No(A)yr=g,1 + IF

No(A) + IF

Ma(A) + CF3I

N (A)yr=1 + CFy
No(A)yi1=g + CF4

N2(A)yi=0,1 + NF3

N2{(A)y1=1 + SFg

+

+

IF(B 3Mg+) + Na(x)

products
products

Na(A)yr1 =9 + CPyq
No(x) + CFyu

products

Nz(A)V"O + SF6

8.3 x 10-11

10-10
10-10

[ SN
o v
X X

x 10-10

N
-0
%

3 x 1013
< 10-14

x 10-13
x 10-13

O W

x 10-14

Py

v'=0
v'=1

v!=0
v!=1

v!=0
v'i=1
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4. IF(B) EXCITATION BY ACTIVE NITROGEN

4.1 Characterization of Active Nitrogen

We examined the spectrum from the products of an argon/nitrogen
discharge under varying conditions of pressure, total flow rate, and nitrogen
mole fraction. The Av = 2, 3, 4, and 5 sequences of the N, First Positive
(B 3Hg - A 3£u+) bands comprise the visible portion of the spectrum (450 -

800 nm). The near ultraviolet (200-450 nm) spectrum consists of the N(2p-4s)
and the Np*(B 25,* - X 254%) transitions as well as emission from several im-
purities, including NO(A 23* - X 2H1/2,3/2) y-bands and the Na(4p2P-3s2s) tran-
sition. There are no N, Second Positive (C 3m, - B 3Hg) bands present; how-
ever, there is a series of bands near 390 nm which we have not been able to
identify but which we know are not the CN(B-X) bands commonly found in this
region. The N, Lyman-Birge-Hopfield (a 1Hg - X 1Eg"‘) bands are prominent in
the vacuum ultraviolet. All of these species, except N(ZP-4S), have radiative
lifetimes which are much shorter than the 10 ms (nominal) transit time between
the active nitrogen discharge and the detection region; hence they must be
created by some energy transfer from some metastable carried downstream of the
discharge. Probably the energy carrier that excites these nitrogen electronic
states also plays some role in exciting the IF(B) state. Through these
studies we hoped to gain some insight into the identity of the energy

carrier.

Figure 23 shows the visible spectrum of active nitrogen recorded at
1 torr total pressure, 5000 ymole s=1 total flow rate, and 0.025 mole fraction
of nitrogen in argon. The resolution of this spectrum is 1.67 nm. The open
triangles in Fig. 24 summarize absolute populations of the N5(B) state vibra-
tional levels 2-12 derived from the fitting of this spectrum. The populations
range from approximately 107 molecules cm~3 in v=2 to 6 x 104 molecules cm~3 in
v=12, decreasing smoothly over that range. The distribution is not Boltzmann.
Increasing the pressure to 2 torr by throttling the pump at constant flow rate
results in approximately a 50% decrease in the B-state vibrational populations.
This distribution is shown as the filled triangles in Fig. 24.

At higher mole fractions of nitrogen (xN2 = 0.10, 0.90), the relative

B-state vibrational distribution does not change significangly; however, for
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xN2 = 0.90 the overall N3(B) number density is about half that for XN2 = 0.025
and 0.10, which are about the same. This comparison may not be valid, since
the discharge power had to be increased from 20W to 70W to sustain a discharge
at a mole fraction of 0.90. At these higher mole fractions, increasing the
pressure to 2 torr also does not change the vibrational distributions signifi-
cantly but does decrease the absolute number densities to 36% and 13% of their

original values for mole fractions of 0.10 and 0.90, respectively. This can be

seen in Figs. 25 and 26 where the absolute populations are shown at 1 and 2 torr.

The total flow rate also has an effect on the B-state populations.
Reducing the total flow rate to about 2500 umole s~1 at 1 torr decreases the
B-state populations to 31% and 17% of their oriéinal values for mole fractions
of 0.025 and 0.10, respectively. The relative distributions remain unchanged

from those at higher flow rates. This is also shown in Figs. 24 and 25.

Inserting a glass wool plug just downstream of the argon/nitrogen dis-
charge removes all unstable constituents of active nitrogen except N(4s) from the
gas stream (Ref. 59). Emission observed downstream from the plug must be due to
species formed from N~atom recombination or the reaction of N-atoms with impuri-
ties. Spectra in the near-UV region show only NO y-bands and no N(2P), while a
spectrum in the visible region (Fig. 27) shows First Positive band emission char-
acteristic of N-atom reéombination on the A-state surface, followed by colli-
sional coupling to the B-state manifold. The aksolute vibrational populations,
shown in Fig. 28, are bimodal with maxima at v=2 and v=11. The highest level
populated is v=12, which lies just below the N, dissociation limit. The absolute
N-atom number density in the viewing region was determined by doing an air after-
glow calibration, as described earlier. The calibration showed the N-atom number

density to be 3.6 x 1013 atoms cm~3.

The results of these studies are summarized in Table 3 where the rel-
ative B-state populations, as well as the expected fluorescence quantum yields
for First Positive emission, are given for each composition and pressure used.

We have defined the fluorescence gquantum yield as
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TABLE 3

ACTIVE NITROGEN EXCITATION RESULTS

. WL e

Rl N SR |

Relative Rex(IF) photon
Mole Fraction Pressure Tflow $fluor Relative Na(B)/ em—3 g-1/1F
Nitrogen (torr) (ms) N2 (B) ¢fluor molecule
0.025 1 7.5 0.71 1.0 1.0 0.86
0.025 15 0.71 0.31 0.31 0.33
0.025 2 15 0.55 0.52 0.67 0.47
0.10 1 6.9 0.57 0.87 1.09 0.79
0.10 1 13.6 0.57 0.15 0.19 0.39
0.10 13.7 0.40 0.31 0.55 0.47
0.90 1 8.8 .18 0.48 1.90 0.
0.90 17.6 0.10 0.06 3 0.1
0.10* 1 15 0.57 0.005 0.006 0.05

*with glass wool plug
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where the quenching rate coefficients, kay = 1.6 x 10-12 cm3 molecule~! =1 and
k. = 2.7 x 10~11 cm3 molecule-! s", are taken from Young, Black, and Slanger

N2
(Ref. 60). The average transition probability for the bands, A, is taken to

ﬁ: be 1.8 x 103 s-! from Lofthus and Krupenie (Ref. 61). Because the radiative

%f lifetime is short, Ny(B) is in steady state in the viewing region. As can be seen
from the fluorescence quantum yields, if the populations were adjusted to correct
for quenching, it would not fully account for the differences in band intensity

observed in varying pressure and would have no bearing on the changes with flow

rate. Changes in the source mechanism must be occurring to produce these effects.
The sharp reductions in B-state populations when the flow rate was reduced by 50%
at constant pressure may give a measure of the lifetime of the energy carrier in
our system; however, one must be careful in interpreting these results since the
excited species spend approximately 50% more time in the discharge region and
their production may be altered appreciably. Further experiments are required in
which the gas flow velocity may be controlled independently of the flow in the
discharxge.

4.2 Excitation of IF(B)

When we added IF to active nitrogen, we observed IF(B-X) emission as well
as emission from N;(B~A) and CN(A 2H3/2,1/2 - X 2t*). No IF(D'-A') emission was
ever observed. The CN(A) state emisasion was also seen when only CF3I was added to
active nitrogen. It is probably formed from the reaction of some component of
active Ny with CF3. Figure 29 shows the spectrum when IF is added to active
nitrogen under the same conditions as Fig. 23. Adding IF does not change the
N,(B) state vibrational distribution but does slightly decrease the overall popu-
lation. The presence of CN(A-X) bands makes it very difficult to fit the entire
spectrum accurately due to the large number of basis functions required and the
great degree of overlap between basis functions. We were able to fit the IF(B)
populations to within about 15% accuracy by fitting only over the region from 440-
565 nm, where we could ignore CN(A) state emission. The overlapping N,(B) emis-

sion was fit by assuming the same relative vibrational level distribution as
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obtained under identical conditions in the absence of IF, then scaling the
First Positive system intensities to reproduce the observed emission intensity
in the presence of IF. This assunption neglects N3(B) relaxation in the

presence of IF.

IF(B) excitation rates and spectra were recorded at an instrumental
solution of 1.67 nm under each of the conditions described above for active
nitrogen. The relative B-state populations were independent of composition and
flow rate, to within our fitting accuracy, but showed some evidence of relaxa-
tion at the higher pressure. The relative populations, averaged over composi-
tion and flow rate, are shown in Fig. 30 for pressures of 1 and 2 torr. The
B-gstate distribution is significantly more relaxed in active nitrogen than for
corresponding excitation by N3(A) under similar conditions of pressure and
composition. This implies that there is a different excitation mechanism in

this systen.

Excitation spectra recorded when the glass wool plug was inserted in
the active nitrogen flow were very weak. The CN(A-X) bands were comqgrable
in intensity to the IF(B) emission. The N5(B) state distribution also became
more relaxed when IF was added. These effects made it impossible to fit the
spectrum. When comparable amounts of CF3I were added, the N3(B) state distri-
bution did not relax as it had with IF.

IF(B) state excitation rates were measured by recording the change in
the emission intensity of a B-X vibronic band with added IF. This was then
converted to a total B-state volume emission rate per IF molecule using the

expression

A een @y .8
d[IF] B(v',v")e£(v') R(X)

*
kF[N2 ] Rex {40)
where (A/P) is the integrated-to-peak intensity ratio for the band observed,
B{(v',v") is the fluorescence branching ratio from the B-state level observed
into that transition, f(v') is the fraction of the total population found in
level v' from spectral fitting, R()A) is the relative response of the detection

system at the observation wavelength, B is the absolute detector response cal-

ibration coefficient in photons em~3 s-1 kHz=! at the reference wavelength of
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k. A. R
580 nm (i.e. B g_lsk_c_)‘_g
Kic

of change of the peak band intensity with added IF. Excitation rates could

from Eq. (20)), and d[IPK(v',v")]/d[IF] is the rate

only be measured using the 6-0 and 5-0 IF(B-X)yjiprational transitions because
all others were overlapped by either other B-X transitions or by First Positive
transitions. Values of Rgy determined using these bands usually agreed to
within 7%. We estimate the overall uncertainty in the measurements to be about

35%.

,

A typical variation in IF(B) emission intensity for the 6-0 and 5-0
bands is shown in Fig. 31. In all of our experiments these plots are usually
linear in IF number density up to about 1.3 x 1012 molecule cm=3 and then roll
off due to depletion of F-atoms in the IF production step. The excitation

rates measured for these various forms of active nitrogen are also given in

Table 3. The rates vary from 0.13 to 0.86 photons cm~3 s3~1/IF molecule. These
data show that the B-state excitation rates qualitatively follow the N,(B) pop-
ulations but do not have any simple quantitative relationship. Electronic
quenching of IF(B) at these pressures and compositions is negligible [kQ(Ar)
and kQ(Nz) <1 x 1014 cm3 molecule~! s=1 (Ref. 49)), and no corrections to the
excitation rates are necessary. Excitation rates measured using the glass wool
plug are difficult to interpret since there are no relative populations avail-
able for these conditions. We have estimated a relative population for v=6 to
be about 0.06, similar to what is observed under other conditions, and derive
an excitation rate of 0.05 photons cm~3 5~1/IF molecule with about a 50% level

of uncertainty.

Our excitation rates are of the order of unity. If the excitation rate
coefficient for the active species is gas kinetic (~10=10 cm3 molecule-! s-1)
then the concentration of the exciting species must be >1010 molecule cm=3.
Table 4 lists estimates, based on photon-emission-rate measurements and other
data, of the likely excited state species concentrations in active nitrogen for
two different compositions at 1 torr. These estimates show that only N(ZP).
N(2p), and N2(v) exist in high enough concentrations to excite IF at the rates

observed.

N(2D) is an unlikely precursor because its number density decreases
dramatically with increases in nitrogen mole fraction. The IF excitation

rates, on the other hand decreased only slightly.
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TABLE 4

ACTIVE NITROGEN CONSTITUENTS

Concentration (molecule cm=3)

Species Band 1% Np 80% Ny Comments
,: N(2D) 1 x 1012 1 x 1010 Estimate: not
{ likely precursor
}

N(2p) (2p-4s) 4 x 1010 1 x 1010 Further investiga-
. tion; not likely
. precursor
g
[ Na(a 1Hg) (LBH) 5 x 108 none (<108) Low conc.
-~ N2 (B 3ng) (1) 8 x 106 6 x 106 Low conc.
Na(a 3r,*) (V-K) 1 x 109 1 x 109 Low conc. .

Na(v) 2 x 1012 2 x 1014 Modeling of dis-

’ charges; likely
source

i . 70
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While none of our experimental observations can definitively rule out
N(2P) as the percursor for IF(B) excitation, we think a more likely species is
N> (X, v>>0). Extremely high levels of vibraticnal excitation can survive long
into the afterglow because they will not be relaxed efficiently by N, or Ar.
We feel that these levels are responsible for the excitation of N; electronic
states in the afterglow as discussed in the previous subsection. The N5 (B)
emission intensity, when corrected for fluorescence gquenching, should vary
relative to the,number density of the precursor state responsible for its exci-
tation. Figure 32 shows that our measured IF excitation rates vary linearly
with the corrected Ny(B) fluorescence intensity, thus indicating that both
species are likely to be excited by the same precursor. We used only the data
for XN2 = 0.025 and 0.10 in making this correlation, because those runs, unlike
the XN2= 0.90 data, shared common discharge conditions. The precursor for the
N>(B) emission cannot be (NZP) because that state lacks sufficient energy to
excite N»(B). Thus N3(X, v>>0), because it is the only remaining long-lived
state in the reactor, appears to be the precursor state for IF(B) excitation.
This excitation could be either direct, or indirect through an intermediary
state of nitrogen which is excited from the N3 (X, v>>0) precursor. At present
we cannot probe the concentration of N,(X, v>>0) in our reactor, and can only

infer its role as the precursor state.

Inserting the glass wool plug into the active nitrogen stream elimi-
nates vibrationally excited Ny and electronically excited species of N3 and N-
atoms, leaving only N(4S). The small residual IF excitation in this case is

consistent with expected N3* number densities created by N-atom recombination.
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5. PHOTON YIELDS

Given the energy-transfer reaction N2* + Q9+ Q% + Ny, we can compute
the photon yield from Q* as a function of the amount of Q in the system by

studying the elementary kinetics of the energy-transfer reaction.
The photon yield, y, is defined as

.} photons emitted by QO* per second
# quenchers, Q, injected per second

(41)

This quantity is system specific, being a function both of geometry and initial
number density of the donor species. Our particular system is a cylindrical
flow reactor. In the subsequent discussion we assume only first order losses
for the donor species, no electronic quenching of the fluorescing species, and
that the fluorescing species is stable (i.e. it does not dissociate or dispro-
portionate in collisions with the reactor walls or with other chemical species

in the reactor).

The steady-state expression for the volumetric photon-emission rate in

the reactor is
I = key [QI[N*] (42)

where I has units of photons cm~3s-1, kex is the rate coefficient for excita-
tion of Q* in collisions with Nj*, and No* represents either active nitrogen or

Np(a 3z.h).

The yield is then the product of the volumetric photon-emission rate

and the total reactor volume divided by the rate of injection of quenchers:

y = 143)
fQN°
where fy is the molar flow rate of quenchers and N, is Avogadro's number.

Combining the preceding two equations gives

kex[Q][Nz*] v

fQNo

y = (44)
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For first-order losses of No* we have

-Kl Z/\;

[Np*] = [Np*1° e (45)

where [N3*]© is the initial number density of Ny* at the injector, z is the
distance down the flow reactor from the injector, v is the bulk flow velocity
in the reactor and, Ky, is the first-order loss rate which will include quench-

ing both by species in the reactor and by wall collisions.

For a cylindrical flow reactor with radius a, we have

o
ko lQl N1 =

y = [ e 2 ra“dz (46)
N, A
2 o -
) ra kex[Q][Nz*] v .
fQNoK2

This expression can be simplified by noting that

£ PN
[o] = 22— =2 (48)
Tot
and
_ fTotRT
V= a? (49)

where fp,y is the total molar flow rate in the reactor and P,T and R are pres-

sure, temperature and gas constant, respectively.

Thus,
k [N *]O
ax 2
y = K . (50)
L

For the case of IF excitation by N,(A), the loss rate is the sum of a diffusive
loss term (wall quenching), kpjff, and the total quenching rate of Ny(A) by IF,
kpor[IF]. The kpjff is well established by the diffusion coefficient of N5(A)

in argon (Ref. 62-64). Since we have measured kegyx and kpgp, we can calculate
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yields as a function of pressure, the initial number of density of the MNy(a),

the quencher number density, and the total gas flow rate in the reactor.

Figure 33 shows a plot of photon yields from the N5(A) plus IF interac-
tion for several different sets of conditions. The major influences to the
photon~yield calculation are the initial Ny (A) number density, and the amount
of IF injected into the reactor. Given additional Nj(A) molecules, more IF
photons can be excited. Once the IF has quenched all the vailable Nj(A), how-
ever, adding nore IF cannot increase the total number of photons emitted, but
only can reduce the photon yield. We think a more useful figure to apply to
this system is to calculate the maximuf number of IF photons emitted per N5(A)
molecule. Our results show that, in the absence of any other N;(a) loss proc-
esses, one can expect 4 IF photons for every 10 N>{(A) molecules initially in

the reactor.

For the excitation of IF by active nitrogen, we do not know the initial
number density of the precursor responsible for IF excitation. We can, how-
ever, determine the product kgy [Ny*]. Measurements of the log of this product
as a function of flow time down the reactor will give both Ky and kex[Np*]°.
Thus we can again determine yields for this excitation reaction. As in the
case of N5(A) yields, the active nitrogen yields we calculate are system speci-

fic and therefore are difficult to interpret.

Two sets of data for 2% nitrogen at a total pressure of 1 torr gave ex-
citation rates for IF by active nitrogen of 0.86 and 0.33 s~! for flow times
from the discharge to the observation region of 7.5 and 14.9 ms, respectively.
Assuming that the initial No* number density exiting the discharge is the sane
for both sets of data, and that losses are first order, we compute a loss rate
for the No* of 129 s-1. Extrapolating back to the discharge gives an initial
IF excitation rate of 2.3 s-! which results in a photon yield under those con-
ditions of 0.018. This is an order of magnitude larger than the N5(A) + IF
photon yield in our reactor under similar conditions of pressure, total flow
rate, and nitrogen mole- fraction. Thus discharge-excited Ny in our reactor
contained a greater concentration of precursors capable of exciting IF mole-

cules to the B-state.
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ABSTRACT

Improved spectroscopic constants have been used to calculate RKR po-
tentials and Franck-Condon factors for the IF(B3no+ - X1Z+) transition. The
Franck-Condon factors are generally in good agreement with previously calcu-

“lated values but differ by as much as 30% for transitions from higher levels
of the B-state. Several experimentally measured relative transition moment
functions have been evaluated and the best scaled so that the total transition
probability calculated for each B-state vibrational level, A(v'), matches mea-

sured values. The scaled function was then used to calculate individual tran-

sition probabilities, A(v',v"), for the vibronic transitions.
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1. INTRODUCTION

There is a renewed interest in the spectroscopy and kinetics of
iodine monofluoride (IF), primarily as the lasing species in a chemical laser.
Davis and Hanko and Davis, Hanko, and Shea have observed lasing on the B-X
transition from several B-state rotationai and vibrational levels by optically
pumping the IF B-state (Refs. A-1, A-2). Dlabal and Eden used electrical
discharges in NF3/CF3I/He mixtures to induce lasing action on the D'-A!
transition (Ref. A-3). There are now several research groups working to find
efficient chemical pumping agents for either the D' or the B-states.

The IF (B3n - X1Z*) transition was initially observed by Durie

o+
in an I5-F5 flame (Refs. A-4, A-5). He assigned the spectrum and produced
the first spectroscopic constants. Clyne, Coxon, and Townsend observed a
similar but more extensive band system in I-atom/F-atom/singlet oxygen mix-
tures (Ref. A-6). The ground state rotational constants were refined by
Tiemann, Hoeft, and Tgrring who measured the pure rotational spectrum

(Ref. A-7). Birks, Gabelnick, and Johnston observed chemiluminescence origin-
ating from both the B-X and A-X transitions in the reaction of I, with Fy,
calculated Franck-Condon factors for the B-X transition, and measured the
variation in the B-X relative electronic transition moment with r-centroid
(Ref. A-9). Clyne and McDermid (Ref. A~10) recalculated the Franck-Condon
factors for the B-X transition using spectral parameters derived from Coxon's
(Ref. A-11) reinterpretation of Durie's data (Ref. A-5). They also observed
laser-induced fluorescence from the transition (Ref. A-12), and measured the
radiative lifetimes and apparent transition moments for B-state vibrational

levels 0-9 (Ref. A~13). More recently Trautmann, Trickl, and Wanner and

Trickl and Wanner have reported improved spectroscopic constants for both the

B-and X-states, (Refs. A-14, A-15). Trickl and Wanner have also measured the




variation in the relative transition moment for the B~X transition over a

wider range of vibrational levels (Ref. A-16).
In our studies of electronic energy transfer from N2(A3Eu+) and active
nitrogen to the IF(B3n0+) state, we found that there is still some confusion

: 3 1
regarding the variation in the IF(B™n_, - X L*) transition moment with

0
r-centroid, and that recent measurements of the spectroscopic constants for
both the X-and B-states made possible a more accurate determination of the
Franck-Condon factors for the transition. It is now also possible to calcu-
late absolute transition probabilities for the B-X system using information
currently available in the literature. We have performed a new evaluation of
the Franck-Condﬁn factors and calculated transition probabilities as part of
our present measurement program. These data are very useful for those engaged
in kinetic studies of IF and for thosé who wish to model the B-X chemical las-

er sgystem.

2. METHODS AND RESULTS

The determination of transition probabilities for the IF(B3n - X12+)

o+
transition starts with the calculation of accurate RKR potentials for both the
X-and B-states. A Numerov-Cooley routine is used to obtain numerical eigen-
functions and eigenvalues for each of the potentials and the necessary overlap
integrals are computed to provide Franck-Condon factors and r-centroids for
the B-X transition. The transition probabilities are then calculated using
these Franck-Condon factors, the appropriate transition frequencies and mole-
cular constants, and a scaled transition moment function. The scaling for

Qhe transition moment function is chosen so that the total transition proka-
bility for each B-state vibrational level agrees with the transition probabi:-
ity determined for that level from radiative lifetime measurements. The Jde-

tails of these procedures are discussed in the following sections
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2.1 RKR Potentials

The RKR potentials for the X and B-states were calculated using a fast
quadrature method developed by Tellinghuisen (Ref. A-17). Dunham expansions

of the form

L
‘ G(v) =T + ] Cp (v + 1/72)4 (1)
& 2=1
3 and
: P
h B(v) = J ¢p (v + 1/2)P (2)
p=0

were used to generate the vibrational and rotational term values, respec-
tively. Expansion parameters determined by Trickl and Wanner were used to
give vibrational term values for both the X and B-gstates (Ref. A-15).

The rotational constants of Durie were used in the X-state calculation, while

e Y v ¥ % ® LA iy

those of Tiemann, Hoeft, and Tsrring were used for the B-state, (Refs. A-5,
A-7). These parameters accurately reproduce the vibronic band origins to
within 0.02 cm~! for a range of transitions comprising v' < 11 and v" < 17.
They are summarized in Table A-1. The vibrational term values and classical
turning points calculated for both electronic states are given in Table A-2.

2.2 Eigenfunctions and Franck-Condon Factors

Numerical eigenfunctions for vibrational levels up to 11 in the B-
state and 17 in the X-state were calculated at 0.001 A intervals using a
Numerov-Cooley routine to solve the radial Schrodinger equation (Ref. A-18).
Evaluations of the overlap integrals used to obtain Franck-Condon factors and
r-centroids were done using Simpson's rule. The routines used 1000 uniformly
spaced values of the potentials spanning a range of internuclear distance from
1.63 to 2.63A. The potential arrays were constructed from the RKR turning

points using a 7 term interpolation polynomial. The attractive and repulsive
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TABLE A-1

DUNHAM EXPANSION PARAMETERS USED TO CALCULATE RKR POTENTIALS

FOR THE IF B- AND X-STATES.

SEE TEXT FOR REFERENCES.

1.+ 3
IF(X'Z ) IF(B N, )

Term cy (cm=1) Cp (cm=1) Cy (cm=1) Cp (cm=1)
1 610.22649 0.2797108 411.2759 0.22721
2 -3.12534 -1.8734(-3) -2.85844 -1.398(=-3)
3 ~2.6139(-3) -2.7(-6) -6.2411(-2) -8.2(-5)
4 -5.8379(-5) --

5 ——
6 -1.8331(-5)
7 -
8 -
9 -1.0956(-8)
10 -
11 -
12 9.255(-12)
13 -
14 -
15 -3.8574(15)




TABLE A-2

TERM VALUES AND CLASSICAL TURNING POINTS CALCULATED BY RKR
INVERSION USING THE EXPANSION PARAMETERS IN TABLE A-1

1.+ 3
Vibrational IF(X L ) IF(B H0+)

Level E(cm=1) r_(A) r.(R) E(cm-1) r_(A) r.(R)
0 304.332 1.8549 1.9708 204.916 2.0517 2.1930
1 908.299 1.8181 2.0197 610.272 2.0064 2.2527
2 1505.990 '1.7943 2.0557 1009.345 1.9772 2.2972
3 2097.386 1.7759 2.0866 1401.739 1.9548 2.3361
4 2682.469 1.7606 2.1144 1787.011 1.9363 2.3720
5 3261.216 1.7474 2.1403 2164.615 1.9206 2.4064
6 3833.605 1.7357 2.1648 2533.882 1.9069 2.4399
7 4399.611 1.7252 2.1883 2893.609 1.8948 2.4733
8 4959.209 1.7156 2.2110 3242.523 1.8836 2.5070
9 5512.373 1.7068 2.2330 3578.471 1.8731 2.5419
10 6059.074 1.6987 2.2546 3898.045 1.8625 2.5790
11 6599.282 1.6911 2.2757 4193.911 1.8501 2.6214
12 7132.966 1.6840 2.2966
13 7660.094 1.6773 2.3171 ’ re = 2.1190
14 8180.632 1.6710 2.3375
15 8694.544 1.6650 2.3577
16 9201.794 1.6593 2.3778
17 9702.344 1.6539 2.3979

re = 1.9098
89
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regions of the potentials which fall outside the range of the classical turn-
ing points were evaluated by fitting the four closest turning points to the

expressions
d
V(r) = D, - c/r (3)
for the attractive part and

v(r) = a/r12 +b (4)
for the repulsive part. 1In these expressions, Do is the dissociation energy
and a, b, ¢, and 4 are adjustable parameters.

The computer routines and their inputs were verified by testing the
eigenfunctions for proper normalization and orthogonality and by comparing the
calculated eigenvalues with those used to calculate the RKR potentials. The
normalization and orthogonality of the eigenfunctions for each potential were
tested by doing the overlap integrals for each eigenfunction of the potential
with itself and with all of the other eigenfunctions of that potential. The
diagonal elements in the resulting overlap integral arrays, which correspond
to the overlap of each eigenfunction with itself, were unity to within 1 part
in 107. The off-diagonal elements in the arrays were not greater than
1.0 x 10-20. Eigenvalues for the X-state calculated using the Numerov-Cooley
routine agreed with those used in the RKR routine to within 0.03 cm~! for the
first 11 levels and were different by no more than 8 cm~1 for levels up to 17.
A similar comparison for the B-state showed agreement to within 0.2 cm~! for
the first 5 levels and a maximum deviation of 2.3 cm~! for levels up to 11,

2.3 Trangition Moment and Transition Probabilities

The relative transition moment function spanning the widest range of

B-state vibrational levels is given by Trickl and Wanner (Ref. A-16). Their

20
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analysis of IF(B-X) fluorescence from the reaction of F-atoms with I,, ICl1,

and IBr yielded the function

R (v',v")]|2 « r(v',v") -r_(v'), (5)
e 0
with

ro{v') = r(v',0) = (1 + 3.434 x 105 v'3)[r(v',0) -1.859 A] (6)
for v' < 8. We have modified their relative transition moment function to
include a scaling parameter B such that the function becomes

IRe(v',v")lz = B {r(v',v") - r (v")}. (7)

We can write the expression for the total transition probability for a
given vibrational level as
A(v') = ] Alv',v*) = (641%/3h) B | w3 [Re(v',vM)|2 [<q'[q">|2, (8)
A v"
where w is the transition frequency in cm~! and |<q'|q">[2 is the Franck-
Condon factor for the transition.

If all the transition frequencies and Franck-Condon factors from a
given vibrational level are known, then a value of 8 can be chosen so that
expression (8) produces the measured transition probability for that level.
Our calculated Franck-Condon factors and the spectral parameters given above
allow us to meet this criterion for levels 0-5 of the IF B-state. Using the
measured transition probabilities of Clyne and McDermid for transitions from
IF B-state levels 0~-9 (Ref. A-13), we have done a least-squares fit for the
parameter 8 that minimizes the differences between the measured and calculated
probabilities for levels 0-5. The calculated and measured probabilities are
given in Table A-~3 and Fig. A-~1. The calculated probabilities agree with
those measured by Clyne and McDermid to within 7% for levels ' 0-5 and are
nearly a linear function of vibrational level (Ref. A-13). A linear
least-squares fit to the calculated probabilities, shown in Fig. A-~1, allows

.
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TABLE A-3

COMPARISON OF MEASURED AND FITTED TOTAL TRANSITION RATES
FOR LEVELS 0-9 OF IF(B)

Vibrational Measured Fitted
Level A(v')a A(v')a,b
o] 1.44+0.10 1.54
1 1.49+0.07 1.48
2 1.42+0.12 1.43
3 1.45+0.06 1.38
4 1.34+0.11 1.34
S 1.23+0.06 1.27
6 1.21+0.06 1.22
7 1.16+0.,05 1.17
8 1.16+0.07 1.12
9 1.1420.12 1.07
a 1055-1; .

b Levels 6-9 extrapolated from calculated
values for levels 0-5.
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an extension of the calculated values for comparison with the full range of

of the measured data. In the extrapolated region the agreement with the
measured values is also quite good. We have included the extrapolated values
in Table A-3.
The relative transition moment function of Trickl and Wanner

(Ref. A-16) can now be put on an absolute basis using the fitted value of 8
and is given as

|Re(v',v")|2 = 0.445 « [ x(v',v") - rg(v')], (9)
where the units are Debye2 and rg(v') has its previously defined value. Using
the absolute transition moment function, our calculated Franck-Condon factors,
and the known transition frequencies for the B-X transition, we can calculate
transition probabilities for all transitions of interest. These probabili-
ties, as well as the corresponding Franck-Condon factors and r-centroids, are
given in Table A-4 for transitions from B-state levels 0-9 to X-state levels
0-17.

3. DISCUSSION
Vibrational term values ca’-ulated for the X-state differ by a: much

as 1.3 cm~! from those of Clyne and McDermid (Ref. A-13) and 13 cm~! from
those of Gabelnick (Ref. A-8), whose results are summarized in Reference A-9.
The corresponding classical turning points for these levels change by as much
as 0.002 A and 0.003 A, respectively. The term values calculated for the B-
state using the new constants differ by 1 cm~1 from Clyne and McDermid and
3.2 em~! for Gabelnick. Classical turning points calculated from these term
values differ by as much as 0.003 A and 0.007 A, respectively. These chan-es
are a direct result of the use of improved vibrational and rotational param-
eters. This improved accuracy enables us to compute the Franck-Condon factors

to X-state level 17. The shifts in the potentials are not sufficient to
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affect significantly the Franck-Condon factors for transitions between levels
with eigenfunctions having few nodes, but do result in large changes for
transitions occuring between high levels in each manifold. For such transi-
tions the present values differ by as much as 30% from previous results.

Extension of the Franck-Condon factor matrix to include X-state levels
up to 17 gives us the full sum of the overlap integrals for B-state levels 0-4
and 95% of the sum for level 5. This procedure allows us to use these levels
to determine the optimum value of § in the transition moment fitting routine.
Previous calculations only determined the full overlap integral sum for
levels 0 and 1, limiting the accuracy of any fit for the transition moment
function (Refs. A-9, A-10).

There have been three determinations of the variation in the relative
transition moment with r-centroid for the B-X transition. The initial measure-
ments of Birks, Gabelnick, and Johnston (Ref. A-9) showed a variation in the
relative transition moment for transitions from B-state levels 0-2 character-
ized by the expression

|Re(v',v") |2 « r(v',v") -1.859 A . (10)
The function varies by about a factor of three over the corresponding range of
r-centroids. Subsequently, Clyne and McDermid inferred from their lifetime
measurements that the transition moment varied by only about 10% for transi-
tions originating from B-state levels 0-9 (Ref. A-13). Recently Trickl and
Wanner investigated the variation in the relative transition moment and
reported a change with r-centroid previously given in expression (5) for tran-
sitions originating from B-state levels 0-8 (Ref. A-16). Their transition
moment function gives values of the transition moment which agree with those of

Birks and coworkers (Ref. A-9) where they overlap, and extends the range over

which the transition moment is known.

tvror ‘:"




We have determined that the apparent discrepancy between the transition

moments of Clyne and McDermid (Ref. A-13) and other measurements is due to a
misinterpretation of the lifetime data by those authors. 1In reporting their
transition moment values, Clyne and McDermid actually calculated the average
transition moment for all transitions originating from a given B-state vibra-

tional level. This quantity is given by the expression

R_(v') = 3h4 _‘;(V') (11)
64rw w (v')
where
;3(‘,!) = z (L)(V',V")3 ,(qllqu>,2- (12)
vll

This éverage transition moment does vary by only about 10% for levels 0-9;
however, this interpretation neglects the fact that the transition moment may
vary significantly within any given vibronic progression while having the same
average value relative to other progressions in the system.
The data of Clyne and McDermid are consistent with other measurements
of the relative transition moment if viewed more closely (Ref. A-13). The
= quantity‘;3(v'), which is the Franck-Condon weighted average transition fre-
quency for a vibronic progression, varies only slightly for progressions orig-
Li' inating from B-state levels 0-~9. Since B-X emission occurs almost entirely at
the classical turning points, transition frequencies can be associated with

the r-centroids for those transitions. A plot of transition frequency vs.

r-centroid is approximately linear and the average transition frequencies of
Clyne and McDermid and can be assigned corresponding r-centroids from this
plot. When these r-centroids are used in the relative transition moment func-

tion of Birks, Gabelnick, and Johnston (Ref. A-9), this function gives both the

same sign and magnitude of the variation in average transition moment observed




by Clyne and McDermid. Hence all of the data sets are consistent and we feel

confident to use the more extensive relative transition moment function of
Trickl and Wanner (Ref. A-16).

We have done a linear propagation of errors analysis for our computa-
tion of the transition probabilities. This analysis included a 10% uncertainty
in the transition moment and a 5% uncertainty in the Franck-Condon factors.

The total uncertainty in the transition probabilities is estimated to be 10%
for strong transitions and as great as 30% for weaker transitions. We have
used these transition probabilities in a linear least~squares spectral fitting
routine. In Fig. A-2 we show the spectrum of IF(B-X) emission excited by energy
transfer from N2{(A) (light line) at 5 torr total pressure of Ar buffer. Some
emission from NF(b'E* - X3 [~) lies under the 0-0 band. The least-squares fit
to the spectrum is shown as the darkened line in the figure. The accuracy of
the transition probabilities ig demonstrated by the good fits to the long pro-
gressions orginating in v' = 0-2. Over the range of these progressions,.the
transition moment varies by approximatly a factor of 2, while the spectral fits
match the observed spectra to within 15%. If the transition moment were invar-
iant with r-centroid, a much larger error would be observed in the spectral
fit.

While there have been no other determinations of transition probabili-
ties for this system, the transition probabilities reported here are at least in
qualitative agreement with the stimulated emission data reported by Davis,
Hanko, and Shea (Ref. A-2). Our calculations would predict strong emission from
the 1-8, 2-10, 3-11, 3-12, 4-0, and 5-11 bands, in agreement with their low
pressure optical pumping experiments. We would also predict lasing on the 0-5
band relative to the 0-4 band when the probabilities are converted to stimulated
emission coefficients. Clyne and McDermid showed that raéiative lifetimes for
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4 < J' < 50 in each of B-state levels 0-8 are essentially equal (Ref. A-13).
Work on Franck-Condon factors for I, have shown little variation with rotational
quantum number except in highly rotationally excited species (Ref. A-19). Thus,
we might expect to see little variation in these transition probabilities with
rotational quantum number, aside from the usual Honl-London line strength
factor.
4. CONCLUSIONS

Franck-Condon factors for the IF(B-X) transition calculated using
improved spectroscopic constants differ negligibly from previously calculated
values for transitions originating from low levels of the B-state. For transi-
tions originating from higher levels of the B-state, which are most affected by
the use of improved spectroscopic constants, the newly calculated values differ
by as much as 30% from prior results (Refs. A-9, A-10). We have resolved the
discrepancy between previously reported variations in the relative transition
moment by a reinterxpretation of the results of Clyne and McDermid (Ref. A-~13),
resulting in 3 consistent sets of data. The relative transition moment function
of Trickl and Wanner, (Ref. A-16), has been scaled so that calculated total
transition probabilities match measured values in Reference A-13. Calculated
probabilities for individual B-X transitions using the scaled function are con-
sistent with observations of lasing on strong transitions originating from the

outer turning point of the B-state potential.
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