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INTRODUCTION

Riogot”
T

This contract investigated the use of fluorine azide (FN3) as both an advanced

Y]

high energy densxty propellant and as a fuel for an advanced high energy visible wavelength
chemical laser. The work on the propellant application (which included development of a
safe lab-scale gen or of FN3) performed for the Air Force Astronautics Laboratory has
been covered in a parallel final report.l This report addresses the work on the laser appli-
cation which also utilized the FN4 generator and was performed for the Air Force Weapons
Laboratory and the Strategic Defense Initiative Office under the administration of the Air
Force Astronautics Laboratory. \‘fhe proposed laser operates by producing the electronically
excited NF(a) metastable species upon thermal dissociation of FN3 and utilizing subsequent
energy transfer reactions to pump the BiF(A-X) laser transitions near 450 nm. The work

was done in four major blocks which include:

I. Production of FN3 ,

2.  Conversion of FNj to NF(a),
3.  Excitation of BiF(A) by NF(a),
4.  Measurement of BiF(X),

The methods used and results obtained from the first three blocks of effort are
fully detailed and analyzed in prior publications that are reproduced in the appendix section
of this report.l'3 This work, which is summarized the next section of this report, addresses
the physical and chemical processes involved in the pumping of the laser transition. The
following section describes in detail our investigation of the state of inversion and the
potential for generation of adequate gain to sustain laser action.

‘ /-\ln the course of performing this work knowledge was gained concerning the
mechanism of reaction and a number of key kinetic rate constants. Also efficient pro-
duction of electronically excited species was demonstrated at densities large enough to
power a high energy laser system. Finally, the BiF(X) ground state concentration was found
to be consistent with a model based on population by radiative cascade from BiF(A) and
removal by NF(a) at a near gas kinetic rate. These results support the development of an
NF/BiF chemical laser that is operable at visible wavelengths. —

/"\




"PRODUCTION OF BiF(A)

Figure 1 shows in block form the method used to carry out the experiments. The
FN, (diluted in He) was mixed with a sensitizer (HF, DF or SF¢) and Bi(CH3)4 at the inlet to
a reactor where it was pulse heated by an infrared laser. Optical diagnostics that were both
spatially and temporally resolved, as well as absolutely calibrated, were used to detect
NF(a) and BiF(A) in emission and FN,, Bi(2D) and Bi(CH3), species in absorption.
Stimulated emission was also monitored in the output of an optically resonant cavity that
surrounded the reactor. Both an external dye laser and the BiF(A-X) chemiluminescence
were used to stimulate the potential gain medium. The following paragraphs describe the
methods used to generate the FNj, convert it to NF(a) and to pump the BiF(A) state.
Attempts to develop an alternative Bi-donor (BiH3) and to monitor self-amplification are
also described in this section. The more definitive dye laser gain measurements are
described in the following section of this report.

B‘(CH3) 3 FN3 SFG
DYE REACTION co,
LASER CELL LASER
CAVITY FN3/Bi*/8iX NF*/BIF* OPTICAL
OUTPUT ABSORPTION EMISSION DIAGNOSTICS

Fig. 1 Block diagram of experimental apparatus used to study excitation
of NF(a) and BiF(A) by thermal dissociation of FN.




Generation of FN3

Haller” first synthesized FNy in 1942 by reacting HN; with F,. Fluorine azide is
a highly volatile gas which condenses to an easily detonatable liquid at cryogenic tempera-
ture. As shown in Fig. 2, we produced and used FN5 in the gas phase by use of Haller's
method in which the HN4 was obtained from a melt of NaN and excess stearic acid at tem-
peratures near 100°C. The HNj that was generated was entrained by a He diluent stream
that carried it to a second reactor where it was titrated with a similarly diluted flow of
F,. The byproduct HF was subsequently eliminated from the gas stream by passage through
a cold trap at -90°C. For safety reasons the cold trap was located inside a barricade and
gas cooled by evaporated liquid nitrogen. Optical diagnostics were employed in the FN,
generator to monitor the production of HN, (uv absorption), its titration with dilute Fy
(ir absorption) and the concentration of the final product (visible absorption). Under
nominal conditions we produced 3 - 5 hours of FN4 flow at 3 - 5% concentration in a 3 sccs
flow of He at 350 torr pressure. Mass spectroscopy revealed the primary impurities to be
CO, and N4yF,, both of which were less than 5% of the FN3 flow. We found it necessary to
use a large (20/1) excess of stearic acid to NaN4 and to carefully control the rate of mixing,
temperature =4 stoichiometry of the titrztion to achieve good results. The FN,/He gas
stream was transported to the site of the experiment in stainless steel and teflon tubing
without significant decomposition. Further details regarding the on-line synthesis of FN4
have been published by the Air Force Astronautics La!:soratory.l

Release of NF(a)

Experiments were performed using both HF/DF and CO, pulsed lasers to add
energy to the gas mixtures in the reaction cell. In these experiments we attempted to learn
the mechanism of reaction, the key kinetic rates and the reactions which limit scaling to
high density, with the goal of demonstrating efficient production of lO“’/cm3 concentra-

tions of NF(a) that would be suitable for use in a high energy laser system,

HF/DF Laser Experiments - The initial experiments were performed using either
HF or DF as the sensitizer (in place of SF in Fig. 1) and the corresponding HF or DF laser
(in place of the CO, laser). By observing the decay of the HF(av = 3) emission as a func-
tion of added FN,, we concluded that vibrationally excited HF is quenched by FN4 at an
approximate rate of 2 x 10712 cm3/s. The corresponding decay of the FN4 concentration
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Fig. 2 Schematic diagram of on-line FN, generator.

was found to occur in two sequential stages. There was no measurable production of NF(a)
associated with the first stage of FN; decay, which coincided with the decay of the vibra-
tionally excited HF/DF molecules. Production of NF(a) did occur, however, in the second
stage of decay, which was thought to be thermally induced. To test this hypothesis, SF¢
was added as a thermal diluent, which was found to delay and diminish the production of
NF(a) without significantly increasing its decay rate. We therefore concluded that thermal,
rather than vibrational, excitation of FN4 was the most effective route to NF(a) production.
This result also implied that use of a CO, laser and SF¢ as the sensitizer would be the
preferred method to carry out future experiments.

CO, _Experiments - Optimum production of NF(a) occurred in a gas mixture of
1.5 torr FN3,-13.5 torr SF¢ and balance He to a total pressure of 150 torr. The incident

2ihaz2-3 us pulse) was too low to yield

CO, laser intensity (approximately | Joule/cm
significant production of F-atoms by multiphoton dissociation of the SF¢ at this pressure,
hence the major effect of the laser pumping was to heat the bath gas.j. The FN4 was
observed to dissociate promptly and the rise of the NF(a) was in temporal coincidence with
the decay of the FNj. The peak NF(a) concentration that was routinely achieved was

3 x 1016/cm3. We also observed that the NF(a) decayed at a rate which increased in pro-




portion to the peak NF(a) concentration. Analysis of this phenomena suggested that the

-12 cm3/s,

NF(a) decay was dominated by self-annihilation at a rate of approximately 3 = 10
in good agreement with the low density flowtube experiments performed by Setser.6 The
temperature at the peak of the NF(a) time profile was determined by using a temporally
gated optical multichannel analyzer (OMA) to collect a spectrum of BiF(A-X) emission that
was obtained upon trace addition of Bi(CH3)3 to the reaction cell.’” The spectra were
normalized for instrument response and compared to a temperature-dependent series of
theoretically calculated BiF(A-X) spectra provided by Koffend,8 With knowledge of the
temperature, a barrier height of 0.5 eV for dissociation of FN4 was estimated from a
comparison of the high temperature FN; decay rate with the observed rate of decay at
ambient temperature. This result was in good agreement with theoretical calculations by
Michels? which reproduced the measured vibrational frequencies of the FN4 molecule. Fur-
ther details of the laser pumping experiments have been published in the Journal of Physical

Chemistry.2

Kinetic Model - To test our understanding of the dissociation process, we assem-
bled a kinetic model and compared it to the data. The model assumed 100% efficient pro-
duction of NF(a) upon dissociation of FN and loss of NF(a) solely due to self-annihilation,
with no loss of species or thermal energy due to transport, mixing or diffusion. Tempera-
ture, however, was treated as a dynamic variable and the rate coefficients were explicitly
temperature dependent, taking into account both the Tl/ 2 dependence of the cross sections
and an Arrhenius term for the barrier in the dissociation channel of FN;. The self-
annihilation reaction was assumed to have no barrier and proceed to N, + 2F. Thermo-
dynamic parameters were obtained from the JANAF tables!?

photolysis“ of FN4. The model was defined by the coupled rate equations

and prior work on ultraviolet

T./7

SNl = -k e O [MI[FN,] (1
% (@) = - $5 (FN] - i INF(a) 12 (2
ST ¢ (o 1SRGl 1) - g S IFNS1 M K INFG@)1D) (3)




where k4 and kq are the dissociation and self-annihilation (quenching) rate constants, T is

o
the barrier height in units of temperature, [M] is the.concentration of collision partners, C
is the heat capacity of the gas mixture, o the absorption cross section of the CO, laser into
SF¢, Kt) is the intensity time profile of the laser radiation and Hy and Hq are the heat
releases in the dissociation and self-annihilation reactions, respectively. Both kj and k,
increase as Tl/ 2 with respect to a reference state at 300 K. The model equations were
integrated using a desktop computer to yield the results shown in Fig. 3 which correspond to

the initial conditions that optimized the peak concentration of NF(a).

L 1 I I

TEMPERATU:E\ Tmax = 1340 K
RISE

NF*

TIME (uS)

Fig. 3 Computed time profiles of the temperature rise (above 300 K)
and concentrations of FN4 and NF(a). The dashed line repre-
sents an approximation tc the time profile of the CO, laser.

Excellent agreement was obtained between the model and the data as shown in
Table |. The only parameters that were varied in the model equations were the cross sec-
tion g, the barrier height To and the rate coefficients kd and "a‘ The value of ¢ was set on
the basis of the amount of CO, laser radiation that was actually absorbed into the reactor,




as measured (incident vs transmitted) on a joulemeter. Initial values of kg and T, were
selected on the basis of Setser's and Michels work, respectively, and kd was estimated by
kinetic theory. The best fit to the data was achieved with only modest (+ 25 %) variation of
the rate parameters and t 10 % variation of the barrier height. Therefore, we concluded
that the model reproduces the essential features of the dissociation process accurately.
The best fit parameters were kq = 2.5 x 10'12 cm3/s for the self-annihilation of NF(a) and
kg = 1.0 x 107! em3/s for the dissociation reaction with T, = 5500 K for the barrier height.

Table 1

Comparison of-Model to Data
for CO, Laser Dissociation of FN5

Model @ Data Units
Peak NF(a) 4 x 1016 3,1016 cm™>
Rise Time 2.6 2.4 us
Decay Time 5.7 5.0 us
Peak Tempgrature 1237 1150 °K

_Based on the above results, it follows that high concentrations of NF(a) can only
be generated efficiently if the temperature is increased rapidly, so that dissociation of FN4
is compiete before the NF(a) decays significantly. In a high energy laser, the dissociation
reaction would be induced by mixing between a preheated gas stream and a stream at ambi-
ent temperature that ¢ .rried the FN4. Since mixing will require at least 10 us to éomplete,
we suggest that a peak NF(a) yield of 3 1013 /cm3 is most appropriate for the laser appli-
cation since the NF(a) lifetime will be on the order of 100 us (which is long compared to the
mixing time) but the power in the flow will still exceed 100 watts/cmz, assuming heavy
dilution in He at a stagnation temperature of 1200 K. Since we were able to achieve ten
times this concentration in our premixed laboratory reactor, we concluded that there was
little value in attempting to scale to higher NF(a) concentrations.

Recent work by Michels,“ which has evaluated the heat of formation of FN3, has

suggested that the exothermicity of the dissociation reaction is much less than originally
estimated. Since reactive heating does not significantly change the gas temperature in the
above experimer‘s. there is little potential for resuliant error in the model calculations




done to date. If, however, the model were to be used for more concentrated gas mixtures,
it would be necessary to correct the thermodynamics accordingly to obtain accurate results.
Fortunately, the dilution ratios used in our present experiments approximate those of
practical high energy laser systems with large heat release. A more subtle effect, poten-
tially involving the NF(a) self-annihilation reaction, however, is also related to the heat of
formation of FN3. Michels calculation shows that the'singlet (ground state) surface of FN,
which correlates to NF(a) + N is crossed by a triplet (excited state surface) that dissoci-
ates to NF(X) + N, on the product side of the barrier. While the barrier height on the FN,
side remains near 0.5 eV, the change in the position of the FN4 ground state relative to the
separated NF + N2 states, due to its reduced heat of formation, lowers the barrier height to
about 1500 cm™! on the product side, Consequently, the singlet-tripiet crossing is thermally
accessible in collisions between NF(a) and N, at high temperature, which may lead to
quenching that is not evident at lower temperatures, as suggested by Setser.!3  This
possibility is not supported by Setser's flowtube data,6 however, since he measured essen-
tially the same self-annihilation rate (at 300 K) that we obtained at 1200 K. Nonetheless.
our experiments cannot distinguish between quenching of NF(a) by NF(a), NF(X) or N, since
all three collision partners scale in proportion to the initial FN4 concentration. The
- difference would be- significant, however, in a supersonic laser (where the temperatures are
reduced) if the majority of the quenching were due to N, and had a strong temperature
dependence.

Reaction with BKCH,)3
7

Herbelin’ first discovered that intense BiF(A-X) emission results when Bi(CH3)3
is added to a medium that contains NF(a). Figure 4 shows the energy levels and kinetic
processes that are involved in this phenomena. The process is initiated by the dissociation
of Bi(CH4)4 to yield Bi-atoms, which may in-turn form ground state BiF(X) molecules by
subsequent reaction with FN4 and NF(a). Higher fluorides such as BiF, and BiF y may also
be formed but do not apparently participate in the production of BiF(A). The byproducts of
the dissociation reactions are also likely quenchers of NF(a) and other electronically excited
states.!* Excitation of BiF(X) to the radiating BiF(A) state requires the energy of at least
two interactions with NF(a).U While the details of the mechanism are not clear, it has
been suggested!® that the intermediate state between BIiF(X) and BiF(A) is in fact Bi(2D).
Therefore, the interactions of Bi species with NF(a) may involve chemical reaction as well




BiF (A)

Bi(CHq)3

BiFy/ BiF3

BiF (X)

Fig. 4 Energy levels and kinetic processes relevant to the reaction of
Bi(CH3)5 with NF(a).

as energy transfer. The rate coefficient for BiF(A) excitation by NF(a) is critical in
relation to the radiative decay rate of the BiF(A) state, since this factor in combination
with the NF(a) concentration determines the relative concentrations of the upper and lower
levels of the laser transition. The radiative decay rate of the BiF(A) state! has been
measured by Koffend, et al. tobe 7 x 10° Is.

In these experiments, optimum NF(a) was generated as described previously, but
variable amounts of Bi(CH3); were added to the gas mixture in the reactor. The Bi(CH;)5
was stored as a liquid in a stainless steel cylinder that was immersed in a cold trap (0 to
-60°C). A measured flow of He was bubbled through the liquid at a pressure that was set by
a gas regulator, and at a flow rate that was set by a needle valve. The fraction of Bi(CH;),
in the flow was calculated from the vapor pressure of Bi(CH3)3 at the temperature of the
trap assuming complete saturation of the He flow. This method results in an overestimation
of the mole fraction of Bi(CH3)3 that is entrained by the He carrier gas, however, prior
experience has shown that the correction factor is typically less than a factor of two. The

10




Bi(CH3)3/He flow from the saturator was mixed with the FN3/He flow at the inlet to the
reactor as shown in Fig. 5. Therefore, the FN; and Bi(CH3)3 were in contact for approxi-
mately 0.5 seconds before excitation by the CO, laser. As will be described in the
following section of this report, subsequent investigation showed that most (ca. 95 %) of the
Bi(CH3); was prereacted with the FNj during this time. Since the FN; was typically
present in an order of magnitude greater concentration than the initial supply of Bi(CH )4,
there was negligible effect on the FN5 concentration due to the prereaction. Consequently
some of our published conclusions? relevant to the yield of active Bi/BiF obtained from
Bi(CH4)4 have been modified accordingly. The data and conclusions relevant to production
of BiF(A) are summarized below and where prereaction is a significant factor the specific
effects are identified and discussed in detail.

SFq REACTANTS
F3/He——y 1 [ BHCHg3)3/He _{1
Ar Ar ¢ Ar
-1 2.5 cm
—-E.{ ______ B ‘} ﬁ’&*f\ =106 u
OPTICAL \-une Focus
AXIS FOR
I DIAGNOSTICS T
VACUUM VACUUM

Fig. 5 Construction of reactor used to pulse heat mixtures of FN3,
Bi(CH4)4 and SF¢ by a CO, laser.
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Bi(%D) Time Profile - A puised hollow cathode lamp was used to follow the Bi(?D)
concentration by absorption of atomic resonance radiation.!? Simuitaneously the concen-

tration of the BiF(A) state was followed in emission by a suitably filtered silicon photo-
diode. The Bi(?D) was found to precede and track the BiF(A) time profile by approximately
the radiative lifetime of the BiF(A) state. Our data therefore supports the notion that
Bi(2D) is the intermediate state in the production of BiF(A). By comparing the peak con-
centrations of Bi(ZD), BiF(A) and NF(a), the rate of the NF(a) + 8i(?D) pumping reaction was
shown to be approximately 4.7 x 1071 cm3ls in good agreement with an independent deter-
mination of the same rate coefficient by Herbelin.19 The sum of the peak concentrations
of Bi(°D) and BiF(A), however, was only approximately 1% of the Bi(CH,), that was admit-
ted to the reactor. Since 95% of the Bi(CH3)3 was prereacted we must account for the pro-
duction of only one active Bi*/BiF* molecule for every five Bi(CH3)3 molecules that were
not prereacted. This inefficiency may derive from significant concentrations of ground
state Bi-atoms or BiF(X), from incomplete dissociation of the Bi(CH3); or from a low yield
of active Bi/BiF due to production of BiF,/BiF ;.

Bi(CH4)3 Time Profile - Monitoring of Bi{CH3), species for x = 1,2,3 was accom-
plished by ultraviolet absorption20 using a D, lamp as the source of probing radiation.
Since the intermediates (x = 1,2) absorbed more strongly than the Bi(CH,)3, the net absorp-
tion first increased and then decreased to zero. After modelling this phenomena, the time
profile of Bi-atoms was computed and it was shown that dissociation requires approximately

10 us to complete. Moreover the dissociation rate was unaffected by the presence or lack of
FN3. Therefore, we can conclude that the mechanism of dissociation was essentially ther-
mal?? under the conditions of our experiment. Since the BiF(A) signal peaked at about 2 us,
only 20% of the Bi(CH4); was dissociated in time to contribute to the peak generation of
Bi(%D) or BiF(A). Consequently, we can account for all the Bi-species without invoking
significant concentrations of ground state Bi-atoms, BiF(X) or BiF 5/BiF 4.

Recycling BiF(X) - In order to allow all the Bi(CH4), that was not prereacted to
contribute to BiF(A) formation, experiments were performed using reduced concentrations
of FN3 and only trace addition of Bi(CH3)3. Using this strategy, the self-annihilation of the
NF(a) was slowed sufficiently that the Bi(CH3)3 could dissociate completely before the
NF(a) decayed significantly. The resultant BiF(A) time profile showed a characteristic 10 us
rise that is consistent with the previously measured time scale for complete dissociation of
the Bi(CH4)5. Under these conditions the integrated BiF(A) time profile corresponded to 0.7
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photons emitted per Bi(CH3)3 molecule admitted to the reactor or roughly 14 photons per
Bi(CH3)3 molecule that was not prereacted. This result demonstrates effective recycling of
BiF(X) analogous to the recycling of I-atoms that occurs in the COIL laser system.” The
intensity of the BiF(A-X) emission was consistent with a limiting rate in the cycle
(= 10°11 cm3/s) that approximated the rate of the Bi(ZD) + NF(a) reaction. Since these ex-
periments were conducted at low NF(a) co.centration, the majority of the dissociated
Bi(CH4)5 is not in the Bi(2D) or BiF(A) states but rather in the ground states. Hence this
measurement addresses the effective rate of pumping of BiF by NF(a) from the ground state
to BiF(A) via the Bi(2D) intermediate energy level, whereas the previous measurement deter-
mined only the rate of the second step in the excitation process. We therefore conclude that
the ground state of BiF(X) is removed by NF(a) at a rate that is no less than 5 x 1071 em3ys.
This result implies the possibility of an absolute population inversion of the BiF(A-X)
transition for NF(a) concentrations greater than lO“‘/cm3 .

Scaling of BiF(A) - The experimental parameters were varied to establish optimal
production of BiF(A-X) emission. The yield of BiF(A) increased with CO, laser energy and

then saturated as expected, and increased with FN4 or NF(a) concentration without any sign
of saturation. From this result we can set an upper limit on the rate of any destructive
interaction between BiF(A) and NF(a) by equating the quenching process to the radiative de-
cay which yields k < (7 x 105/5)/(3 x 1016/cm3) or approximately 2 x 10711 cm3/s. At low
FN3 concentration, the yield of BiF(A) initially increased with FN; concentration at a faster
than linear rate which reflects effective quenching of Bi(2D) in competition with the Bi(2D) +
NF(a) reaction that generates the BiF(A) state. As the FN3 concentration was increased,
however, the concentration of the BiF(A) state began to scale linearly with FN5 addition,
indicating that the rate of the Bi(?D) + NF(a) reaction was now competitive with any
quenching of the Bi(%D) state. Upon varying the Bi(CH,)5 addition, peak BiF(A) occurred
when the added concentration of Bi(CH,); admitted to the reactor reached
Ix loljlcmB. Taking prereaction into account suggests that the actual optimal Bi(CH,),
concentration was 1.5 x 101%/cm3. The peak yield of BiF(A) was measured . as
1.0 x 1013/cm3 by absolute photometry. This result is consistent with a quadratic scaling
relationship between the yield of BiF(A) and the concentration of NF(a) for (optimized
Bi(CH4)4 addition) that was established at much lower NF(a) concentrations by Herbelin and

coworkers, using an alternative source?? of NF(a) to dissociation of FN3. Under the
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conditions which yielded the highest BiF(A) concentration, the peak (> 90%) yield of BiF(A)
only lasted approximately 1 us. The following section of this report will show, however, that
the measured peak concentration of BiF(A) is large enough to yield gains on the order of
10'3/cm if the BiF(X) ground state is evacuated.

Synthesis of BiH3

Since addition of Bi(CH,)4 is limited by quenching and is an inefficient source of
Bi-atoms due to the slow dissociation rate, we considered using BiH4 as a potentially supe-
rior alternative donor, since it is much less stable?3 than Bi(CH3)3, has high vapor pres-
sureza and the potential byproducts (HF) would be much less efficient as quenchers of
electronically excited states.25 Production of BiH, was attempted by reactions of BiCl, '
with LiAlH, in ether at -60°C and with NaBH, in aqueous solutions at ambient tempera-
ture.zu’zs We also studied production of BiHj by reaction of microwave discharged H, with
a Bi metal film in a fast flow low pressure reactor and in pulsed discharges in H, between
Bi electrodes at a variety of pressures and discharge energies.27 The BiH4 was separated
from the H, byproducts by passage through a liquid nitrogen cold trap that was teflon
coated and salinized by treatment with Si(CH3)2C12 prior to use to prevent catalytic de-
compositio:m.28 The BiH4 product was measured by entrainment in a flow of H, that was
burned in air, with detection of the resultant formation of Bi-atoms by atomic absorption,
using a hollow cathode lamp as the source of resonance radiation. ! Although considerable
effort was invested, the results were fairly uniform and discouraging. While 1012‘13/cm3
yields of BiH3 could be routinely produced by a number of methods the branching ratio be-
tween BiH, and H, byproducts was typically less than lQ‘j . Therefore, it was impossible to
collect an adequate charge of BiH3 in a reasonable time to support optimal concentrations
of the hydride to our FN4 experiment, while allowing adequate time for measurements to be
taken. We did, however, succeed in adding trace concentrations of BiH; to our reactor,
which yielded BiF(A-X) emission that was identical to the chemiluminescence obtained from
Bi(CH3)5. Consequently, we decided to continue the investigation using B(CH3)4 as the Bi-
donor of choice and turn our attention to the issue of detecting the BiF(X) ground state to
assess the feasibility of a population inversion.
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Intracavity Spectroscopy

Preliminary experiments to asses the state of inversion of the BiF(A-X) transi-
tions were conducted by using the BiF(A-X) chemiluminescence that was spontaneously
emitted from the reactor as the source of probing radiation. The chemiluminescence was
refocused into the reactor by a pair of dielectric mirrors and the radiation that leaked
through the mirrors was analyzed spectroscopically. This approach facilitates easy
spectroscopic alignment but yields data of lower signal-to-noise ratio that is obtained by
use of an intense external source of probing radiation. Figure 6 compares three spectra of
the v' = 0 to v" = 0 band of the BiF(A-X) system that were collected under conditions which
optimized. the yield of BiF(A). The first spectrum (a) is a reference spectrum taken without
an optical cavity about the reactor. Spectra (b) and (c) correspond to cavity outputs with
mirrors of 95 and 99.9% reflectivity, respectively. The monochromator was placed suffici-
ently far away from the cavity and was apertured so that only on-axis radiation was detec-
ted. A KrF laser was employed in tandem with the CO, laser to collect the data in
Fig. 6(c), since the 248 nm emission was strongly absorbed26

by Bi(CH4)3 but was trans-
_parent29

to the FN4. The purpose of using the KrF laser was to assist the dissociation of
Bi(CH3)3 and thereby achieve a higher level of gain. Since the response of the intracavity
diagnostic is nonlinear, small improvements in gain can have a very large effect on the
signal-to-noise ratio. All of the spectra were collected using an OMA that was temporally
gated to the peak of the BiF(A) time profile. As reported in the following subsections, the
data were analyzed for spectroscopic distortion either due to self-absorption or self-
amplification. An analysis based on the bandshape was preferred over an analysis of band-
to-band relative intensities, as the latter method probes the vibrational distribution and
significant errors could result due to small deviations from a thermal distribution, which are
not uncommon in pulsed experiments of us duration. The bandshape, however, depends on
the rotational distribution which is more rapidly thermalized and therefore less subject to
error. The analysis is based on the principle that the spontaneous emission (chemilumines-
cence) and gain/absorption (cross section) spectra have a different wavelength dependence,
the latter peaking to the red of the chemiluminescence band head, due to the rotational
distribution.
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Fig. 6 Comparison of BiF(A-X, v' = 0 to v" = 0) spectra (a) without an optical
cavity, (b) with an optical cavity formed by 95% reflecting mirrors,
and (c) with an optical cavity formed by 99.9% reflecting mirrors,
and use of a KrF laser to aid the dissociation of Bi(CH3)3.

Self-Absorption - Comparison of Fig. 6(b) to Fig. 6(a) shows no measurable

spectroscopic distortion above the noise level. An upper limit on the concentration of the
BiF(X, v" = 0) state can therefore be determined from the inequality

(12—.'?2] o ([BIF(X,v' = 0)] - [BiF(A,v' =0)]) S<2N (%)

where ¢ is the gain length (2.5 cm), R is the mirror reflectivity and S/N is the signal-to-
noise ratio (~ 20). The value of the cross section o for the 0 + 0 transition at the peak of its
rotational distribution (437 nm) is about 10™16 cm? based on the radiative rate and spectro-
scopic parameters measured by Zlones,30
broadening and no significant hyperfine splitting. The term (Zz/l-Rz) is the effective path
length of a photon through the reacting medium before it escapes the cavity. Therefore, in
the limit of weak absorption, Eq. (4) compares the distortion of the signal due to self-
absorption to the noise that is present in the measurement. Taking [BiF(A, v'= 0)]
as 3 x 10!2/cm? (corresponding to [BiF(A, total)] = 10!3/em3 at 1200 K) yields an upper
bound on [BiF(X, v* = 0)] cf 2.3 x 10!3/cm? or 5  10!3/cm? for the entire BiF(X) ground
state. Since the peak NF(a) concentration was measured as 3 x 1016/cm3

assuming rotational equilibrium at 1200 K, Doppler

prior to addition
of Bi(CH,)3, and the Bi(CH4)3 mole fraction was increased until the associated byproduct
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quenching of NF(a) was significant to optimize the yield of BiF(A), an effective yreld of
NF(a) of ~ 1.5  10'6/cm? is estimated. Since the BiF(A) radiates into the BiF(X) ground
state at 7 x lels and is removed by reaction with NF(a) at a rate of (5 x 1011 cm3/s)
(1.5 x 1015/cm3) -7.5x 10° /s, we should expect the concentrations of BiF(A) and BiF(X) to
be comparable. The self-absorption analysis, which is limited in sensitivity by S/N con-
siderations, shows that our expectations cannot be in error by more than a factor of five.

Incipient Lasing - Since the noise in the self-absorption experiment is due to the

detector, while the amplitude of the signal which is transmitted decreases for mirrors of
higher reflectivity, the increased sensitivity of the experiment caused by a larger effective
path length (with mirrors of higher reflectivity) is cancelled by the reduced signal-to-noise
ratio. Consequenﬂy, when using the 99.9% mirrors, we analyzed instead for incipient lasing
(or self-amplification) to take advantage of the nonlinear (exponential) amplification that
occurs near laser threshold. Since the sensitivity of the experiment increases in proportion
to the achievable gain we decided to enhance the yield of BiF(A) by using a KrF laser to aid
the dissociation of the Bi(CH4)4, since this bottleneck prevents efficient utilization of the
Bl-dOﬂO!'. It was necessary first, however, to ensure that the KrF laser did not contribute to
pumping the BiF(A) state directly and thereby invalidate the experiment. Pumping with the
KrF laser, while blockmg the C02 laser, however, was found to produce no significant yield
of BiF(A). Consequently, apart from dissociation of the Bi(CH3)3, the only other potential
effect of the KrF laser was to yield BI(ZD) as a photolysis product. To investigate this
possibility, we collected time profiles of Bi(%D) both with and without the KrF laser, as
shown in Fig. 7. These data demonstrate ‘that the principal effect of the KrF laser was not
to increase the yield of Bi(zD) but rather the rate at which it was produced. This latter
effect is significant, because (with the KrF laser) the Bi(’D) peaks before the NF(a) has
decayed significantly, which accounts for the observed 50% increase in the yield of BiF(A)
which also peaked earlier in time than without the KrF laser. Since the excimer laser im-
proves the effective NF(a) concentraiion, a higher ratio of BiF(A) to BiF(X) is expected in
this case. Because this ratio is thought to approach unity without the KrF laser, it seemed
feasible that an absolute inversion could be achieved when the KrF laser was used to aid the
dissociation of Bi(CH4)5. We continued to focus on the v'= 0 to v® = 0 transition because
the BiF(A-X) cross sections are largest for the 0 - 0 and 0 - 1 bands.
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Fig. 7  Comparison of Bi(?D) time profiles with (bottom) and
without (top) use of a KrF laser to assist the
dissociation of Bi(CH,)5.
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The potential gain in the incipient lasing experiment is limited to 10'3/cm (by the
peak yield of BiF(A)) and the peak gain time is less than 2 us (FWHM). A spontaneous photon
can therefore experience at most 700 round trips through the 2.5 cm gain medium since the
mirror spacing corresponds to a round trip time of 3 ns. The mirror spacing is set by the
requirement that the mode spacing be smaller than the Doppler width to ensure a coherent
interaction with the cavity. Consequently, the maximum amplification factor for any
spontaneous photon is exp (3.5) or 33. Therefore, since the amount of light leaking through
the maximum-reflectance dielectric mirrors is very small, we do not expect a significant
output beam or efficient power extraction in this experiment. Moreover, the above esti-
mate is an upper limit since it does not take into account the actual temporal variations of
the spontaneous emission or the gain which occur on a time scale that is comparable to the
photon lifetime in the cavity. To more accurately model the cavity buildup in this regime
we assembled a computer program which calculates the cavity output (I) as a function of
time (t) according to the relation

t t
I(t) = K [ dt' E(t') exp (%t{ dt* (2v(t")t - 2(1 - R))) (5)
o (]

where K is an overall constant, L is the cavity length and ¢ is the gain length. This ex-
pression takes into account spontaneous emission at all times t' < t and amplification at all
times t” in the interval between t'and t. To calculate the output intensity we need a model
for the time dependence of the spontaneous emission (E) and the time dependence of the
gain (y). The function E(t) was generated by fitting the BiF(A) time profile to a function of
the form A sin (xt/2t,) which yields a good match over the time scale of interest, with ty =
2.5 us. The constant A is absorbed into the overall constant K in Eq. (5). To generate a time
dependent model of the gain we used three cases. The first case assumed a gain of zero as
a reference. The second case, referred to as the "fast recycling limit™ assumes that the
BiF(X) ground state is totally depopulated, in which case, the time profile of the gain is the
same as for the spontaneous emission, except in this case the constant A is replaced by a
peak gain constant (yo) which is used as a fitting parameter. In the third case, referred to
as the "bottleneck limit" we assume that the BiF(X) state is initially depopulated, but is
filled by radiative decay from the BiF(A) state but is not depopulated by any means. Solu-
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tion to the corresponding rate equation for BiF(X), given the initial conditions and time
profile of BiF(A) yields a gain model that is similar to the fast cycling model except that t,
is replaced by t,/2 and v, by 0.3 v, for the specific case where t, = 2.5 us and the radiative
rate is 7 x 105 /s. In the fast recycling case the maximum value of Yo is 1.5 x 10'3/cm based
on a peak BiF(A) yield of 1.5 x lO”/cm3 and a gain cross section of 10716 cm2. In the
bottleneck case, peak gain is limited to 30% of this value or approximately 5 x lO"'/cm.

Using a desktop computer, we calculated the relative time profiles from Eq. (5) in
the zero gain, fast recycling and bottleneck limits, as shown in Fig. 8 for the case where
Yo= 5 x 10™%/cm. As can be seen, significantly higher output is obtained when the BiF(X)
state is rapidly removed as expected. Results such as presented in Fig. 8 were then gener-
ated for a variety of vy, estimates and integrated to simulate the action of the OMA gate.
The fractional increase (relative to vy, = 0) was then plotted vs v, as shown in Fig. 9 for
both the fast recycling and bottlenecked limits. As can be seen the actual amplification
resulting from intracavity gain is only a factor of five, in the case of fast
recycling with v, = 1073 /cm, and is much less in the bottlenecked limit. Comparison of
Fig. 6{c) to Fig. 6 (a) does show a positive distortion of the bandshape (albeit at a low
signal-to-noise ratio) of approximately two. The distortion at 437 nm, however, was
reproduced on three separate runs and does appear at the wavelength which matches the
peak gain cross section. Using the results presented in Fig. 9 we can immediately conclude
that the ground state is not bottienecked. Therefore, the observed distortion is less than
expected because either the BiF(X) ground state is not totally removed or because there are
intracavity losses that are not accounted for in the calculation.

The following section of this report will demonstrate, however, that these
measurements were conducted under conditions leading to prereaction of the Bi(CH3)4 with
the FN4. This condition served to diminish the Bi(CH4); concentration and resulted in the
formation of solid particulates that induced scattering losses of approximately 10'3/pass
inside the optical cavity. The calculations that were used to produce Figs. 8 and 9 were
therefore repeated for the case defined by the fast recycling limit with vy, = 10°3/cm by
using an effective mirror reflectivity of 99.8% instead of 99.9% to account for the loss due
to particulate scattering. In this case the fractional enhancement was reduced by a factor
of approximately two in good agreement with the data. We can therefore conclude that the
ground state was significantly depopulated and the peak gain approached 10'3/cm. These
resuits would not be obtained, however, without use of the KrF laser which resulted in a
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Fig. 8  Computed time profiles of cavity output based on the measured BiF(A) time
profile and assuming either zero gain or loss or a peak gain of 0.05%/cm in
the limits of fast recycling or bottlenecked removal of BiF(X).
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Fig. 9 Fractional enhancement of cavity output due to intracavity gain
as a function of peak gain.
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higher effective concentration of NF(a) by providing an adequate supply of Bi(zD) atoms
before the NF(a) decayed significantly, since the higher NF(a) concentration enhanced the
yield of BiF(A) relative to BiF(X). Nonetheless, the results were sufficiently encouraging
that we decided to go ahead and probe the gain region of our reactor (without the aid of a
KrF laser) by means of a dye laser to obtain more quantitative results ind data with a
higher signal-to-noise ratio. The methods used and the results obtained are described in the
following section of this report.
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MEASUREMENT OF BiF(X)

In order to probe the ground state with a high signal-to-noise ratio, it was neces-
sary to increase the intensity of the probing radiation to eliminate statistical noise.
Fortunately, the stimulated emission signal increases in proportion to the probe intensity
and the saturation level of the BiF(A-X) transition is large enough that the detector noise
associated with the OMA can be eliminated as well by use of an appropriate laser source.
Therefore, a pulsed dye laser was constructed, using a XeCl excimer laser as the pump,
following the design of Hansch,3 L which included intracavity tuning elements to narrow the
bandwidth of the emitted radiation. The tuning elements in our laser were a prism tele-
scope, a weak dispersing prism and a temperature stabilized solid etalon with a finesse of 30
and a free spectral range of 3.4 cml. The strength of the dispersing prism was selected to
allow several modes of the etalon to run simultaneously. Course and fine tuning were
accomplished by tilting the rear mirror and the etalon, respectively. The function of the
prism telescope was to expand the intracavity beam (in one dimension only) in order to
minimize the walk-off loss that occurs when the etalon is tuned off of normal incidence.
The pump beam from the XeCl laser was suitably attenuated so that the dye laser output
was approximately 50 uJ in pulses of less than 10 ns duration. The following subsections of
this report describe how the dye laser was employed to monitor intracavity losses and meas-
ure the concentration of BiF(X). Based on the results that were obtained, and known scaling
relations, a measurable gain is predicted under conditions that are achievable in the present
apparatus with only minor modifications.

Intracavity Scattering

The initial experiments were conducted using the gated OMA and dye laser (with-
out an intracavity etalon) to probe the reactor through a pair of 99.9% mirrors that were
arranged in a stable cavity configuration, We immediately observed that the transmission
of the dye laser through the cavity dropped approximately 50% upon admitting the reagents
to the reactor, indicating an intracavity loss of approximately lO'3lpass. Further testing
revealed that the loss required the presence of both Bi(CH3)3 and FNj in the reactor and
was independent of CO, laser intensity or dye laser wavelength. We therefore concluded
that a slow reaction between FN3 and Bi(CH3)3 was occurring in the common inlet duct of
the reactor that resulted in formation of entrained solid particulates which acted as optical
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scattering centers to induce the measured loss. The reactor was therefore redesigned as
shown in Fig. 10 to delay the mixing of the FN3 with the Bi(CH3)5 until just upstream of the
optical axis in the reactor. The cross sectional dimensions of the original duct were left
unchanged but the duct itself was shortened slightly and was surrounded by an annular duct
which carried the Bi(CH3)3/He flow. The FN4/He and SF¢ flows were admitted to the
central duct as before. One dimensional diffusion calculations were employed to ensure
that the FN4/SF¢ and Bi(CH4); flows were thoroughly mixed at the optical axis. Once
these modifications were in place, testing with the dye laser revealed that particulate
formation and the attendant intracavity loss were effectively suppressed.

The yield of NF(a) that was obtainable with the new reactor was suppressed, how-
ever, because the cross sectional area of the reaction zone (shaded area in F ig. 10) was
enlarged and hence the FN4 concentration was decreased since its molar flow rate is fixed

FN3/SF6 FN3ISF6
] Bi(CH3)3 Bi(CH3)3 ]
] r—— Ar Ar— q‘
1
— 0.25 cm 2.5 cm——=
CO, LASER
_%__ —_— AN IS, —
. Gz —
l DYE LASER l
VACUUM VACUUM
SIDE VIEW FRONT VIEW

Fig. 10  Schematic diagram of reactor modification used to eliminate
intracavity scattering.
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by the generator. Also, the larger reaction zone increased the heat capacity of the gas
sample that was coupled to the CO, laser, which resulted in lower peak temperatures.
Since the FN, dissociated more slowly at the reduced temperature, the loss due to self-
annihilation was increased and the FN3 was converted to NF(a) with lower efficiency. The
best NF(a) concentration that could be obtained after re-optimizing all flows was
6 x 1019/cm3. Based on the quadratic scaling relationship?! between NF(a) and BiF(A)
concentrations a peak BiF(A) yield of 4 x 10t 1/cm3 was expected upon optimal addition of
Bi(CH3)3. The peak yield of BiF(A), however, was measured as 1.4 x 1013/cm3. We there-
fore concluded that prereaction with FN4 was responsible for consuming approximately 95%
of the Bi(CH,)4 that was admitted to the reactor prior to arrival at the optical axis and
that the improved yield of BiF(A) at the lower NF(a) concentration resulted from the
effective elimination of this condition.

The Bi(CH3)5 flow in the subsequent experiments was backed off until the peak
BiF(A) concentration was reduced to 7 x l()lzlcm3 or approximately half of the peak value
that was obtained with optimal addition of the Bi-donor. This procedure was adopted to .
achieve a higher ratio of BiF(A) to Bi(CH4)4 and hence suppress the concentration of the
BiF(X) ground state in relation to the BiF(A) excited state, since the BiF(A) yield is
saturated with optimal addition of Bi(CH3)3. Nonetheless, the NF(a) concentration in these
experiments was too low to invert the v' = 0 to v® = 0 transitions of the BiF(A-X) system,
since the excitation rate (5 x 10°!! cm3/s) (3 x 10!3/em3 - 1.5 « 10%/s is about one-fifth of
the (7 = 10° /s) radiative decay rate. Therefore, BiF(X) was measured in absorption rather
than gain. This result does not preclude gain at higher NF(a) concentrations or in the
present experiment on transitions from v' = 0 to energy levels with v" > 0, depending on the
temperature.

Cavity Ringdown Method

_ The concentration of the BiF(X) ground state was determined with knowledge of
the excited state BiF(A) concentration and the optical cross sections for the A-X transitions
by noting the change in transmission of the dye laser through the cavity-reactor due to the
presence of the intracavity reactions. This method has high sensitivity because the photons
that are injected into the optical cavity oscillate back and forth between the mirrors many
times (through the reacting medium) before escaping to the detector. Since our goal was to
measure the ground state, the laser was tuned to the v' = 0 to v" = 0 transition at 437 nm
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which was expected to yield the largest signal, since higher v" levels of the ground state are
less populated and the Franck-Condon factors favor transitions with small Av between the
excited and ground states in BiF. We used 99.5% reflecting mirrors for this measuremeit as
a compromise between sensitivity (which favors higher reflectivity) and temporal resolu-
tion. If the mirror reflectivity is too high, then the lifetime of the photon in the cavity
becomes comparable to the chemical kinetics.

Figure 11 is a schematic diagram of the cavity ringdown experiment. Initially an
electrical synchronization signal is obtained from the CO, laser that is used to initiate the
reaction inside the optical cavity. After a variable time delay, which is adjusted to allow
the yield of BiF(A) to peak in the reactor, the XeCl excimer laser is fired which energizes
the dye laser and injects a pulse of photons into the cavity. A second time delay, syn-
chronized to the XeCl laser is then used to allow time for the photons to oscillate back and
forth through the reacting medium before detection by a gated OMA. These temporal rela-
tionships are shown in Fig. 12. Intracavity gain or absorption is detected because it changes
the time constant of the cavity decay by either offsetting or increasing the round trip loss
factor, which in turn affects the intensity of photons which are leaked from the cavity and
detected by the OMA. I[n our experiments, the OMA gate was adjusted to detect photons
- arriving between 200 and 400 ns after the dye laser was fired.

An optical (path length) isolator and an attenuator were inserted between the
output of the dye laser and the input mirror of the reactor cavity to ensure that the
wavelengths emitted by the dye laser were not influenced by cavity feedback and to prevent
optical bleaching (saturation) of the medium inside the cavity by the intense dye laser
beam. The OMA was also modified by placing a lens between the output plane of the mono-
chromator and the diode array to affect a 5X demagnification of the individual detector
elements, so that by using a narrow entrance slit, sufficient resolution was obtained to
separate the etalon modes of the dye laser. Figure 13 shows the typical output of the dye
laser as recorded by the OMA, after the digitization noise has been smoothed out of a 128
shot overage. Repeated measurements showed that the dye laser signature was reproduci-
ble within £ 2%.

Ir practice the measurement was performed by aligning one of the etalon modes
of the dye laser with a selected rotational line of the BiF(A-X) band system. Since the free
spectral range of the etalon is comparable to but different than the rotational spacing, the
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Fig. 13 Spectrum of dye laser as measured by the OMA.

adjacent etalon m‘odes will fall between the rotational lines.and therefore serve as a zero
gain/loss reference. Spectroscopic alignment was accomplished by using a Thulium hollow
cathode lamp to wavelength calibrate the OMA, which was accurate enough to place an
etalon mode within fine tuning range of the intended transition. During the alignment pro-
cedure the time delay between the CO, and XeCl lasers and the addition of Bi(CH3)3 were
both increased as needed to produce a strong absorption signal that was easily detected.
Once the dye laser was tuned, the Bi(CH3)3 flow was reduced and the time delay was set to
fire the XeCl laser at the peak of the BiF(A) time profile.

Calibration of Sensitivity
The cross sections (o) used to relate the BiF(A) and BiF(X) concentrations to
intracavity gain or loss are given by the relation

o= (42 At £ (62/8uav) n(a) (6)

where A is the radiative rate, fv is the Frank Condon factor, f 3 is the Honl-London factor, A
is the wavelength, Av is the linewidth and n(J) is the rotational distribution factor. We used
Koffend's values for the radiative rate17 and Jone's results for the Franck-Condon factors
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and wavelengths.30 The Honl-London factor was assumed to be zero except for the P and R
branches, for which fJ = 0.5 in the limit of high J values. As will be shown, the linewidth
cancels out of the sensitivity equation and the rotational distribution is given by

n(J) = (23 + 1) (B/RT) exp (- J (J + 1) (B/RT)) (7)

where B = 0.22 cm™! is the mean rotational parameter for the BiF(A) and BiF(X) states and

1/R ~ 1.5 °K/cm'l is the gas constant.

The time constant (‘to) for the decay of the empty cavity is given by the relation

1o = t/cl ' (8)
where ¢ is the loss per mirror and L is the cavity length. The intensity (I,) leaking from the
cavity is therefore

t
2 -t/ ' g .
I,=0f e °dt (9

t
where D is an overall detection constant and (t|, t,) define the OMA gate in relation to the
firing of the dye laser at t = 0. If the intracavity gain per pass is G, then the effective loss
per pass of the loaded cavity is L-G. Therefore, the time constant of the loaded cavity (1)

can be obtained by replacing L in Eq. (8) by L-G and then using Eq. (8) to eliminate L from
the result to yield

v =1, /(1 -6 1,/t) . (10)

The corresponding loaded intensity (I) is therefore given as

1=0f e%"a . (1)




The quantity that is actually measured (AS/S) is the fractional increase or decrease of
transmitted intensity due to the presence of intracavity gain or loss. If the linewidth of the
laser where narrow in comparison to the linewidth of the BiF transition then 4S/S would be
given by (I - 1 )/I,. In the current experiment, however, the linewidth of the laser is larger
than the linewidth of the transition and the measurements were performed at a wavelength
that corresponds to a near resonance between the P(45) and R(65) transitions that allows
both lines to be probed simultaneously. Therefore, the fractional effect that is observed is
actually given by

AS/S = (ZAVIAVL) {I'- Io)/Io _ - (12)

where av| is the linewidth of the laser. If the gain or loss is approximately constant over
the interval t; < t <ty then the integrals can be performed simply in Egs. (9) and (11) to
yield
-tllf ‘tz/'[
e - e
e T T -e

from Eq. (12). Since t, t| and t, are known and t can be related to t, by Eq. (10) we only
have to determine t, and av| to evaluate (13) for the quantity (aS/Sav) as a function of
the gain parameter (G). In general, this relation will be nonlinear, however, for sufficiently
small valeus of G or AS/S a linear approximation can be used instead, as expressed by the
equation

(aS/Sav) = K G (14)

where K is calibration constant. Comparison of Egs. (13) and (14) shows that K is
independent of the linewidth (av). Using Eq. (14) the gain equation

G = o ([BiF(A, v' = 0)] - [BIF(x, v* = 0)]} x (15)

can be rewritten as

(BIF (X, v* = 0)] = [BIF (A, v' = 0)] - Lo (16)
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where x is the gain length. Since Eq. (6) shows that ¢ is inversely proportional to av, the
product (avo) in Eq. (16) is independent of the linewidth (av). It is necessary, however,

when using Eq. (6) for this application, to replace the n(J) term by the average value of
n{45) and n{65) calculated from Eq. (7) since both lines are detected simultaneously in the
present experiment. Fortunately, as the temperature is increased n(45) decreases while
r{65) increases so that the average is nearly constant over the range from 700 to 1700 °K.
Therefore, it is not necessary to know the temperature with precision to calculate the
BiF(X, v* = 0) concentration from a relative measurement of AS/S and in a determination of
[BiF(A, v' = 0)] by absolute photometry.

The value of v, was determined, as shown in Fig. 14, by using the dve laser to
pulse excite the cavity (with the reactor evacuated) and using a fast photodiode and signal
averager to collect the time profile of the intensity of radiation that leaks through the
mirrors. The dashed line in Fig. 14 is a fit to an exponential decay with t o = 409 ns which
yields a loss per mirror of 0.37% in good agreement with the manufacturer’s data which
shows 0.41% loss at 438 nm. The linewidth of the laser was determined by scanning the dye
laser over a single line of the BiF band system near R(30) and plotting -aS/S as a function
of etalon tilt angle as shown in Fig. 15. The éngular data was obtained from the
micrometer screw on the etalon mount and normal incidence was defined by tuning the
etalon to act as a retroreflector in the dye laser with the prism and near mirror blocked.
Using Snell's law for small angles shows that the angle of the radiation inside the etalon is
the tilt angle (8) divided by the index of refraction (n) which is 1.466 for fused silica at
438 nm. Since the frequency of each etalon pass band tunes as the cosine of the internal
angle, the linewidth of the laser can be determined using the relation

2

AVL/V =980 / n (17)

from the data in Fig. 15, which yields av = 0.2% cm'l.
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Figure 16 shows the value of -AS/S calculated from Eq. (13) vs negative values of
the gain parameter (G) which corespond to absorption assuming a linewidth that corresponds
to the Doppler broadening at 1200 K for the sake of presentation. The dashed line which
corresponds to K = 40.4 ns in Eq. (14) is accurate below [aS/S| ~ 0.2 to approximately
t 10%. Using Egs. (6) and (7) to calculate the cros section yields aav = 1.1 x 10”7 cm?/s for
the J = 45/65 combination of lines at T = 1200 K. Combining this result with Eq. (16) and
x = 2.5 cm (for the gain length of our reactor) yields

[BiF(X, v* = 0)] = [BiF(A, v' = 0)] - (9.1 x 1013/cm3) as/s (18)

as the final result that calibrates the experiment.

- AS/S

0 | 1 1 I ] !
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Fig. 16  Plot of response function AS/S assuming (v = 1.13 GHz)
vs intracavity single pass absorption.
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Extent of Inversion

In this subsection we review the experimental checks that were performed to
verify the measurement, the results obtained for BiF (X, v® = 0) concentration and vibra-
tional temperature and the calculations which determine which transitions are inverted in
the present experiment. The associated gain/loss coefficients are also caiculated. In the
following subsection, we use these results to calculate the gain factors that can be achieved
at higher NF(a) concentrations or reduced temperatures. These conditions favor substan-
tially larger gain coefficients.

Verification - The sensitivity of the reactor cavity to absorption was tested by
blocking the CO, laser to prevent dissociation of the FN4, which has a weak continuum
absorption in the 400 - 450 nm range.l 1,29 The absorption due to the FN3 was measured,
en route to the reactor, in a commercial spectrophotometer at elevated pressure and the
partial pressure of FN4 admitted to the reactor was adjusted to produce a single pass loss
equal to the measured mirror loss. This procedure had the expected effect of reducing the
observed ringing time by a factor of two. Also, upon allowing the CO, laser to pump the
reactor (ahead of the dye laser in time), the ringing time was restored, confirming complete
dissociation of the FN4 and the formation of no absorbing byproducts. These tests were
conducted without addition of Bi(CH3)5 to the reactor gas flow. The following additional
tests were also made, when Bi(CH,); was admitted to the reactor and absorption signals
were obtained.

We observed that the absorptions induced by addition of Bi(CH3)3 only affected
selected etalon modes of the dye laser and thus were caused by a discrete rather than
continuum absorber. Replacing the Bi(CH3)3 flow by He eliminated these signals. With
Bi(CH3)3 in the reactor, the absorptions vanished when the excimer laser was fired ahead of
the rise of the BiF(A) time profile or with the excimer laser positioned on the peak of the
BiF(A) time profile when the dye laser was tuned just beyond the short wavelength side of
the red degraded v' = 0 to v® = 0 bandhead where the cross section vanishes. The absorption
signal on the combined J = 45/65 lines was approximately twice as strong as measured on
lines in the vicinity of the R(30) transition, where only single transitions can be probed.
Finally, at the higher J values, we confirmed the correct values of the interline rotational
spacing (by etalon tuning) and we detected the absorptions, within an etalon bandwidth at
the values measured by Jones using our hollow cathode lamp calibration for the absolute




wavelengths. These data were repeatable and were collected with all aspects of the
measurement properly functioning under nominal conditions. Therefore, we are very
confident that the measured signals are due to absorption by BiF molecules on the P(45) and
R(65) transitions of the v’ = 0 to v" = 0 band of the A-X system, near 438 nm.

Data - The key result is shown in Fig. 17 which illustrates an absorption signal of
AS/S = -0.2 under the condition described above. According to Eq. (18) this result corre-
sponds to a BiF(X, v" = 0) concentration of 2.1 x 1013/cm3. The vibrational distribution of
the BiF(A) state was measured under corresponding conditions, using the OMA and knowl-
edge of the Frank-Condon factors to normalize the data. The instrument response was
assumed to be a linear function of wavelength over the range between the 0 - 2and 0 » 3
transitions, whose slope was adjusted to bring the corresponding peak heights into agree-
ment with the relative transition rates. The 0+ 2, 1 + 3, 2 » 4 and 3 - 5 transitions were
used after correction for both instrument response and transition rate to determine the vi-
brational distribution that is shown in Fig. 18. A straight line fit to the data that is forced
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Fig. 17 Expanded section of OMA data showing the absorption of one
etalon mode by BiF.
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Fig. 18 Determination of temperature from emission data.

to pass through the v' = 0 data point, yields a temperature of 1110 K if the slope is adjusted
to yield the .same total v' = 0 - 3 concentration as the data. Deviations from linearity of
less than £ 50% magnitude occur at v' = | and v' = 3. On the other hand, a much better
straight line fit to the data can be achieved for v' = | - 3, if a 50% deviation is accepted for
the v' = 0 state, which yields a somewhat lower temperature of 705 K. Clearly, the vibra-
tional distribution is only approximately Boltzmann and the nature of the deviations from
linearity in Fig. 18 suggest that the BiF(A) state is populated at levels higher than the'v' = 0
state. A third temperature of 950 K was derived from the rate of rise of the NF(a) signal,
in the absence of Bi(CH3)4, using the model that is described in Section 2.2 of this report.

Analysis - In order to calculate the potential for partial inversions on transitions
from v' = 0 to v" energy levels greater than zero, it is necessary to assume that the BiF(X)
state is characterized by a Boltzmann vibrational distribution with the same temperature as
the excited state. The potential for errors in this assumption and in the determination of
the temperature are evident in Fig. 18, however, the deviations from linearity are less than
the population ratios for adjacent vibrational energy levels. Therefore, the calculation of
the V" energy level at which partial inversion begins is in error by at most one vibrational
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quantum. The distribution equations for the vibrational energy levels of the BiF(A) and
BiF(X) states are

~w, /RT -w,/RT _,
A ) (e A )Y (19)

[BiF(A, v')] = [BiF(A, total)] (1 - e

-w, /RT -w, /RT _,
X e X ]V

[BIF(X, v*)] = [BiF(X, total)] (1 - e

) ( (20)

3 1

where Jones>? gives wp = 384 em™! and wyx = 513 em™". Using these equations and the
measured concentrations of BiF(A, v' = 0 and BiF (X, v" = 0), as well as the measured value
of the temperature, it is possible to calculate the total concentrations of BiF(A) and BiF(X)
as well as the concentrations of BiF(A, v') and BiF(X, v") for any choice of v' and v". The
total state concentrations are significant to the calibration of scaling relationships to be
discussed in the following section and the BiF(X, v") distribution is important to calculating
the gain and loss coefficients that correspond to the present data. We shall calculate re-
sults for both T = 700 and 1100 K to illustrate the effects of the uncertainty in regard to

temperature.

Table 2 was calculated using Eqs. (19) and (20) and the data that is presented in
Figs. 17 and 18. The gain or loss coefficients were calculated from the BiF(A, v') and
BiF(X,v™) concentrations and Eq. (15) using x = 2.5 cm. The cross sections, however, were
calculated from Eq. (6) using the peak value of n{J) which occurs when

(23 + 1)2 = RT/B ' 1)

in the limit of large values of J. The linewidth (aAv) was taken at the Doppler limit, which
is 1.13 GHz for the BiF(A-X) transitions at 1200°K, and scales as the square root of the
temperature. The entries in the table correspond to temperatures of 1100 (700) K. The
ratio (nu/nl) indicates the concentration of the upper state in relation to the lower state
for the selected vibrational transition. As can be seen from the table, partial inversions
may occur from v' = 0 to states as low as v" = 2 depending on temperature, but all transi-
tions from v' = 0 to v® 2 4 are clearly inverted in any case. The associated gain coeffici-
ents, even in the best case, however, are too small to be useful. This result occurs because,
the Franck-Condon factors in BiF are small for the transitions (with v* = 0 and large v") that
are inverted in the present experiment. As the following section will show, this result is a
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consequence of the conditions (temperature, NF(a) concentration) under which the experi-
ment was performed rather than any failure of the NF/BiF kinetics.

Table 2

Calculated Gain/Loss Coefficients

for Selected BiF(A-X) Transitions
Transition nu/n,' Gain/Pass*
0+-0 0.12(0.12) -0.56 (-0.88) %
0-1 0.25 (0.36) -0.26 (-0.23) %
0-+2 0.48 (1.06) -0.05 (+0.00) %
0-+3 0.96 (3.17) -0.00 (+0.02) %
0+4 1.92 (9.45) +0.00 (+0.01) %

*Divide by 2.5 for gain/cm.

Scaling Predictions

In this section we develop relations that are anchored to the data reported in
Section 3.3, which allow calculation of the expected gain coefficients as a function of NF(a)
concentration and temperature. To do this we need a kinetic model that predicts total
BiF(A) and BiF(X) concentrations from the NF(a) concentration. Then the gain (G) on any
v' +» v" transition can be calculated from

G = o {[BiF(A,v')] - [BIF(X,v")]} x (22

where x is the gain length and the cross section (o) is calculated from Egs. (6), (7), and (20)
(assuming Doppler linewidth) while the concentrations of the vibrational energy levels are
obtained from Egs. (19) and (20). The needed kinetic model is developed in the following
subsection and is then employed to scale our current results to higher NF(a) or lower
temperature conditions where sizeable gain coefficients are predicted.

Kinetic Model - For the purpose of these calculations a simple global model with
effective rate constants will be used. In this model, the yield of BiF(X) is taken as propor-
tional to the concentration of Bi(CHs)3, and it is assumed that BiF(X) is pumped to the
BiF(A) state at an effective rate ke by the initial peak concentration of NF(a), as measured
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prior to the addition of the donor species, and the BiF(A) state is lost by spontaneous radia-
tive decay back to the ground state at rate (A).

[BiF(A)] / [BiF(X)] = ke [NF(a)] / A (23)

is therefore valid at the peak of the BiF(A) time profile. The optimal addition of Bi(CH3)3
and hence the BiF(X) concentration is itself a function of the NF(a) concentration. Addition
of the donor increases the yield of BiF(A) until the quenching induced by the donor, which
occurs at a rate proportional to [Bi(CH3)3INF(a)] becomes competitive with the self-
annihilation rate, which is proportional to [NF(a)]z. For higher additions of Bi(CHj)5, the
effect of donor quenching begins to outweigh the greater availability of Bi-atoms. There-
fore, optimum [Bi(CH43);] and [BiF(X)] both scale in proportion to [NF(a)]. Equation (23),
therefore, shows that [BiF(A)] scales as [NF(a)]2 which is the trend that is in fact observed
over several decades of NF(a) and BiF(A) concentration,21 provided that the Bi(CH;),
addition is optimized as a function of the NF(a) concentration. Therefore, since we know
the functional relationship and have absolutely calibrated results at one point, we can write
the equation ' : |

(BIF(A)] = (2 « 10719 3] [NF(a))? | (24)

which can be used to quantify the scaling of BiF(A) vs NF(a). Upon calculating the values
for BiF(A) and BiF(X), from Egs. (19) and (20) and the data in Section 3.3, one finds that the
left hand side of Eq. (23) has a value of 0.145 t 0.005 over the temperature range from 700
to 1100 K. This result, together with the NF(a) concentration of 6 x loljlcm,3 and the
value of the A coefficient (7 x 10°/s) implies a value for ks of 1.7 x 107! em/s. This
result, which corresponds to about one-third of the pump rate derived in Section 2.3, is
reasonable since it must take into account the loss of NF(a) due to self-annihilation and
byproduct quenching resulting from the addition of Bi(CH3);. Combining Egs. (23) and (24),
and inserting the numerical values for ko and A then yields

[BIF(X)] = (8 = 1073) [NF(a)] (25)

which in combination with Eq. (24) provides the necessary information to support calcu-
lation of the expected gain coefficients as outlined above.
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Temperature Scaling - Figure 19 shows the calculated gain onthe 0 » 2and 0 + 3

transitions, assuming that total BiF(X) and BiF(A) are maintained at the values that have
actually been demonstrated in the present experiment. Therefore, these results do not de-
pend on use of Egs. (24) or (25). The increase in gain in this case comes solely from the
improved vibrational distributions and cross sections that correspond to the lower tempera-
tures. As expected, one finds that the 0 + 3 transition is more tolerant of high temperature,
but has less potential gain than the 0 - 2 transition, which has the larger Frank-Condon
factor and receives less help from the Boltzmann distribution of the ground state vibrational
energy levels. The initial concentration of NF(a) and the temperature regime of interest in
this calculation are conducive to the generation of a supersonic mixing laser because the low
initial NF(a) concentration prevents the self-annihilation process from competing with the
mixing rate and because the gas expansions that are required to lower the temperature are
not severe. The reduction of total BiF(A) concentration due to the adiabatic expansion can
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Fig. 19 Calculated gain vs temperature at {NF(a)] = 6 x loljlcmB.
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be compensated by replacing Bi(CH3)3 with Bi-atoms. Work by Herbelin21 has shown that
such a substitution increases the BiF(A).yield (at fixed NF(a) concentration) by typically an
order of magnitude. This result occurs because substitution of Bi for Bi(CH3)5 eliminates
both the dissociation bottleneck and the methyl-related byproduct quenching.

Concentration Scaling - Since lowering the gas temperature is not a practical way
to proceed with the present benchtop apparatus and there is room for improving the NF(a)
yield in the present benchtop experiment significantly, we used the kinetic model to estimate
the gain that could be achieved at high temperature (1200 K) upon increasing the NF(a) con-
centration from 6 x 1015 /cm3 to the previously achieved value of 3 x 1016/cm3. In this case,

we found that the highest gain transitions were not always out of the v' = 0 state, but rather
in some cases out of v’ = 1. This anomaly occurs because at high temperatures the v' = 0 and
‘v = | states are nearly equally populated and the v* = | state has more favorable Franck-
Condon factors to higher v" energy levels which carry less thermal population. Also, the
vibrational spacing of the BiF(A) state is smaller than for the BiF(X) state, hence the | » &
transition-has a better Boltzmann factor than the 0 - 3 transition, in addition to a superior
cross section. In general .there was a tradeoff between the nﬁ/n,' ratios and the potential
gains such that the highest gain transition (0 + 2) had an n /n, ratio less than 2, while
transitions such 0 - 4 or 1 - 5 had n,/n, ratios greater than ten but significantly lower
gain. The 1 - 4 transition was selected as the best compromise with two-thirds the gain of
the 0 - 2 transition and an nu/n,' ratio of approximately five. Maintaining an adequate
n,/n, ratio is important since it is this factor which creates a margin of safety for errors in
the calculation or less than optimal experimental conditions. Figure 20 shows the calcu-
lated gain on the 1 + 4 transition at 1200 K as a function of NF(a) concentration. The
dashed line shows the sensitivity limit of our current gain diagnostic. Hence, upon im-
proving the NF(a) concentration to previously achieved levels and modifying the experiment
to detect gain in the vicinity of 470 nm, a positive gain signal is expected. Higher NF(a)
concentrations can be achieved in the present experiment by using a row of hypodermic
needles (inside the FN4/SF¢ duct) to add the Bi(CH3)4 flow (in place of the annular duct) so
that prereaction is still eliminated but the reaction zone is returned to its original
dimensions.
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CONCLUSIONS AND RECOMMENDATIONS

The results obtained in the course of this contract have shown that thermal
dissociation of FN; can be used to generate adequately high concentrations of NF(a)
metastable species to power a high energy laser. -Moreover, the coupling of this new
metastable generator to an extraction scheme involving formation of BiF(A) is shown to be
a feasible method of generating adequate gain at visible wavelength. Clearly, the laser will
operate better if the Bi(CH3)3 donor is replaced by Bi-atoms, however, the feasibility of a
laboratory scale demonstration of lasing or gain using the organometallic donor is also
established.

In order to reduce risk and advance this laser concept we recommend continued
work using a sensitive gain diagnostic to probe the BiF(X) ground state in greater detail. An
immediate goal should be to establish a positive gain signal by measuring the 1 + &
transition at high NF(a) concentration. Subsequent work should concentrate on establishing
the vibrational distribution of the BiF(X) ground state and determining the vibrational
relaxation rates, since these unknown parameters directly influence the ability of the laser
to maintain an inversion under the load of stimulated emission at a rate that is competitive
with the spontaneous decay of the BiF(A) state. In any case, the government will have to
devote substantial effort to the design of fast mixing nozzles, since the kinetic lifetime of
NF(a) is limited at high concentration due to the self-annihilation reaction. For this reason,
additional work should also be done to determine the mechanism and temperature
dependence of this dominant loss mechanism for NF(a).

[f the remaining issues are resolved satisfactorily, then it will be appropriate to
begin considering demonstration projects that will establish the high energy capabilities of
the NF/BiF laser system. Since all of the risk issues have not yet been fully resolved,
however, we also recommend that the government invest some of its resources in the devel-
opment of alternatives to BiF which do not have highly vertical potential energy curves
which optimize the gain cross sections on the transitions that are the most difficult to in--
vert. In the IF(B-X) system for example, the potential curves are displaced and the gain is
optimized on transitions to the v® ~ 6 energy levels that are not thermally populatec‘l.32
Therefore, efforts to couple the FN3 source of NF(a), which requires high temperatures, to
the IF(B-X) laser transitions may be highly profitable.
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APPENDIX

This section contains reprints of three publications which relate to safe lab scale

generationl of FN4 gas, thermally-induced dissociation?

of FN4 to yield NF(a) and pumping
of the BiF(A-X) lasing transition’ by NF(a) obtained from thermal dissociation of FN. The
key results from these papers are summarized in the second section of this report. The
papers were published by AFAL, the Journal of Physical Chemistry and SPIE, respectively.
Only the relevant pages from the AFAL publication (on FN5 generation) have been
reproduced. The remainder of the paper deals with the preparation and detonation
spectroscopy of thin cryogenic films of FN4 (condensed from the gas phase) as a means to
investigate its propellant applications. This related work is covered in detail in a parallel
final report.l
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D.J. Benard and R.H. Cohn, AFAL-TR-87-071 (February, 1988)

EXPERIMENTAL DETAILS

The following subsections contain information relative to the safe generation
of FN3 gas, the reproducible formation and detonation of FN3 films and the detection
system employed to gather the resulting emission spectra. In developing the apparatus,
some specialized electronic circuits were required to accomplish certain control and
timing functions. The operation of these circuits can be appreciated only with a suitable
background in electrical engineering. Therefore, the principles relating to their design
will not be discussed. Schematics of the circuits are given, however, in sufficient detail
to allow easy replication. The designs are noncritical with respect to layout, tolerance
of components and supply voltage.

Safety Considerations

Before proceeding, we feel it important to warn potentiai experimenters that
FN5 is a chemical which deserves much respect. Its energy storage per unit mass is -
twice that of TNT and it is highly sensitive in its liquid state. Haller reports that the
explosions of FN, were very brissant, that it was harder to keep liquid FN4 from
detonating than not, and that detonation of as little as one drop of FN3 pulverized
glassware up to 25 cm away and at closer distances drove small pieces of glass through
24 gauge steel, Haller also noted that slight mechanical vibration or simple evaporation
of the liquid were sufficient to cause detonation of FN3.l From our own experiments,
we can say that Haller did not exaggerate. In our laboratory, detonations of microscopi-
cally thir. films of FN4 have cracked 0.25 in. thick substrates of both CaF, and SiO,.

To handle FN4 safely, particular care must be exercised to prevent condensa-
tion of any significant quantity of the liquid or reaction of the FN4 gas with other
materials. Haller reports that FN, gas is adsorbed irreversibly on KF at room
temperature to form a compound that explodes upon heatingl and we have found that
passage of FN3 gas over copper generates an explosive film, most likely copper azide.
By keeping the FN4 concentrations below 10 torr, using only glass, teflon or stainless
steel for construction, and avoiding condensation except of microscopically thin films,
we were able to prevent accidental explosions, although flashbacks were occassionally




observed in teflon lines carrying the FN3 gas. Nonetheless, we recommend the use of
blast shields, sand fills, barracades and other safety features, as discussed in the
following subsection.

The HN4 that is produced as an intermediate to the generation of FN5 has
similar explosive tendencies and requires equal attention to safety.8 Procedures for
% while
less energetic that FN4; or HN4, NaN3 is still an exothermic material that is capable of

handling NaN4, used as a starting material, are available from the manufacturer.

spontaneous decomposition if activated by excess heat or friction. Also, NaNj can react
with acids to form HN3 and with metals to form explosive metal azides. All azides are
highly toxic, thus care must be taken to prevent expdsure. Finally, the use of even dilute
F, can be hazardous if handled improperly. Instructions for the safe use of F, are

typically available from the manufacturer.m

Synthesis of Fluorine Azide

Fluorine azide was synthesized in a continuous manner using the method of
Haller,l by reacting HN3 with FZ’ with some variations, as shown in Fig. 2. The HN3 was
generated by the thermally activated reaction of NaN, with stearic acid!! rather than
dilute H,SO,. This approach had the advantage of producing a bone-dry flow of HN3 in
contrast to the sulfuric acid reaction which requires a downstream trap to remove water
vapor. From previous experiments using the sulfuric acid technique, we found that
explosive compounds built up around metal fittings between the HN4 generator and a
trap that was filled with CaSO,. We also noticed that the CaSOQ, significantly attenu-
ated the HN4 flow which raised the possibility of explosive compound formation in the
trap. Finally, we found that the NaNj-stearic acid reaction was smoother, more
predictable and easier to clean up safely than the sulfuric acid technique.

HN4 Generator - Figure 3 is a cross sectional view of the HN4 generator assembly. A 2-
liter Kimax reaction kettle containing the NaN, and stearic acid was supported inside a
400 W electric deep fat fryer by a stainiess steel support structure. The pot was filled
with cooking oil whose temperature (T;) was measured by a metal band thermometer.
Stainless steel cooling coils in the annulus between the reaction kettle and the pot were
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also attached to a source of tap water, Water was admitted to this structure only for the
purpose of cooling the oil to stop the NaN;-stearic acid reaction in an emergency or at
the end of a day's run. A heavy stainless steel lid, atop the reaction kettle, was sealed to
the ground glass mating surface of the kettle by an O-ring. The He carrier gas entered
the reaction kettle via an electronic mass flowmeter, a vacuum regulator and the steel
lid, mixed with the evolving HN; inside the kettle and exited via a second line through
the lid. The regulator was set to maintain 350 torr absolute pressure inside the kettle
and the He flow.was approximately 3.5 sccs. Also, atop the lid, a | RPM gear motor with
600 in. oz. torque rating was mated to a teflon lined paddle inside the kettle via an O-
ring seal on the shaft. Operation of the HN4 generator without stirring caused the HN,
yield to fall off quickly, which raised concerns about potential buildup of high HN,
concentrations in the stearic acid melt and the possibility of explosion. The entire HN4
generator assembly was operated inside an 0.25 in. thick lexan blast shield located inside
a conventional fume hood.

_F__Na Generator - Contrary to Haller's thesis,1

we found copper to be incompatible with
FN5 in that mixing of HN4 and F, over copper shot produced very little FN3, but the
shot became coated with a greenish layer which exploded when struck forcefully with a
hammer., Therefore, the FN, was formed inside an 0.6 liter stainless steel cylinder
packed with 0.25 in. dia. stainless steel balls. The HN4/He flow was admitted to this
reactor along with an adjustable flow of 8 - 10% F, in He through a nozzle which
prevented rapid mixing of the reagents. A copper tube carrying resistively-heated tap
water was soldered onto the exterior of the steel cylinder to maintain the reactor at
constant temperature. The water was heated by passage over a brass block in which two
1000 W cartridge heaters were inserted and connected in parallel to a Variac (X;) The
temperature of the water (T,) was measured by a metal band thermometer as it exited
from the reactor to a drain. Consistent with Haller's work, we found that the highest

FN3 yields were obtained at 35°C with substantial reduction below 20°C or above 50°C.

Cold Trap - Downstream of the secondary reactor, the gas stream was passed through a
cold trap to remove the HF by-product of the FNy and any residual HN4. Early
experiments which utilized a NaF trap were discontinued because the FNj3 was severely
attenuated which raised the possibility of eventual detonation. The cold trap was
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constructed of a 0.3 liter stainless steel cylinder with a dip tube and 1/4 in. stainless
steel balls in the bottom third. A copper cooling coil soldered to the exterior of the trap
was connected via insulted lines to a sealed 5 liter liquid nitrogen dewar. Two 50 W,
10 2 power resistors in the bottom of the dewar were used to boil off gaseous nitrogen at
77 K to cool the trap remotely. The lid of the dewar was spring loaded so that it would
lift off and relieve pressures in excess of 6 psig. The temperature at the base of the trap
(TB) was monitored via a thermocouple gauge and meter. The resistive heater for the
liquid nitrgen dewar was powered by a Variac (Xz) and a 120 to 24 V stepdown trans-
former (X3) rated at 100 W. Since unintentional condensation of either HN4 or FN3 in
the trap could lead to detonation, the trap was buried in sand inside an aluminum cylinder
with | in. thick walls, inside a 1/4 in. thick lexan blast shield. The sand was kept dry by a
continuous purge of N, through the base of the aluminum cylinder. With this arrange-
ment, trap temperatures of -100°C could be maintained for approximately | h with a
single fill of liquid nitrogen in the dewar.

UV Cell - Absorption cells were inserted in the lines following the HN4 and FN4 reactors
and the cold trap as diagnostics. The first cell, located after the HN, generator was
operated at 253.7 nm using a Hg lamp as the source. The intensity of the lamp was
attenuated by passage through a pinhole and the lamp supply was driven from a 60 W
constant voltage harmonic neutralized transformer to prevent variations in lamp intens-
ity with changes in the line voltage. The probing radiation was directed through a 1/2 in.
dia. by 25 cm stainless steel cell (containing the HN4/He flow) with quartz windows at
either end. Opposite the end with the lamp, the probing radiation was detected through a
Hg resonance line interference filter by a 1P28 photomultiplier tube. With no HN in the
cell, a bias of approximately 750 V generated a steady photocurrent of 100 ya. Under
normal operating conditions, the HN in the cell attenuated the probing uitraviolet radia-
tion so that the photocurrent was typically reduced to 25 - 50 ua, depending on the tem-
perature of the HN4 generator. Based on the known extinction coefficient12 of HN4 at
253.7 nm, this result corresponds to an HN3 yield of 2-4% relative to the flow. This
diagnostic provided continuous monitoring of the HN4 generator that was independent of
the other reactions occurring further downstream.




Preliminary experiments tested the operation of the HN, generator using a
similar absorption cell of commercial design with a D, lamp source. Initially, the
generator was charged with 2.0 moles of stearic acid (approximately half the volume of
the reaction kettle) and 0.5 moles of NaN3. As shown in Fig. 4, application of constant
heater power (by a Variac) produced an exponential approach to a constant temperature
over several hours. At the same time, the yield of HN3 (as measured by absorption) was
found to initially increase with the rising temperature and then fall off as the NaN3 was
reacted to completion. The flow rate of gas through the reactor was controlled by a
downstream metering valve which exhausted to a vacuum. Therefore, since the genera-
tor pressure was regulated, the total gas flow through the metering valve was constant.
Consequently, as HN4 gas was evolved, less He flow was required to maintain the pres-
sure in the reactor. The generation rate of the HN3 could therefore be monitored by the
change of He flow through the mass flowmeter as well. Unfortunately, as the absorption
signal began to drop at long times, the change in He flow continued to increase
demonstrating that a gas other than HN4 was also being produced in the reaction kettle.
It was theorized that the gas was CO, resulting from second order reactions of the
sodium stearate produced in the melt as a by-product of HNj. To test this hypothesis,
the experiment was repeated with the NaN, charge reduced to 0.1 mole, to reduce the
concentration of sodium stearate that was built up. The flow rates of the He carrier gas
were adjusted in tl -~ two experiments to give approximately the same HN3/He ratio in
either case so that the HN, yield could be measured by the same absorption diagnostic.
As shown in Fig. 5, reducing the NaN4 mole fraction had the intended effect. Therefore,
the reduced NaN, charge was used in all subsequent experiments.

IR Cell - Following the FN4 generator, the gas was passed through an infrared absorption
cell. The function of this cell was to detect residual HN4 without being affected by FN4
or HF that might also be present. Haller! found that excess F, reacted slowly with FN4
to yield NF3 and N,. Consequently, the FN4 yield peaks when the HN4 and F, flows are
titrated. Also, it was undesirable to condense residual HN3 in the cold trap. Therefore,
a residual HN diagnostic was required. The 3.0 um infrared wavelength was selected for
this diagnostic on the basis of the known infrared spectra of FN3, HF and HN3, since
none of these gases absorb at visible wavelengths, except FN,, and at ultraviolet
wavelengths HN; and FN4 are indistinguishable.3'6’13
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The infrared diagnostic, shown in Fig. 6, was constructed of a
19 mm O.D. x 100 cm long Suprasil quartz tube with sapphire windows at either end. The
radiation source was a 900°C (temperature regulated) blackbody with a 3 mm dia. aper-
ture. A | KHz mechanical chopper was interposed between the blackbody and the
entrance to the absorption cell. At the opposite end of the cell, the radiation was
analyzed by an interference filter (60 nm FWHM) and detected by a room temperature
0.4 x 0.4 cm2 PbSe chip located inside an aluminum box. The detector was biased at 75 V
and the photocurrents were passed to a lock-in amplifier via a 2 pole R-C bandpass filter
to limit out of band noise. The lock-in amplifier was referenced to the chopper and
typically 100 uV signals were recovered to S/N 2 10 with 10 s of integration.

The amplitudes of the detected signals, however, were found to be sensitive to
variations in the temperature of the detector chip. It was therefore necessary to
$tabilize the temperature of the detector. A copper plate carrying a resistive heater, a
temperature sensing element and a small expansion nozzle was fit to the back of the
aluminum box which surrounded the detector and the entire detector box was encased by
fiberglass insulation. Application of 60 psig CO, to the nozzle produced a steady cooling
action which was counteracted by the heating of the resistor. The feedback circuit
shown in Fig. 7 was then employed to adjust the resistor current so that the temperature
sensor was held at a constant level. The circuit was adjusted to balance at close to room
temperature and the test point was monitored with a voitmeter to check the feedback
stability. From the amplitude and the frequency of the stable oscillation of the test
point about its mean value, it was possible to calculate that the temperature variation at
the sensor was less than £ 0.1°C. Application of the temperature stabilizing circuit
cured the drifts in the measurement that were caused by the variations of the room
temperature.

The infrared diagnostic was tested by operating it in series with a commercial
ultraviolet absorption cell (Dz lamp) and the HN4 generator; the results are shown in Fig.
8. Clearly, the infrared and ultraviolet diagnostics track the same species, but while the
infrared diagnostic is noisier, it shows less baseline drift than does the measurement at
the ultraviolet wavelength. The baseline drift of the ultraviolet measurement was traced
to adsorption of HN3 on the cell widnows which typically would recover under vacuum
overnight.
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Programmed Power Supply - The time profiles of the HN5 yield shown in Figs. 4, 5 and 8
were still problematical with respect to variation of the yield during the course of the
experiments, since continuous adjustment of the F, flow was required to maintain an
optimal titration with the HNj flow. Therefore, the circuit shown in Fig. 9 was
employed to program the power to the oil bath of the HN 3 generator in such a way as to
counteract the variation of the HN3 yield. The circuit operates by switching the heater
on and off and by slowly varying the duty cycle. The circuit is designed to operate at full
power, a constant reduced power and at a power level that linearly increases with time
according to the selector switch. Initially, the power is set to full until the oil bath
reaches a specified temperature (~ 160°C) and then the circuit is switched to reduced
power for typically 3 h. During this time, the temperature falls to a constant level near
100°C and the HN, generation rate builds up in a rather complicated, but nonetheiess
reproducible manner, due to the melting of the stearic acid. Following this, the HN,
yield would begin a slow linear decline if the power was held constant. Instead, the
supply circuit is switched to ramp the power linearly with time over the next 4 h. The |
increasing temperature accelerates the generation of HN4 with time, resulting in the
near constant HN, yield that is evident in Fig. 10 from 4 - 7 h into the run.

The internal controls of the power supply must, of course, be adjusted to
produce the temperature vs time curve that is shown in Fig. 10 to achieve the desired
resuit. The adjustments are as follows: (1) controls the cycle rate and should be set for a
60 s cycle period; (2) controls the continuity of the transition from low power to ramped
power; (3) controls the low power setting; and (4) controls the amplitude of the ramp.
These controls can be set relatively quickly by trial and error using a voltmeter to
measure the control voltages and linear extraoplation to predict the desired result from
two or more runs. Once set, the stabilized production of HN; is quite reproducible if
sufficient care is given to precise loading of the generator, the initial heating peak and
the time of switchover to ramped power. The use of high heat at early times accelerates
the melting of the stearic acid and has a profound effect on the HN; time profile
thereafter.
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As a safety measure to prevent prolonged heating at high power, the automatic
temperature control on the electric pot is set at 200°C. Normally, since the pot will
always be cooler, this control will be inactive (always on). If, on the other hand, the
temperature reaches 200°C, the control unit will begin to cycle on and off, thereby
preventing any further rise in temperature. The control unit therefore provides an added
degree of protection against thermally-induced NaN4 decomposition“' which starts at
about 250°C.

Once the HN; yield was stabilized, it was then possible to test the infrared
absorption diagnostic during FN4 generation. In Fig. L1, the HN; yield is first stabilized,
then F, is added in sufficient quantity to react all of the HN;. The complete
disappearance of absorption shows that the infrared diagnostic is insensitive to F,, FN,
and HF, and that there is no baseline drift associated with production of FN, since full
recovery of the HN3 absorption occurs once the FZ flow is shut off. Therefore, the
infrared diagnostic can be reliably used as an on-line monitor of residual HN.

VIS/UV Cell - Finally, after the trap, the gas stream is passed to a 6 cm stainless steel
15 operated at 420 nm
with a tungsten lamp source. At this wavelength, FN, can be detected without interfer-
ence from HF or HN3.3’6’

cell with quartz windows inside a commercial spectrophotometer

12 By systematically varying the F, flow, it was found that
the FN, yield peaked at a slightly lower F, flow than was required to eliminate the
residual HN5 entirely (as measured by the infrared absorption diagnostic). During a
typical stabilized run, the 420 nm cell transmission decreased from 100 to 92 - 94%,
when the FN4 was generated. Using Gholivand's data for the extinction coefficient? of
FN; indicates that the HN3 was converted to FN3 with 50 - 100% efficiency, yielding
typically 7 torr of FN4 in 350 torr of He buffer gas. The metering valve which controlled
the system flow rate was located just downstream of the 420 nm absorption cell. From
here, the FN3/He gas stream was conducted to the experiment and exhausted to vacuum
by 1/4 in. dia. stainless steel and teflon lines. A pressure gauge just upstream of the
metering valve showed little pressure difference between the visible wavelength
absorption cell and the vacuum regulator just upstream of the HN generator. '
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Miscellaneous - Several additional features of the FN5 source, not shown in Fig. 2 for
reasons of clarity, are discussed below. Some of these have significant safety conse-
quences. Large area course glass frits were placed in the gas lines at the exit of the HN,
and FN, generators. The funtion of these filters is to stop entrainment of particulates
from the two reactors by the gas stream. A frit is required downstream of the FN; reac-
tor because solid NH,F can be formed under some conditions as noted by Haller.! We
strongly recommend that the meter which monitors the output voltage of the mass flow-
meter be alarmed to provided an audible warning if the He flow either stops or falls
below a preset level, typically half of the nominal flow rate. This is necessary because a
vacuum pump failure or clogged valve downstream can stop the He flow resulting in a
buildup of high pressures of HN4 or FN3 at the generator, intermediate reactor, or trap,
resulting in potential for explosion. The stainless steel balls in the intermediate reactor
should be checked for signs of corrosion or reaction at regular intervals to prevent
buildup of metal azides. Periodic checks at 3-month intervals in our apparatus (with
daily runs) showed only trace contamination by NH,F. Three-way valves and bypass lines
were installed to pass the gas stream around the secondary reactor and trap, to divert
the gas stream from the trap exit directly to vacuum and to substitute pure He for F2/He
mixture at the inlet of the secondary reactor. These additional lines provide options that
may be of value if the trap or metering valve clogs, while substituting He for F,/He
during warm up minimizes the perturbation of the HN, yield that occurs when F, addi-
tion displaces the He flow through the HN4 generator. An air line tied in with the
effluent of the liquid nitrogen boiler is also recommended as a method to remotely return
the cold trap to room temperature to assure that all of the contents are expelled.
Finally, while a small floor pump could provide the needed vacuum, we exhausted all of
our azide experiments to a 300 cfm mechanical pump which had its oil changed on a
monthly basis. This practice prevents any significant accumulation of organic azides in
the pump oil.
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Production of NF(a'A) by Dissociation of Fluorine Azide
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The reactions of vibrationaily excited HF or DF molecules with FN, were found to dissociate the azide. but not to yield
metastable NF fragments. Thermal dissociation of FN,, on the other hand, yieided metastable NF(a'A) with near-unit efficiency.
Concentrations of NF(a'A) approaching 3 X 10'¢/cm’ were obtained at temperatures near 1000 K. and the decay of NF(a'A)
was found to be dominated by self-annihilation. The activation energy for production of NF(a'A) by thermal dissociation
of FN, was found to agree with ab initio calculations by Michels.

Introduction

Fluorine azide (FN,) was first synthesized in 1942 by Haller,
upon gas-phase reaction of HN; with F,. In preliminary studies,
Haller found that FN, reacted by fracture of the azide group
which he attributed to a weak central bond. Haller also found
that FN, was highly explosive when condensed and the gaseous
material was slowly but efficiently converted to N,F, and N, upon
mild heating.! Later, Gipstein and Haller? obtained an ultraviolet
absorption spectrum of FN,, while Pankratov-et al.? demonstrated
that FN, could be obtained by the reaction of F, with NaN,. Also,
Milligan and Jacox* obtained the infrared absorption spectrum
of FN, in an Ar matrix. More recently, we studied the ArF laser
photolysis of FN, and determined the heat of formation as
125-135 kcal/mol, sufficient to allow the molecule to dissociate
to electronically excited NF radicals by an exothermic reaction.’
Moreover, analysis of the direct products in this experiment

(1) Haller, J. F. Ph.D. Thesis, Cornell University, Ithaca, NY, 1942.

(2) Gipstein, E.; Haller, J. F. Appl. Specirosc. 1976, 20, 417.

(3) Pankratov, A. V_; Sokolov, O. M.; Savenkova, N. I. ZA. Neorg. Khim.
1964, 9, 2030.

(4) Milligam, D. E.; Jacox, M. R. J. Chem. Phys. 1964, 40, 246).

(8) Patel, D.; Pritt, A. T.; Benard, D. 5. J. Phys. Chem. 1986, 90, 1981.

0022-3654/89/2093-4790$01.50/0 © 1989 American Chemical Society

suggested that FN, had a singlet ground state; therefore, upon
dissociation, only metastable NF(a'A.b'Z) shouid be formed if
spin is conserved. Similar results were obtained for CIN, and BrN,
by Coombe et al. and Coombe and Lam,” respectively. On the
basis of these findings, we began an investigation of FN, disso-
ciation in hopes of developing an efficient and chemically clean
(scalable) source of singlet NF. Since Hartford® had demonstrated
analogous production of ND(a'A) upon CO, laser multiphoton
dissociation of DN,, we decided to concentrate on methods to add
thermal or vibrational energy to the FN, ground state. In parallei
with our study, Michels® performed ab initio caiculations of the
FN; potential energy surfaces which yielded vibrational frequencies
in good agreement with infrared absorption data*!® and whic

demonstrated a 0.5-0.7-¢V barrier to dissociation of the electronic
ground state by central bond rupture. A substantially larger

(6) Coombe, R. D.; Patel, D.; Pritt, A. T.; Wodarczyk, F. J. Chem. Phys.
1981, 75, 2177,

(7) Coombe, R. D.; Lam, C. H. T. J. Chem. Phys. 1983, 79, 1746.

(8) Hartford, A. Chem. Phys. Lens. 1978, 57, 352.

.(9) Michels, H. H. United Technologies Research Center, Hartford, CT,
private communication.

(10) Gholivand, K.; Schatte, G.; Willner, H. /norg. Chem. 1987, 26, 2137.
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Figure 1. Illustrative potential encrgy curves of FN;. The excited states
of N, lie at and above the energy level indicated by NF(X) + N,°.

barrier to dissociation of FN; was found for rupture of the F-N;
bond. These results implied that FN could possibly be dissociated
10 yield NF(a'A.b'Z) by vibrational energy transfer from mole-
cules such as HF /DF or even by rapid pyrolysis at modest tem-
peratures. Also, in parallel with our work, Gholivand et al.'®
developed a batch method for the preparation of distilled samples
of FN;. These authors investigated the vapor pressure curve, the
infrared and visible/ultraviolet absorption spectrum, and the mass
spectrum/NMR signatures of the molecule.

The dissociation physics of FN; can be understood by exam-
ination of the potential energy surfaces that correlate to the various
electronic states of N; and NF at infinite separation, as shown
in Figure 1. The triplet surface derived from NF(X3Z) and
Ny(X'Z) is strongly repulsive, because as the Ny and NF molecules
are brought together, some of the triplet character originally
associated with NF becomes associated with N, in which the tripiet
states are highly excited.!! The singlet states derived from
NF(a'Ab'Z) and Ny(X'Z) are less repulsive but are nonetheless
still influenced by other higher lying states. The interaction of
the excited triplet states of N, with NF(X'2) yields higher lying
singlet states that are strongly bound due to spin cancellation.
These states repel the lower singlet states derived from NF-
(a'A.b'Z) and Ny(X!Z), resulting in a potential well that forms
the singlet ground state of the FN, molecule. The repulsive triplet
state, arising from NF(X’Z) and Ny(X'Z), must pass above the
minimum of this well for FN, to be a stable molecule, since
otherwise the bound FIN; molecules would spontaneously dissociate
following radiative decay. Michels® has calculated that the tripiet
state actually crosses the lowest singlet state of FIN, on the outside
of the dissociation barrier and that the singlet-triplet splittings
inside the barner lic in the range 1-2 eV. Addition of energy to
the FN, molecule can therefore result in dissociation to NF and
N, by either of two mechanisms. Transfer of thermal or vibra-
tional energy to the FN, ground state, sufficient to surmount the
barrier, should lead to dissociation on the singlet surface, yielding
NF(a'a,b'Z) and N,(X'Z) as products. On the other hand,
transfer of larger amounts of vibrational or even electronic energy
to the ground state of FN; could access the triplet state of FN,,

(11) Rosen, B. Spectroscopic Data Relative 1o Diatomic Molecules, Per-
gamon Press: New York, 1970.
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Figure 2. Schematic of gas flow system used to gencrate and study
dissocistion of FN,.

which dissociates to NF(X?Z) and N,(X'Z) instead. To inves-
tigate these phenomena, we have studied the production of NF-
(a'A.b'Z) from FN, molecules that were suddently exposed to
cither a high-temperature inert buffer gas environment or vi-
brationally excited molecules such as HF/DF, which have har-
monic spacings that approximate the barrier to dissociation.

Experimental Section

A gas flow system, shown schematically in Figure 2, was de-
veloped as a continous or “on-line” source of FN; molecules. The
lasers and optical diagnostics used to induce and monitor the FN,
dissociation have been omitted from this figure for the sake of
clarity. FN, was produced following the method of Hailer,' with
some refinements, by titrating HN, diluted in He with a similarly
diluted flow of F, at 35 °C. HN, was obtained by electrically
heating a mixture of NaN, and a large (20/1) excess of stearic
acid to approximately 100~110 °C.»* The end point of the
titration was determined by monitoring the residual HN; con-
centration in absorption at 3000 nm."* To maintain an optimum
yield of FN,, the temperature of the NaN,/stearic acid mix was
programmed so that the HN, evolution was constant, since excess
Fy slowly reacts! with FN; to yield NF, and N,. The FN,/He
stream was purified of residual HN, and byproduct HF by passage
through a cold trap!%'4 at -100 °C, and the FN, concentration
was monitored in absorption at 420 nm, using the extinction
coefficient data of Gholivand et al.'® The entire apparatus, except
the 420-nm absorption cell, was barricaded inside a fume hood
for the protection of the experimenter. Typical concentrations
of FN; were 7 Torr in 350 Torr of He at a net flow rate of 3 cm?
(STP)/s, which (within the accuracy of our measurements)
corresponds to converting approximately 50-100% of HN; into
FN,. Mass spectrometric analysis revealed that initial N,F,
formation was less than 10% of FN,, and roughly 50% of FN;,
decayed to N,F, over a period of about 1 h when stored at a
temperature of 14 °C and at a net pressure of 150 Torr in a
Teflon-lined cylinder. The mass spectrometer was calibrated by
monitoring the mass 61 (FN,) and mass 66 (N,F,) peaks before
and after passing the FN, flow through a heated section of tubing
which induced complete conversion to N,F,. The FN,/He stream
was reduced in pressure and carried to the various experiments
by stainless steel and Teflon tubing, which typically delivered FN,
to the reactor in less than 60 s from gencration. Further details
regarding the production and measurement of FN, are contained
in a previous publication.'s

Three experiments were performed in which FN, was reacted
to form NF(a,b). In the first experiment, the FN,/He flow was

(12) Krakow, B.; Lord, R. C.; Neeley, G. O. J. Mol. Spectrosc. 1968, 27,
148

(13) Dows, D. A.: Pimentel, G. C. J. Chem. Phys. 1958, 23, 1258,
(14) Weast, R. C. Handbook of Chemistry and Physics. 60th ed.; CRC
Press: Boca Raton, FL, 1980.
(15) Benard, D. . Cohn, R. H. “Mode! Studies of CBES Decomposition™;
Zechrln:ial l;;pon 87-071; Air Force Astronautics Laboratory: Edwards AFB,
A, Feb 1988,
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admitted to a chemiluminescence flow tube reactor along with
a variable flow of D, and a fixed flow of dilute F, in He that was
passed through a microwave discharge'® to generate approximately
S0 mTorr of F atoms.'” The flow tube was operated at a plug
flow velocity of 10° cm/s and a1t a net pressure of -2 Torr. The
concentration of FN; in the flow tube was approximately 5-10
mTorr, and the D, flow was adjusted in the range 0~50 mTorr,
with the balance of the gases as He. The D, and FN, flows were
admitted to the reactor through coaxial injectors whose position
was variabie with respect to a fixed (1-in. diameter) sapphire
window on the side of the flow tube. The F atoms were admitted
to the outer annulus of the flow tube well upstream of the mixing
region, and the interior of the flow tube was Teflon coated to
minimize wall recombination. Additional details'’ regarding the
flow tube reactor are contained in a prior publication. Previous
studies using this reactor and the Cl, titration method'”'® have
demonstrated negligible loss of F atoms enroute to the mixing
region. The injectors were staged so that the D, was admitted
to the reacting flow approximately 2 cm upstream of the FN, inlet.
The resulting chemiluminescence was monitored by an optical
multichannel analyzer (OMA) through the observation port.

In the second experiment, the FN;/He gas mixture was ad-
mitted to a slowy flowing stainless steel photolysis cell, along with
a variable concentration of HF or DF and a variable concentration
of SFs. The cell was then optically pumped through a sapphire
window by a pulsed HF or DF electrical discharge laser, and the
resulting chemiluminescence was monitored at right angles to the
laser beam through a sapphire window by a temporally gated
OMA and a filtered Si photodiode that was interfaced to a digital
signal averager. The concentration of FN, in these experiments
was also followed on a time-resoived basis by absorption of 210-nm
radiation,!° from a D, lamp that was propagated through the
cell coaxial with and internal to the HF/DF laser beam. Overtone
emission'! from vibrationally excited HF or DF was aiso monitored
with 1-us temporal resolution by a liquid nitrogen cooled intrinsic
Ge detector filtered to a nacrow band around 1300 nm. Typical
cell conditions were 100-150-Torr total pressure, of which 1-2
Torr was FN,, 1-10 Torr of either HF or DF, and 0-50 Torr of
SF,, with the balance as He. The HF/DF laser was constructed
following references in the literature!'® by suitable modification
of an excimer laser. The maximum obtainable pulse energy was
350 mJ with a submicrosecond pulse width. The reactants in the
laser (H, or D, and SF,) were typically adjusted, however, to yield
10-20-us-long pulses of 20~40-mJ energy that were focused to
a uniform 0.3 X 0.5 cm? spot inside the photolysis cell as measured
by exposure of thermal image paper. Based on measurements
of the laser energy that was transmitted through the cell (2-cm
active length), only a small fraction (<5%) of the incident radiation
was absorbed. Spectral and temporal analysis of the HF laser
revealed simultaneous operation on the 2 ~= 1 and 1 — 0 tran-
sitions over most of the laser pulse, with the majority of the pulse
energy concentrated in the P(6) and P(7) rotational lines.® The
DF laser was used in preference to the HF laser when NF(a'A)
measurements were critical, because HF(Av=3) overtone emission,
gpi?}lly present at early times, spectrally overlapped the NF(a-X)

nd.

In the third experiment, approximately § J of multimode un-
tuned 10.6-um radiation from a carbon dioxide TEA laser (300-ns
puise width) was focused to a 1-cm-diameter spot inside a second
photolysis cell that was equipped with NaCl windows at Brewster’s
angle for passage of the laser beam and orthogonal quartz windows
for viewing of the chemiluminescence. The cell contained ap-
proximately 0.1 Torr of FN;, 5 Torr of SF;, 0-1 Torr of H;, and
S Torr of Ar used to purge the NaCl windows, with the balance
He to a total pressure of 25 Torr. Apertures were placed in the

(16) Fehsenfeld, F. C.; Evenson, K. M.; Broida, H. P. Rev. Sci. Instrum.
1968, 36, 294.

(17) Chowdhury, M. A.; Pritt, A. T.; Patel, D.; Benard, D. J. J. Chem.
Phys. 1986, 84, 6687.

(18) Ganguli, P. S.. Kaufmann, M. Chem. Phys. Lett. 1974, 25, 221.

(19) Pummer, H.; Kompa, K. L. Appl. Phys. Lett. 1972, 20, 336.

(20) Deutsch, T. F. 4ppl. Phys. Lett. 1967, 10, 234,
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side arms of the reactor for passage of the laser beam and Ar purge
flows, which were set to limit the absorption of the laser radiation
to the center of the photolysis cell. The resulting chemilu-
minescence emissions were analyzed by the gated OMA and
filtered Si photodiode/signal averager. The same experiment was
repeated in a redesigned cell using a line-focused 500-mJ CO,
laser to optically side-pump a 0.25-cm length of 2 0.25 X 2.5 cm?
jet of reactive gas contained inside a velocity-matched Ar shield
flow. In the active portion of this reactor, the partial pressures
were approximately 1.5 Torr of FN;, 15 Torr of SFg, and balance
He to a total pressure of 150 Torr.

In both laser experiments, trace quantities (<2% of initial FN;)
of Bi(CH;), were admitted to the reactors by injecting a small
flow of He that was bubbled through the liquid, which was stored
in a trap that was cooled to ~63.5 °C by a chloroform slush bath.
The gas pressures in all of the reactors were monitored by elec-
tronic manometers, and the concentrations of Bi(CH,), in the
reactors were inferred from the vapor pressure curve provided by
the manufacturer. Absolute concentrations of NF(a) and NF(b)
were calculated from the Si photodiode signals by using the known
A coefficients for the a — X and b — X emission bands at 874
and 528 nm, respectively.?2 Calibration factors were determined
for the photodiode/filter combinations using a standard lamp
whose spectral output is traceable to the National Bureau of
Standards. The major uncertainty in these measurements was
estimation of the emitting volume which was defined by the ex-
citing laser beam and other apertures in the optical detection
system. The accumulated error in the absolute NF(a,b) con-
centrations is estimated to be in the range 25-50%.

Results

Flow Tube Chemiluminescence. Flow tube experiments were
conducted with the cold trap (used to purify the FN,/He flow)
at ambient temperature, since the presence of HF byproduct
impurities was not critical to the results or their interpretation.
In the absence of D, addition, no visible emission resulted from
the reaction of F atoms with FN,. Upon addition of D,, however,
a bright diffuse rose-colored flame appeared and extended 10-20
¢m downstream of the mixing region. Spectral scans with the
OMA revealed that the major emitters were N,(B) and NF(a,b)."" -
The N, emissions were expected following production of NF(a),
since D atoms (obtained from the F + D, reaction) are known
to initiate a chain with-NF(a) that leads to formation of N,(B).?
To quantify the yield of NF(a), the D, flow was stopped and the
F, flow that was titrated with HN, (for generation of FN,) was
also turned off, so that HN, was admitted to the flow tube in place
of FN;. The reaction of HN, with excess F atoms is known to
produce NF(a) with near-unit efficiency?* as well as a much
smaller yield of NF(b) due to energy pooling between NF(a) and
vibrationlly excited HF from the F + HN, reaction.”® The green
NF(b-X) emission was readily visible, while the near-infrared
NF(a-X) emission was monitored by the OMA. The HN, is
completely reacted, the NF(a) reaches its peak concentration, and
the NF(b-X) emission is totally contained within the field of view
in this experiment. Turning on the F, flow to the FN, generator
progressively diminished the NF(b~X) emission, which was ex-
tinguished entirely when the F, was adjusted to either maximize
the yield of FN; (measured at 420 nm) or just eliminate the
residual HN; (measured at 3000 nm), as expected. With the F,
flow turned off again, D; was then added to the flow tube until
the NF(a-X) emission was attenuated significantly (~4X) due
to competition between the F + D, and F + HN, reactions. The
F, flow to the FN, generator was then reestablished to optimally

(21) Malins, R. J.; Setser, D. W. J. Phys. Chem. 1981, 83, 1342.
"(22) Tennyson, P. H.; Fontijn, A.; Clyne, M. A. A. Chem. Phys. 1981, 62,

s ('ﬁ) Cheah, C. T.; Clyne, M. A. A; Whitefield, P. D. J. Photockem. 1981,
5'}(24') Hadbas, J.; Wategaonkar, S.; Setser. D. W. J. Phys. Chem. 1987, 91,

451.
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Figere 3. Comparison of typical NF(a) and FN, time profiles following
pulised DF laser excitation of FN,/DF gas mixture.

convert HN; to FN;. This procedure restored the NF(a-X)
emission to near its original intensity (F + HN, reaction). Since
at most one FN, molecule is formed from each HN; molecule
(upon titration with F,) and since HN; is an efficient precursor
of NF(a), these results show that FN; is also an efficient precursor
of NF(a). The mechanism of reaction, however, cannot be de-
termined from the flow tube experiment, since there is no temporal
resolution and D, addition both heats the bath gas and generates
vibrationally excited DF molecules. These data, nonetheless,
provided the initial motivation for the more definitive experiments
that followed.

HF|DF Laser Phatalysis. Since the infrared absorption
bands*!9 of FN, do not match the HF/DF laser wavelengths,®
HF/DF was added to FN, in the photolysis cell to act as a
sensitizer. Laser excitation of the FIN;/sensitizer gas mixture also
resulted in rose-colored chemiluminescence. The principal em-
itters, as in the flow tube, were NF(a,b) and Ny(b). Overtone
emission from the HF/DF was also present. Careful titration of
HN, with F, (to generate FN,), use of the cold trap to remove
residual HN; (and byproduct HF), and freeze-thaw—pumping
of the HF/DF sensitizer before use (to remove H,/D, generated
by passivation of the cylinder walls) were almost completely
effective in eliminating the N, emissions. When these procedures
were not followed. the laser pulse occasionally initiated a defla-
gration of all gas inside the photolysis cell. By avoiding this
condition and using apertures to limit the field of view of the
detector, we were able to confirm that the HF /DF overtone and
the NF emissions were confined to the volume of gas that was
optically pumped by the laser.

The time profile of the HF/DF emissions closely followed the
laser pulse in most experiments, while the appearance of NF(a)
due to DF laser excitation was delayed, as shown in Figure 3.
(The laser was fired at ¢ = 0.) The peak concentration of NF(a)
increased with increasing HF/DF concentration and moved
forward in time. With lower HF/DF concentrations, a significant
2an in time onened up hetween the decay of the HF/DF emissions
and the appearance of NF(a) during which there was no significant
emission. Figure 4a shows a similar time profile of the 874-nm
emission collected with HF in place of DF as the sensitizer and
by use of the HF laser for excitation. In this experiment, the
detector responded to both the HF(Av=3) and the NF(a-X)
emissions; however, an emission spectrum collected with the OMA
temporally gated to the early portion of the time profile demon-
strated that the initial (0~25 us) decay is due solely to HF emission.
This resuit is expected in view of the absence of any NF(a)
emission during the similar time period in Figure 3. Figure 3 also
demonstrates that the corresponding decay of the FN, concen-
tration occurred in two stages. The first stage of FN, decay was
coincident with the decay of the HF /DF emission, while the second
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Figere 4, Time profile of 874-am emission intensity followng pulsed HF
laser excitation of FN,/HF gas mixture (a) and effect of adding 10 T
of SF 1o the gas mixture (b). .

stage was coincident with the delayed appearance of NF(a). The
fraction of FN; consumed in the initial decay increased with
increasing HF/DF concentration, but the amplitude of the net
decay remained constant, suggesting that all the FN; was con-
sumed in each case. These observations suggest that vibrationally
excited HF/DF dissociates FN,, but does not yield NF(a), and
that a second mechanism is responsible for the subsequent decay
of FN, which liberates NF(a). The largest peak NF(a) con-
centration was 9.7 X 10'*/cm?, obtained with 9 Torr of DF and
2 Torr of initial FN,, approximately 50 us after initiation of a
20-mJ, 10-us laser pulse. The peak NF(b) concentrations were
monically 2 orders of magnitude smaller than the corresponding
NF(a) yields.

By use of low HF concentrations (1 Torr) and relatively short
(1-2 us) laser pulses, it was possible to observe the free decay of
the HF(Av=3) emission. The approximate decay time of the
HF(v) signal was diminished from 20 us (in the absence of FN,)
to about 10 us when 1 Torr of FN, was added. Therefore, the
rate of FN; quenching of HF(v). which sets an upper limit on
the rate of FN, dissociation by HF(v), is shown to approximate
the V-T rate for HF self-quenching® or about 3 X 107' cm®/s.
The decays of NF(a) following its peak were also too fast to be
explained by quenching due to He, HF, or N resulting from FN,
decomposition.”? Setser® recently reported that NF(a) is subject
to second-order decay (self-annihilation) at a rate of 2.2 X 10712
cm’/s, based on low-density flow tube experiments at NF(a)
concentrations of 10!213 cm3. We therefore fit our decay curves
to secand-order kinetics and obtained an average rate constant
of 3 X 1072 cm’/s, in good agreement with Setser's finding. Since
our data were collected at NF(a) concentrations that were typically
3 orders of magnitude larger than in the Setser study, the sec-
ond-order nature of the quenching is apparent.

Addition of 50 Torr of SF to the photolysis'cell eliminated the
appearance of NF(a) completely. As shown in Figure 4b, in-
termediate levels of SF, addition reduced the peak NF(a) con-
centration significantly and delayed the onset of NF(a) production
relative to no SF, addition (Figure da) but had little effect on the
subsequent rate of NF(a) decay. This behavior is incompatible
with quenching by SF as an explanation for the reduction of the
peak NF(a) signal, since quenching would also advance the peak

(26) Hancock, J. K.; Green, W. H. J. Chem. Phys. 1972, 56, 2474.

{27) Koffend, J. B.; Gardner, C. E.; Heidner, R. F. “Kinetics of the Hj-
NF, System®; Technical Report 85-55; Aerospace Corporation: El Segundo,
CA, Sept 1985,

(28) Quinones, E.; Habdas, J.; Setser, D. W. J. Phys. Chem. 1987, 9!,
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Figure 8. Comparison of (a) measured and (b) calculated BiF(A-X)
emission spectra. ]

NF(a) concentration ir time and increase the rate of NF(a) decay
in proportion to the amplitude reduction, which is not observed.
The result is not surprising, since SF is expected to be a slow
quencher of NF(a). The heat capacity®® of SF,, however, is
substantially larger than He. Addition of SF therefore tends to
reduce the rise in temperature of the bath gas due to reactive
heating, which is turn slows the rate of thermal dissociation of
the FN;. Consequently, the observations noted above are con-
sistent with delayed production of NF(a) by thermal dissociation
of FN,, which begins to occur when the temperature of the bath
g8as had increased sufficiently due to heat released in the preceding
reactions.

The gas temperature was measured spectroscopically by trace
addition of Bi(CH,); which resulted in intense BiF(A-X) emis-
sion!" that tracked the NF(a) time profile. A high-resolution
(0.2-nm fwhm) spectrum of theAv = 2 and 0 — 3 transitions was
recorded by using the OMA with a 40-us gate initiated at the peak
of the NF(a)/BiF(A) time profile. The recorded spectrum was
normalized on a relative basis by assuming that the instrument
response was a smooth (linear) function of wavelength over the
limited range between the 0 — 2 and 0 — 3 transitions. The slope
of the instrument response function was then adjusted so that the
normalized 0 — 2 and 0 ~ 3 intensities were in accord with the
ratio of the corresponding Franck-Condon factors.’’ The vi-
brational and rotational temperatures were then obtained from
the relative intensities and widths of the 0 —= 2,1 — 3,2 — 4,
and 3 — 5 bands, by comparison to a series of temperature-de-
pendent synthetically caiculated BiF(A-X) emission spectra that
were adjusted for instrument resolution. The calculations were
performed and provided to us by Koffend and Herbelin.?? The
normalized and synthetic spectra were shown in Figure S, a and
b, respectively, which demonstrate a good fit to T = 950 + 50
K for both the rotational and vibrational temperatures.

CO; Laser Pyrolysis. The preceding experiments provided
mechanistic information on the dissociation of FN, but were not
optimal for determining the NF(a) branching ratio, since only
a fraction of the FN, was dissociated thermally and the second-
order decay of NF(a) occurred on a time scale that was compe-
titive with the dissociation reaction. To overcome these difficulties,
as well as to verify the thermal dissociation mechanism, a CO,

(29) Chase, M. W_; et al. JANAF Thermochemical Tables, 3rd ed.; J.
Phys. Chem. Ref. Data 1988, |4, (Suppl. No. 1).

(30) Herbelin, 3. M.; Klingberg. R. A. /at. J. Chem. Kinet. 1984, 6. 849,

(31) Jones, W. E; McLean. T. D. J. Mol. Spectrosc. 1981, 90, 481.

(32) Koffend, 3. B.; Herbelin, J. M. The Acrospace Corporation, El Seg-
undo, CA, private communication.
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laser-induced temperature jump experiment was performed to
trigger the thermal dissociation reaction directly. The incident
laser radiation was absorbed by SFy, resulting in both generation
of F atoms by multiphoton processes and heating of the bath gas
by V-T quenching. At the high concentrations of SF, used (5
Torr), thermalyzing SF-SF, collisions limit the F atom yield??
to approximately 100 mTorr; consequently, the major effect of
the laser excitation was to induce a rapid jump in gas temperature.
Recall that in the flow tube experiment no visible emission resulted
from admitting FN, to a similar environment of F atoms. Direct
absorption of the incident laser radiation by FN; does not occur
in this experiment:*!° therefore, appearance of NF(a) demonstrates
thermal dissociation of the FN;. Because of the higher tem-
peratures that can be achieved by CO, laser pumping in relatively
short times, NF(a) is expected to reach its peak concentration
much more rapidly than in the HF/DF laser experiments, where -
the heating is due to relatively slow quenching reactions. The FN,
concentration in these experiments was also lower than in the
HF /DF experiments, since the cell design required lower pressures
to promote uniform mixing. Visual observation of the NF(b-X)
emission demonstrated that the Ar window purges tended to sweep
the FN; out of the laser beam when the photolysis cell was op-
erated at pressures greater than 25 Torr. At these lower FN,
concentrations, less NF(a) is formed, and consequently the sec-
ond-order decay of NF(a) is slower. Therefore, the peak NF(a)
concentration in this experiment is much closer to t::: nascent yield
of NF(a) produced by the dissociation of FN, than in the HF/DF
experiments.

Excitation of the SF4/FN;/buffer gas mixture by the CO, laser
generated both NF(a) and NF(b) rapidly, with no significant N,
emission,'! and the peak yield of NF(a) corresponded to 70% of
the FN; molecules that were initially within the active volume
of the CO, laser beam. As in prior experiments, the yield of NF(b)
was typically 1% or less of the NF(a) concentration. The NF(a)
signal peaked in approximately 2 us, consistent with the bandwidth
limitation of the high-gain preampilifier that was used to couple
the filtered Si photodiode to the signal averager. The majority
of the FN; was therefore converted to NF(a) on a submicrosecond
time scale. A fit of the NF(a) decay (150-us half-life) to sec-
ond-order kinetics also yielded a rate constant of 3 X 10712 cm?/s,
in good agreement with both Setser's data?® and the HF/DF laser
experiments, where the peak NF(a) concentrations were a factor
of 2-5 higher. Addition of H, to the gas mixture produced N,(B)
and enhanced the yield of NF(b) by the same mechanisms?-%
that occurred in the flow tube, while addition of trace Bi(CH,),
yiclded an intense BiF(A-X) signal that followed the NF(a) time
profile after an induction period of approximately 10 us.

Since FN, is not consumed to heat the buffer gas in these
experiments, it is more efficiently utilized to generate NF(a).
Consequently, the attainable NF(a) concentrations are limited
primarily by the initial FN, concentration, provided the disso-
ciation reaction remains fast compared to the second-order an-
nihilation of NF(a). To achieve the highest possible NF(a)
concentrations, we therefore performed similar experiments in the
redesigned high-pressure reactor which yielded peak NF(a)
concentrations as large as 3 X 10'%/cm®. The time for FN,
consumption (10% — 90%) in this reactor was approximately 2
us as revealed by absorption measurements at 210 nm; the tem-
perature at the peak of the NF(a) time profile (coincident with
90% FN, consumption) was found to be approximately 1150 K
by spectroscopic analysis with trace addition of Bi(CH,),, and
the NF(a) decayed to 50% of its peak concentration in about §
us. A detailed study of the performance of this reactor is in .
progress, and the resuits will be forthcoming in a future publi-
cation.

Discussion

While NF(a) production by thermal dissociation of FN, is
clearly indicated by the above experiments, the source of the
reactive heat to raise the gas temperature in the HF/DF laser

(33) Quick, C. R,; Witting, C. Chem. Phys. Lett. 1977, 48, 420.
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experiments is uncertain. Since the decay of the vibrationally
excited HF/DF molecules can be separated in time from the
appearance of the NF(a), it follows that reactive heating of the
bath gas is controlled by the decay of metastable intermediates,
at least for low HF/DF concentrations. Also, since interaction
of FN, with vibrationally excited HF /DF dissociates the molecule,
but does not yield NF(a), it is likely that NF(X) is produced
instead. A potential mechanism for NF(X) generation is V —
E energy transfer from vibrationally excited HF/DF molecuies
to FN;, yielding the triplet state which then dissociates. Wilkins
has performed a series of NEST calculations** that model the
optical pumping of HF molecules under our experimental con-
ditions (without FN;). These calculations show peak v = | and
0 = 2 mole fractions of roughly 10% and 1%. respectively. Based
on Michel’s placement of the triplet state® in FN,, only the energy
levels of HF at or above o = 2 could dissociate FN, by this
mechanism. If dissociation of FIN, upon collisions with HF(v=2)
occurs at a rate of 3 X 107" cm/s, then the apparent rate of
quenching of HF(v) by FN; would be 3 % 10°'2 cm?/s (the HF
ladder is equilibrated by rapid V-V collisions), and the initial decay
of the FN, should occur on the 10-us time scale, consistent with
the data. The following reactions are therefore capable of heating®
the bath gas: .

FN; = NF(X) + N, + 28 eV 1)
INF(X) = NyX) + 2F + 3.6 eV )
NF(X) + FNy—= N;F;* + N; +7.5eV Q)

The estimated rate of quenching of vibrationally excited HF by
FN; shows that reaction 1, induced by vibrationaily excited
HF/DF., is probably the rate-limiting step, as might be expected
since spin is not conserved. When NF(X) is produced slowly at
ambient temperature by thermal dissociation of FIN; and subsquent
quenching of the NF(a), reaction 3 is expected to dominate over
reaction 2 because of the linear vs quadratic dependence on NF(X)
concentration. This result is consistent with Haller’s observation!
that N,F, is formed efficiently by slow thermal decomposition
of FN,. In the HF/DF laser-driven experiments, however, the
NF(X) and FN, concentrations may be comparable which would
allow reactions 2 and 3 to compete with each other. Energy
released by any of these reactions can be tied up in vibrational
excitation of the products, which then heat the bath gas upon V-T
quenching after a time delay. Moreover, spin conservation in
reaction 3 implies that electronically excited triplet N,F,* is
formed in preference to the singlet ground state. Ab initio cal-
culations of the N,F, potential surfaces performed by Brenner®
have indicated that the lowest triplet (metastable) state lies at
4.5 eV, within easy reach of the heat releast’?® in reaction 3.
Therefore, siow electronic quenching may also be a factor in the
heating of the bath gas prior to thermal dissociation of FN;. In
any case, since vibrationally excited HF/DF initiates and controls
the (first) decomposition of FINy (which reactively heats the bath
gas), increasing the HF /DF concentration is expected to accelerate
the NF(a) time profile, as observed. Thermodynamic estimates’®
also show that decomposing approximately two-thirds of the initial
FN, yields the observed gas temperatures at the peak of the NF(a)
time profile, in good agreement with the FN, absorption data in
Figure 3.

To achieve the highest NF(a) concentrations in the HF/DF
experiments, thermal dissociation of FN; must be induced as
rapidly as possible to minimize the effect of the second-order decay.
Since even 1 mJ of incidem radiation saturates the HF/DF
molecules that are exposed ta the laser beam, increased laser
energy has little effect. Larger HF /DF concentrations and longer
laser pulses are useful, however, because only about 10% of the
HF/DF rotational distribution is directly pumped by the laser,
and these factors increase the number of molecules that interact
with the laser beam as well as promote faster and more complete

(34) Kwok, M. A.. Wilkis, R. L. Appl. Ope. 1981, 22, 2721.
(35) Brenner, N. University of Louisiana, Baton Rouge, LA, private com-
munication.
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rotational redistribution during the laser pulse. At 10 Torr of
HF concentration, a maximum temperature rise of 100 °C due
to laser absorption is estimated based on the NEST calculations,>
adjusted for quenching of HF(v) by FN,. This temperature rise
is insufficient to drive the thermal dissociation of FN; by itseif;
however, it can have a significant effect in combination with
reactions 1-3 due to the exponential dependence of the dissociation
rate on temperature. Finally, since thermal dissociation of FN,
(to yield NF(a)) and the subsequent self-quenching of NF(a) are
both exothermic processes, the dissociation reaction is expected
to drive to completion once it is thermally initiated, in line with
our experimental observations.

Regardless of the mechanisms that heat the bath gas, the critical
factors that control the NF(a) time profile are the temperature,
the frequency of collisions between FN, and the bath gas, the
activation energy for dissociation, and the second-order decay
process. Since Setser’s data® and both of our laser experiments
show good agreement, the second-order decay rate of k, = 3 X
107'2 cm?¥/s is confirmed. As an aside, we also confirm Setser’s
finding that too little NF(b) is produced to account for the sec-
ond-order decay rate by energy pooling of two NF(a) molecules
to yield NF(X) and NF(b). On the other hand, the reaction to
form a N, molecule and two F atoms could possibly account for
the observed decay kinetics. The activation energy and collision
frequency can be estimated from the value of k; and the HF/DF
data as follows.

Once a FN; molecule is sufficiently energized to overcome the
activation barrier, dissociation will occur on the time scale of a
vibrational period or 1071 s, while the time between collisions is
longer than 107 s at 150 Torr. Substantially (10° times) longer
lifetimes for the activated FN, molecules are unlikely because of
the simple structure which allows the molecule to be treated as
a pseudodiatomic as discussed in the Introduction. Consequently,
collisions with the buffer gas are not effective in restabilizing the
activated FN; molecules, and the conversion of FN, to NF(a) is
rate-limited by the production of the activated FN; molecules.
In this (low-pressure) limit, the rate of appearance of the disso-
ciation products is proportional to the concentration of collision
partners.’” The rate equation for NF(a) at the peak of is time
profile can therefore be written as

d[NF(a)]/dt = k,[C][FN,] - k(NF(a)]* =0  (4)

where (C] is the concentration of collision partners (bath gas)
and k, is the apparent dissociation rate constant. Since the ac-
tivation energy (E,) is large compared to k7, the FN; molecule
must accumulate sufficient energy to dissociate as a resuit of
several collisions and since typically one vibrational quantum of
energy (E,) is either added to or subtracted from the azide in each
of these events, the energy necessary to dissociate the molecule
is acquired in random-walk fashion. Statistics also favors collisions
that relax FN, over those that increase its internal cnergy.
Consequently, the number of collisions required to induce disso-
ciation is (£,/E,)? exp(E,/RT). The collision frequency is given
by the product of the cross section (g.) and the thermal velocity
term (8xRT/M)'/2 where M is the reduced mass of the colliding
pair. The dissociation rate can therefore be written as

k, = 0 (8xRT*/M)'/(E,/E,)? exp(-E,/RT*)  (5)
where T is the temperature at the peak of the NF(a) time profile.
Solving eq 4 and 5 to eliminate k, yields
[NF(a)]?
(EN,](C]
The right-hand side of eq 6 can be evaluated from the HF/DF
data (Figure 3) as 8.5 X 10°!% cm?/s, assuming {NF(a)] ~
10'%/cm?, [FN;] ~ 7 X 10'*/cm?, and [C] ~ § X 10'® cm?, at
7* = 950 K. Since the NF(a) yield drops very rapidly with

,c(B'RTO/M)I/I(E'/E.)I exp(-E,/RT*) = kq (6)

(36) Gurev, V. 1.; Vasilev, G. K.; Batovskii, O. M. JETP Lett. 1976, 23,
230

(37) Weston, R. E.; Schwartz, H. A. Chemical Kinetics: Prentice-Hall:
Englewood Cliffs, NJ, 1972; Section 5.2.
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temperature, it is not practical to solve eq 6 for o, and E, by
collecting additional emission data at a significantly lower tem-
perature. On the other hand, the slow decay of FN, at ambient
temperature (7,) is described by the similar relation

0.(8xRTy/ M)/X(E, /E,)* exp(~E,/RTo) = 1/7[C;] = ko
M

where Ty = 287 K, [Cy] X § X 10'/cm?, and the decay time ()
is approximately 4 X 10° s, which yields ko = 5 X 102 cm’/s.
Taking M ~ 4, since He is the predominant collision partner in
cach case, and setting E, = 503 cm™ (the lowest vibrational
frequency” of FN,) then allows simultancous solution of eq 6 and
7 to yield E, = 0.63 eV and o = 34 A2,

The potential errors in the preceding analysis include quenching
of NF(a) by FN, and NF(X), catalytic dissociation of FN; on
the walls of the holding tank, and er<ors in the measurement of
T*. Since the NF(a) branching ratio approaches unity and since
NF(X) would be scavenged by reactions 2 and 3, it is unlikely
that NF(X) achieves a concentration that is comparable to NF(a).
Also, since FN, is not a radical species, it is not likely tc quench
NF(a) as rapidly as NF(a). Gholivand et al. found that the
infrared absorption spectrum of gaseous FN, and thin films of
condensed FN; were nearly ademwal which demonstrates neg-
ligible intramolecular interaction.'® Consequently, the Teflon-lined
walls of the holding tank are not likely to catalyze FN; decom-
position. Each of these potential errors results in an underesti-
mation of both o, and E,. Since E, is determined from a loga-
rithmic ratio of the decay rates, relatively large errors are required
to change its value significantly. Such errors would also tend to
increase o, to physically unrealistic values, since o, is already close
to the gas kinetic limit. The value of E,, however, scales much
more directly with the value of 7 (which is accurate to about
£5%). The measured value of E, therefore supports Michel’s
calculation of the barrier height.® The value of o, we obtained
is also in good agreement with a calculated hard-sphere collision
cross section of 38 A? based on bond lengths® and van der Waals
radii.® The agreement between our data and the above estimate
should be considered as fortuitous, however, since the effects of
long-range T — R collisions and steric factors have not been
included in the analysis.

A computer code was assembled to numerically integrate the
differential rate equations for the gas temperature and the
FN,/NF(a) concentrations in the slde-pumped reactor which
achieved the highest NF(a) concentrations. The optical pumping
bynnco,hmmmuuahmmwt.ammeauym
were thermal dissociation of FN, to yield NF(a) with unity
branching ratio and NF(a) self-annihilation to form N, + 2F.

(38) Radimacher, P.; Bittner, A. J.; Schatte, G.; Willner, H. Chem. Ber.
1988, /21, 555.

(39) Maitland, G. C.; Rigby, M.; Smith, E. B.; Wakeman, W. A. /nter-
muclear Forces; Clarendon Press: Oxford, 1981.
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By use of the kinetic rates discussed above and available ther-
modynamic data,>'!'?® good agreement (£10%) was obtained
between the model and the data for the simuitaneous FN,/NF(a)
time profiles and the peak temperature/NF(a) concentration with
only modest (£25%) variation of the rate parameters. These
results confirm our basic understanding of the kinetics of gen-
eration and decay of NF(a) upon rapid thermal dissociation of
FN,.

It is also interesting to compare the production of NF(a) by
thermal dissocation of FN, to the F + HN, reaction,2*2 which
proceeds by first generating N, radicals (HF abstraction) and then
passing through an FN, intermediate (F + N, reaction) to gen-
erate NF(a). It therefore follows that efficient production of
NF(a) in the F + HN, reaction tends to imply efficient production
of NF(a) upon thermal dissociation of FN;, as observed. The
thermal dissociation reaction, however, is much easier to scale
to large NF(a) concentrations, since it does not involve reactive
intermediates (N,) which tend to self-annihilate.® The very large
concentrations of NF(a) that have been obtained (~ 10? of the
F + HN, reaction®) reflect this difference and the slow
quenching®® of NF(a) by the reaction byproducts (N;). The
attainable yields appear to be limited only by the seif-annihilation
reaction which is inherent to any scheme for generation of NF(a).

In summary, thermal dissociation of FNj is a process with an
activation of approximately 0.6 eV, which yiclds metastable
NF(a) with near-unit efficiency. Large (>10'®/cm?®) concen-
trations of NF(a) can be generated by this reaction; however, the
gas temperaturc must be increased rapidly, so that the NF(a)
concentration builds up on time scale that is shorter than the
second-order decay, which occurs at a rate of approximately 3
X 1072 cm?/s. A significant application for this new source of
NF(a) is the development of advanced short-wavelength chemical
transfer lasers that are analogous to the oxygen-iodine system.*’
With greater than 10'¢/cm® concentrations of NF(a) and transfer
rates*? approaching 107 cm?/s, it will be possible to obtain partial
inversions on molecules such as BiF which have radiative lifetimes*®
on the order of 1 us.
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ABSTRACT

A visible chemical laser on the BiF(A-X) transistions at 430-470 nm can potentially be
generated by the interaction of Bi-atoms with metastable species such as NF(ata). Experi-
ments were performed in which these constituents were obtained in situ by fast pulsed CO,
laser pyrolysis of FN; and Bi(CH,)3, respectively. Time-resolved optical diagnostics were used
to follow the concentrations of FN;, NF(a!a), Bi(CH,),, Bi(2D) and BiF(A). The optimal con-
centrations of FN; and Bi(CH,); were limited by NF(a!a) self-annihilation and Bi(2D)
quenching reactions, respectively. The Bi(CH,); was found to be only 20 % dissociated at the
peak of the NF(a!a) time profile and the yield of Bi-atoms from dissociated Bi{CH;);, was
determined to be approximately 5 %; however, significant recycling of the active Bi/BiF species
was observed at a limiting rate of 4 - 5 x 10711 cm3/s, driven by NF(a!a). On the basis of these
results, a peak BiF(A) concentration of 10!3/cm3 was predicted by kinetic modeling and
subsequently observed. The model also predicts an absolute population inversion of the
BiF(A-X) transistion at high NF(a!a) concentration with unsaturated gains of approximately
1073/cm. Intracavity experiments have verified that the BiF(X) ground state concentration is
low enough relative to the excited state to generate at least a partial inversion, and initial
evidence for an absolute population inversion has been obtained.

1. INTRODUCTION

Since chemical reactions follow the same spin-selection rules as optical transistions, it is
difficult to produce electronically excited products with high efficiency uniess they are opti-
cally metastable, because the reaction will preferentially populate any lower energy product
state that is of the same spin. Consequently, the generation of electronic transistion chemical
lasers typically involves a two-step process consisting of efficient chemical production of an
optically metastable species, which acts as an energy store, followed by some form of energy
transfer from the store to a more suitable radiating species. In our work, the ala state of
nitrogen monofluoride (NF) is the energy store and bismuth monofluoride (BiF) is the radiating
species. The transfer of energy from NF(ala) to BiF was initially discovered by Herbelin! who
used the reaction of H-atoms with NF, radicals to generate the NF(a!a). Recently, we have
developed a new source of NF(ata) that is based on thermal dissociation of fluorine azide
(FN,), which is capable of achieving unusually high NF(a!a) concentrations.2 Large yields of
NF(a!a) are important to this application since the BiF(A) state has a radiative lifetime3 near
1 us and the rate of BiF excitation (which must approach 106/s) is controlied by the NF(ala)
concentration. In this work, we have used the FN, source of NF(a!a) to extend Herbelin's work
to higher NF(a!a) concentrations and to investigate any differences in the mechanism of BiF
excitation that may occur between the two chemical sources of metastable NF.

2. EXPERIMENTAL
Figure | shows schematically how the experiments were performed. A variable gas mixture
of FN;, Bi(CH,); and SF¢ in He buffer gas was admitted to a slowly flowing reactor that was

exhausted to a vacuum. The gas flow in the reactor was optically pumped by a pulsed CO, laser
at a rate of 1-2 Hz, so that gas flow in the reactor changed the active sample between shots.
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The functions of the SF¢ additive were to absorb the incident CO; laser radiation and to heat
the gas upon subsequent collisional relaxation. The laser fluence in these experiments was well
below the threshold for significant production of F-atoms by multiphoton dissociation.* The
excited states of NF and BiF were detected in emission at 874/528 and 450 nm, respectively,$
by an optical multichannel analyzer (OMA) for spectral analysis and by a filtered silicon
photodiode interfaced to a fast preamplifier and digital signal averager for temporal analysis.
The diode/filter combinations were absolutely calibrated by comparison to a standard lamp of
known emissivity that is traceable to the National Bureau of Standards. Therefore, absolute
NF(ata, b'z) and BiF(A) concentrations could be inferred with knowledge of the relevant A
coefficients,3’6’7 and the gas sample / photon collection geometry. Ground state species such
as Bi(CH,), and FN; were followed by time-resolved ultraviolet absorption using a D, lamp
source and a filtered 1P28 photomultiplier tube as the detector. The absorption signals were
processed in the same manner as the emission signals from the silicon detector, and absolute
concentrations were inferred from these data with knowledge of the active path length and the
relevant extinction coefficients.8’® Detection of Bi(2D) was accomplished by ultraviolet
absorption since the emission signal was prone to spectroscopic interference due to overlapping
HF emissions. In this case, the D, lamp was replaced by a Bi-hollow cathode lamp which was
electronically pulsed to enhance its intensity. The lamp current was pulsed to approximately
500 ma for about 500 us with a 200 us lead on the CO, laser pulse used to initiate the chemical
reactions to be monitored. Hence, the lamp intensity was essentially constant during the time
of data collection. In these experiments, the 289.8 nm line was selected by the filter that was
placed over the detector, and the absolute concentration of Bi(2D) was determined from the
absorption data using a cross section that was calculated from the radiative rate! 9 assuming a
Doppler broadened line profile. The gas temperature was determined with ¢ 50 K accuracy by
comparison of a section of the BiF(A-X) emission spectrum to a set of synthetically generated
emission spectra, provided by Koffend,!! as described in a prior publication.2 Worst case
propagation of errors in the concentration measurements suggests an accuracy of approximately
t 35 %.

The reactor was designed for wall-free operation by admitting the reactive gas flows to a
. central 2.5 mm x 2.5 cm rectangular duct that was surrounded by a velocity matched Ar shield
flow. All gas flows were electronically monitored by mass flow meters and the reactor pressure
was monitored by an inductance transducer. The Bi(CH;); was eluted from a cold trap at ice
temperature by bubbling a flow of He carrier gas through the liquid. The mole fraction of the
Bi(CH,); in the He flow was determined from the vapor pressure!? of the Bi(CH,); and a
measurement of the total pressure in the trap, assuming complete saturation of the He flow.
Prior experience has shown this method to overestimate the Bi(CH,); mole fraction by a factor
of less than two. Typical conditions in the reactive jet were 0-0.1 torr Bi(CH;);, 1.5 torr FN,,
13.5 torr SF ¢ and balance He to a net pressure of 150 torr. The jet was side pumped by the CO,
laser with a soft line focus (2.5 mm x 2.5 cm) at a fluence of approximately | joule/cm2. The
SF¢ concentration was chosen so that approximately 66 % of the incident laser energy was
transmitted through the reactor to a retroreflecting cylindrical mirror that refocused and
counterpropagated the beam through the reactor. This procedure was used to insure uniform
excitation of the reactive flow across its short dimension. The optical measurements were
taken along the 2.5 cm long axis of the reactive flow (perpendicular to the CO, laser beam).

The FN, flow was generated by reacting commercial grade sodium azide with stearic acid
at 110°C to yield hydrogen azide (HN,) gas in a He carrier stream, which subsequently reacted
with a dilute F,/He gas stream to yield HF, which was eliminated in a cold trap, and FN;. This
is a somewhat hazardous and complex operation that is described in detail in prior publica-
tions.2’!3 The mole fraction of FN; in the He carrier stream was determined by absorption
measurements at 425 nm using the extinction data of Gholivand.® The materials of construction
were limited to stainless steel, teflon/viton and glass/quartz to prevent undesired reaction, and
care was taken to avoid even mild heating of the FN; flow to prevent disproportionation!* into
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N,F, and N,. The FN; gas flow at the laser pyrolysis reactor showed negligible decomposition
as determined by mass spectroscopy.

$C-Coses
Bi(CHg)aHe SFg FN;He
FILTER / DETECTOR
uv REACTION
LAMP CELL
&..%_. VACUUM
Y
PULSED PRESSURE SIGNAL
CO, LASER GAUGE AVERAGER
)
(SYNC)

Fig. 1 Block diagram of experiment used to investigated energy transfer from NF(a!a) to BiF.
3. GENERATION OF NF(a!a)

Figure 2 shows the typical emission spectrum that is obtained in the vicinity of the NF(a-X)
transitions at 874 nm by CO, laser excitation of FN;/SF¢ gas mixtures. It is characteristically
free of overlapping N,(B-A) emissions that are common to other NF(a!a) sources, which is
consistent with the very simple mechanism of excitation just described.

Typical time profiles of the FN; and NF(a!a) following the CO, laser pulse (in the absence
of Bi(CH;),;) are shown in Fig. 3. These data were collected with 100 ns resolution; how-
ever, the NF(ala) time profile has been smoothed since NF(a!a) is a weak emitter and the
statistical noise is significant on the sub-us time scale. The error bar indicates the magnitude of
the peak-to-peak noise at 100 us resolution. The FN; absorption data is relatively noise free but
does experience some electrical interference from the CO, laser at early times as indicated by
the error bar and the dashed portion of the line. The yield of NF(b!£) in these experiments was
approximately 1072 of the NF(a!a), and the peak temperature was estimated at 1200 K using
trace addition of Bi(CH;);. The rise of the NF(a!a) is seen to coincide with the decay of the
FN; indicating a simple mechanism, namely:

FN, 4 NF(aIA) + N, (1)

SPIE Vol 1225 Migh-Power Gas Lasers (1990} / 545




The subsequent decay of the NF(a!a) due to self-annihilation

NF(al) + NF(ala) - products | (2)
has been observed by Setser!S in low density flowtube experiments. The products of this
reaction are not known; however, the yield of NF(b!r) obtained in both Setser's and our
experiments is too low to account for the NF(a!a) loss due to energy pooling. Because of the

self-annihilation process, high densities of NF(a!a) can be achieved only if the FNj is
dissociated rapidly.

NF (a8 —X)

VA

WAVELENGTH (arb. units)
Fig. 2 Emission spectrum of NF(a!a) obtained by thermal dissociation of FNj.

The principal factors that govern the dissociation rate are the collision frequency, the
barrier height for activation of the dissociation reaction and the gas temperature. Michels!é¢
has calculated the barrier to FN; dissociation by ab initio methods to be approximately 0.5 eV.
The dissociation of FN,; and the production and decay of the NF(a l:? can therefore be
described by the following set of coupled differential rate equations which treat temperature as
a dynamic variable and assume 100 % conversion of FN; to NF(a!a) upon dissociation with
negligible loss of reactants or heat due to transport phenomena.

-1/7

o [FNgl = -k e O[N] [M] (3)
g5 INF()] = - &5 1Ng] - & INF(2))2 (@)
$e T =1 Ca1(t) ISFg) - Hy G5 [FN] + Mo K [N (@)IZ ) (5)
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The terms are defined as follows: k, is the collision rate betwzcn FN; molecules and other
species (M), T is temperature and T, 1s the barrier height expressed in terms of temeprature, k_.
is the self-annihilation rate, C is the heat capacity of the gas, I(t) is the intensity time profiléd
of the incident CO, laser radiation, o is the cross section for absorption by SF¢, and Hy a are
the heat releases associated with the dissociation of FN; and the self-annihilation reactions,
respectively. The thermodynamic factors are available in large part from the JANAF tables.
The products of reaction (2) are assumed to be N; and two F-atoms. The heat of formation of
FNj; was obtained as +120 kcal/mole from prior work involving ArF photolysis of the azide at
low pressure.!?” The cross section (o) was determined by actual transmission measurements
since its value is somewhat dependent on the intensity of the CO, laser. Finally, K(t) was
modeled as the sum of two linearly decaying time profiles that correspond to the fast and slow
components of the CO, laser output. The principal fitting parameters are k4, which can be
estimated at 107!} cm3/s by kinetic theory, T, which is approximately 6000 K on the basis of
Michel's calculation and k., which was measured by Setser and confirmed in our laboratory to
have a value near 3 x 1032 cm3/s. Figure 4 shows the typical result obtained by computer
integration of equations (3-5) subject to the initial values defined by the experimental
conditions. Table | provides a more detailed comparison between theory and experiment under
conditions which optimize the yield of NF(ala). These results were obtained with only modest
variation of the rate parameters (z 25 %) and the activation barrier (¢ 10 %). Therefore, the
general agreement that is obtained as well as the ability of the model to reproduce the
qualitative trends that are observed with variation of laser energy and initial FN; concentration
suggest that reactions (1) and (2) are the dominant processes and that the rate constant/barrier
height estimates are approximately correct. Since our gas sample was heavily diluted, the rise
in gas temperature was primarily due to laser heating rather than the induced reactions, as
shown in Fig. 4. If this condition were not satisfied, the time profiles would be considerably
more complex and difficult to model accurately.

CONCENTRATION X 10°'6 cm3

1 ) 1 1 L 1 2
0 1 2 3 4 5 6 7
TIME (us)

Fig. 3 Characteristic time profiles of FN; and NF(a!a) following pulsed CO, laser excitation.
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Fig. 4 Time profiles of FN3;, NF(a!a) and gas temperature obtained by kinetic modeling.

Table |
Comparison of Modeling Results to Experimental Data
for CO, Laser Driven Pyrolysis of FN,

Result Model Data Units
Peak [NF(a!a)] 4 x 1016 3x 1016 cm”?
Rise Time (10-90 %) 2.6 2.4 us
Decay Time (100-50 %) 5.7 5.0 us
Temperature at Peak 1237 1150 K

4. EXCITATION OF BiF(A)

Upon addition of Bi{CHj3); to the FN; and SF¢ in the reactor very intense BiF(A-X)
emission was observed. The mechanism of excitation of this species is considerably more
complex than that of NF(a!a), as shown by the processes indicated on the energy level diagram
given as Fig. 5. Once Bi-atoms are introduced into the system, the reactions

NF + BIF, 3 N+ BiF, . (6)
NF + BIF, S NF,+BiF_, o)

set up a complex equilibrium between Bi-atoms, BiF, BiF, and BiF,. From a strictly
thermodynamic standpoint, the majority of the Bi is expected to be in the form of BiF; and
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Fig. 5  Energy levels and kinetic processes involved in the excitation of the BiF(A) state.
The reactions responsible for recycling active Bi/BiF are shown by the dashed line.

BiF ; which do not participate in the observed chemiluminescence. Therefore, the efficiency of
converting dissociated Bi(CHj); into active Bi/BiF is a key concern. Related issues are the rate
and mechanism of Bi(CH,); dissociation and the quenching of NF(a!a) and other significant
electronically excited species by undissociated Bi(CH,;); or its dissociation by-products.
Herbelin! ! has suggested that the actual mechanism responsible for the BiF(A) generation is

NF(ala) + 81(%0) - N + BiF(A) 8
where the Bi(2D) is generated by the fast resonant transfer reaction

NF(ala) + B - NF(x3r) + B1(%D) (9)
first studied by Sutton and Capelle.!® Once produced, BiF(A) decays radiatively

BiF(A) -« BiF(X) + hv (10)
and there is a potential for recycling of the Bi-atoms if reactions such as (7, x = 1) or

N + Bif « NF + Bi (11)

occur at a significant rate. [t is therefore important to know which step in the cyle is rate
limiting and the associated rate constant. Reactions such as (7, x = 1) and (11) also help to

c-8
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remove BiF(X) and thereby to maintain population inversion of the A-X transistion. Our
investigation is aimed at a resolution of these issues.

5. RESULTS AND DISCUSSION

Measurements of the time profiles of Bi(CH;),, Bi(2D) and BiF(A) were collected under
conditions of both high (3 x 10!6/cm3) and low (3 «1015/cm3) peak NF(aia) concentration to
resolve the kinetic issues described above. The peak NF(a!a) concentrations were changed by
adjusting the initial FN3; concentration. The principal reason for this alteration was to slow the
self-annihilation reaction (2) which occurs at a rate comparable to the Bi/BiF kinetics for high
NF(a!a) concentrations. Since the experimental observables reflect both the time evolution of
the NF(a!a) as well as the Bi/BiF species, this condition was necessary in some cases to effect
a deconvolution of these phenomena. The data are presented and analyzed in the order that
yields the simplest interpretation of the results.

5.1 Production of BiF(A) from Bi(2D)

The time profiles of Bi(2D) and BiF(A) at high peak NF(a!a) concentration are shown in
Fig. 6. The initial Bi(CH;); concentration in these experiments was set to 6 x 10!%/cm3 to
optimize the Bi(2D) measurement. At this concentration of Bi(CH;);, the NF(a!a) time profile
is not significantly altered, as will be shown later. Since the BiF(A) time profile follows the
Bi(2D) by approximately one radiative lifetime in the vicinity of the peak emission regime, our
data are compatible with reaction (8) as the principal pumping mechanism. The rate of the
pumping reaction (kg) of Bi(2D) with NF(a!a) to yield BiF(A) can be determined by applying the
steady state relation

kg [NF(als)] 81(%0)] = A [BiF(A)] (12)

at the peak of the BiF(A) time profile. Taking A =7 x 105/s as measured by Koffend,3
[NF(ala)] - 3 x 1016/cm3 and [BiF(A)] - 2 [Bi(2D)] from Fig. 6 gives kg - 4.7x10711 cm3/s
in resonable agrecment with an independent determination of the same rate as measured by
Herbelin!! using the H + NF, reaction to generate the NF(a!a). The sum of the Bi(2D) and
BiF(A) concentrations, however, is only about 1 % of the initial Bi(CH,); concentration. The
other 99 % must therefore be accounted for by incomplete dissociation of the Bi(CH;);, the
yield of active Bi/BiF from the Bi(CH;); that was dissociated, and the production of ground
state Bi/BiF species. The latter is believed to be negligible, however, since Sutton found
complete disappearance of ground state Bi in the presence of NF(a!a). A similar situation may
also exist in regard to ground state BiF(X) at high NF(a!a) concentrations, due to reactions
(7,x =1) and %ll). Therefore, we will proceed on the assumption of negligible BiF(X)
concentration and will address this point independently later.

5.2 Dissociation of Bi(CH;),;

The disappearance of the Bi-donor was tracked at 270 nm where FN; absorption8’? is weak
compared to Bi(CH,),. Background data were collected and subtracted to account for residual
FN; absorption and ultraviolet chemiluminescence emitted by the reactor. The absorption vs
time after the CO, laser puise was found to increase initially and then to decline to zero as
shown in Fig. 7. This behavior is attributed to sequential loss of the methyl groups and a higher
absorption coefficient in the intermediate Bi(CH,); or Bi(CH,), species than in Bi(CH,),;. To
deal with this complication, a simple model of the form
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1 4

B1(CHj); - Intermediates (13)

Intermediates -+ Bi {14)

was constructed. The rates k;3; and k;, were assumed to be fixed, owing to a thermal dissocia-
tion mechanism, since the absorption data were not infiuenced by the presence or lack of FNj.
In other words, NF(a!a) does not contribute significantly to the dissociation of Bi(CH;); as a

resuit of energy transfer or chemical reactions. The absorption signal was normalized to unity
at t =0 and the ratio of the ultraviolet absorption cross sections (intermediates to initial
Bi{CH3);) was used as a fitting parameter along with k, 3 and k,,. The rate equations corre-
sponding to reactions (13) and (14) were solved analytically, and the absorption signal was calcu-
lated and also normalized to unity at t = 0. The cross section ratio was analytically selected to
yield an absorption time profile that peaked in time at the same point as the data. Trial values
of k; ;and k;, were then selected and the solutions were compared against the data for relative
peak height and overall decay rate. The best fit to the absorption data shown in Fig. 6
corresponds to k,; = 4.2 x 105/s and k,, = 3.9 x 105/s. While the values of k, 3 and k,, could be
co-varied somewhat without significantly affecting the agreement with the data, the yield of
Bi-atoms, which was then calculated analytically, did not vary significantly. Therefore, as
shown in Fig. 7, the Bi(CH;); is completely converted to Bi-atoms in about 10 us. At high
NF(a!a) concentrations, however, the peak BiF(A) emission occurs at about 2 us. Consequently,
only about 20 % of the Bi(CH,); contributes to the pumping of the BiF(A) state when the
NF(a!s) yield is optimized. Since the overall yield of active Bi/BiF from initial Bi(CH,); is

I %, it then follows that the yield of active Bi/BiF from dissociated Bi(CH,); is about 5 %.

s

30
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\'\v-—k--
0.0 A= BIF* -

0.5 A )| 4. )| A 1 i 1 A j
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CONCENTRATION X 10-12¢m?

Fig. 6 Time profiles of Bi(2D) and BiF(A) following pulsed CO, laser excitation.
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Fig. 7 Time profile of ultraviolet absorption due to Bi(CH3), species (dots) and related
kinetic modeling results (solid and dashed lines).

5.3 Recycling of Active Bi/BiF

By reducing the initial FN3 concentration an order of magnitude and using trace concentra-
tions of Bi(CH;); essentially all of the Bi(CH;); is dissociated before the peak NF(a'a)
concentration decays significantly. When this is done, a 10 us rise in the BiF(A) time profile is
observed, which can be assigned to the dissociation of the Bi(CH,);, as shown in Fig. 8. Follow-
ing this rise, the decay of the BiF(A) essentially follows the decay of the NF(ala). Conse-
quently, a near steady state condition is achieved, which suggests that active Bi/BiF is recycled
following the emission step; otherwise a more rapid decay of the BiF(A) would be observed. By
integrating the BiF(A) time profile, the net yield of BiF(A-X) photons per unit volume was found
to equal 70 % of the initial Bi(CH,); concentration. Since all the Bi(CH;); dissociates in this
experiment but only 5% of the dissociated Bi(CH,), yields active Bi/BiF, approximately 14
photons were generated per each active Bi/BiF species, which demonstrates effective recycl-
ing. Under these conditions, the rate of photon emission is governed by the limiting rate in the
cycle. The radiative step (10) is not limiting in this case as all of the other reactions are driven
by low NF(a!a) concertrations. The excittion of Bi(2D) by NF(a!a), reaction (9), is known to
be fast!® by comparison to reaction (8). Therefore, the limiting rate is either the pumping step
(8) or the conversion of BiF(X) back into Bi-atoms due to reactions (7, x = 1) and (11). Without
determining which rate is limiting, the limiting rate constant (k,) can be determined under
cycling/total dissociation conditions by applying the steady state relation

I=ky ¥ [BI(CHg),l [NF(ala)] (15)

where [ is the rate of BiF(A-X) photon emission per unit volume and Y is the dissociation yield
of active Bi/BiF or about 5 %. Applying the above analysis to the data in Fig. 7 yields
k,~ 5 x 10711 cm?/s in close agreement with the measured rate of reaction (8). It therefore
follows that the rates of the BiF(X) removal reactions (7, x = | and 11) are at least this fast or
possibly faster.  Consequently, at high NF(a!a) concentrations, the rate of BiF(X) removal
exceeds (5 x 10711 cm3/s) x (3 x 1016/cm3) or 1.5 x 108/s, which is twice the radiative rate of
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Fig. 8 Time profile of BiF(A) at reduced NF(a!a) concentration showing a 10 us rise due to
the dissociation of Bi(CH,),.

the BiF(A-X) transition. This result, which implies an absolute population inversion at high
NF(ala) concentration, is consistent with the earlier assumption of negligible BiF(X}
concentration.

5.4 Scaling of BiF(A)

The peak achievable yield of BiF(A) depends critically on the amount of Bi(CH;); that can
be productively added to the FN,. This factor is controlled primarily by the associated
quenching of Bi(2D) and BiF(A) by Bi(CH,), and its by-products. Since BiF(A) decays radiatively
at a high rate, it is less subject to quenching than Bi(2D) which has a much longer kinetic
lifetime. Optimum addition of Bi(CH,); will therefore be limited by the competition between
the reaction of Bi(2D) with NF(a) and its quenching by Bi(CH3); according to the relation

kg (NF(ala)] = kg [81(CHy),] (16)

optimal

where kg is the quenching rate constant that controls scaling. Taking ko= 3 x 10710 cm3/s
based on Trainor's work!? yields 3 x 1015/cm3 as the optimum Bi(CH,); concentration for
(NF(ala)] ~ 3 x 1016/cm3. Higher concentrations of Bi(CH,); will promote quenching at a rate
that is competitive with the pumping reaction and therefore will not increase the yield of
BiF(A) significantly. Consequently, the peak yield of BiF(A) is expected to be 3 x 1015/cm3
multiplied by 0.2 to account for the dissociation fraction, 0.05 to account for the yield of active
Bi/BiF and 0.66 to account for the fraction of active Bi/BiF in the BiF(A) state. In practice,
this steady-state estimate must be discounted by an additional factor of 2, since under optimal
Bi(CH,); loading the time duration (FWHM) of the BiF(A) pulse is comparable to the radiative
lifetime. The net result is an expected BiF(A) yield of 10!3/cm3, which was indeed observed as
shown in Fig. 9 where the rollover with initial B(CH,); concentration occurs at the predicted
3 x 1018/cm? concentration.

C~12

SPIE Vol. 1225 Migh-Power Geas Lasers (1990) / 5523




8CA7405

12 Y T T T T

10F -

[}
T
1

[BIF{A)] x 1012 ¢m3
(-]
i
1

//
4 -
/
/
//
2 y, -
/
//
0 1 1 L 1 L
0 2.5 5.0 7.5

[BilCH3)3) x 10~ 15 cm3
Fig. 9 Scaling of BiF(A) yield vs addition of Bi(CH,);.

The scaling of the BiF(A) yield was also investigated at fixed Bi(CH,); concentration with
respect to varied initial FN; concentration as shown in Fig. 10. Here the scaling is apparently
nonlinear in [NF(ala)] at low concentrations because quenching dominates the decay rate of the
Bi(2D) intermediate. In this limit, [Bi(2D)] scales proportional to [NF(a!a)] since the
metastable species drives its production, and [BiF(A)] produced via the reaction of Bi(2D) with
NF(ata) then scales as [NF(ala))2. As the NF(a!a) concentration is increased, the pumping
reaction (8) begins to compete with the quenching of the Bi(2D). The Bi(2D) concentration then
saturates and the BiF(A) state begins to scale linearly with [NF(a!a)). At high NF(a!a) concen-
trations, a saturation of the BiF(A) yield could set in if a destructive reaction between NF(a!a)
and BiF(A) were to occur with a sufficiently high rate constant to compete with the radiative
decay of the BiF(A) state. No evidence of such reaction was obtained, however, up to NF(a!a)
concentrations of 3 x 10! 6é/cm3.

Under optimal Bi(CH,); loading conditions, the BiF(A) time profile is shorter than the
NF(ala) time profile in the absence of Bi(CH,); by roughly a factor of two, as shown in
Fig. 11. This result indicates that Bi(CH,); quenching of NF(a!s) is also a significant factor.
The NF(ala) data has been smooth to eliminate peak-to-peak noise as indicated by the error
bar. The BiF(A-X) emission is quite intense and therefore noise free. The vertical scale for the
BiF emission is substantially reduced in sensitivity relative to the NF data.

The typical per BiF(A, v' = 0) stimulated emission cross sections for the most favored
transitions are approximately 10716 cm? at 1200 K. At this temperature, roughly 35 % of the
BiF(A) state concentration is in v' = 0; however, this figure increases with reduced temperature
as does the cross section due to the combined effects on the rotational distribution and Doppler
width, Therefore, with careful optimization, 10!3/cm3 concentrations of BiF(A) are capable of
generating unsaturated gain coefficients that approach 1073/cm, adequate for large scale high
energy laser devices, provided the concentration of BiF(X) is not excessive.
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5.5 Population Inversion

To test for excess population of the BiF(X) ground state, the reactor used in the above
studies was enclosed inside an optical cavity formed by a pair of concave dielectric mirrors.
The mirrors were sealed to the reactor without use of intracavity windows by long, purged
stainless steel bellows so that the optical axis of the resonator passed through 2.5 ¢m of the
reacting flow. The mirror separation was set at 50 cm so that the c/2L spacing of the cavity
modes was approximately 25 % of the Doppler width nf ine BiF(A-X) transitions to insure that a
cavity mode was located near line center where the cross section is at a maximum. Mirrors
were selected with constant R = 95 % reflectivity over the wavelength band of the BiF(A-X)
transitions so that on the average, a photon would execute 1/(1-R2) ~ 10 roundtrips inside the
cavity before escaping to an external detector. The effective path length through the active
medium was therefore 50 cm. The OMA was used to collect on-axis radiation leaking from the
cavity and to compare the spectrum of the cavity emissions to a direct chemiluminescence
spectrum obtained without use of an optical cavity. The intensifier section of the OMA was
gated to detect only the peak of the BiF(A) time profile in each case. The region of the v'= 0
to v®=0 transitions was then analyzed for signs of spectroscopic distortion due either to
intracavity self-amplification or self-absorption. Band-to-band comparisons were not used
because slight departures from vibrational equilibrium, which are possible due to the short
duration of the experiment, would lead to erroneous results. Distortion of the shape of a single
band, however, depends on the rotational distribution which is more rapidly thermalized. In the
v! = 0 to v" = 0 band, the cross section is peaked to the red of the bandhead at J - 30 (437 nm).
Therefore, the presence of gain or loss in the cavity will distort the shape of the band as seen
through the mirrors. Contrary to first intuition, the presence of gain initially increases the
width of the band by enhancing the J - 30 radiation relative to the bandhead.

Within the signal-to-noise ratio of the experiment, which was 20 to | or better, no signif-
icant distortion of the band shape was observable, as shown in Figs. 12(a) and 12(b). An upper
limit on the BiF(X) concentration was therefore established by assuming a trial value for
[BiF(X)] and then calculating the absorption of J - 30 and bandhead radiation over a 50 cm path,
assuming [BiF(A)] = 1013/cm3 and rotational-vibrational equilibrium at 1200 K. The cross
sections were calculated from knowledge of the radiative rate3 and the spectroscopic parame-
ters20 of the BiF(A-X) band system. The trial concentration of BiF(X) was then adjusted so that
the differential absorption matched twice the signal-to-noise ratio of the experiment. By
following this procedure, the concentration of BiF(X) was shown to be less than 4 x 10!3/cm3.
This result does not rule out an absolute inversion, but tends to suggest at least partial
inversions on the v'= 0 to v® 2 3 transitions, assuming a near thermal vibrational distribution in
the BiF(X) ground state. '

More sensitive experiments have been conducted with mirrors of 99.9 % reflectivity in
which the potential peak gains can actually exceed the cavity threshold. Saturated lasing is not
expected in this case, however, because the peak gain lasts for only about 2 us (Fig. 11) during
which the photons can execute approximately 600 roundtrips. At a peak gain per roundtrip of
(3 x 107+/cm) (5 cm) - 0.15 9%, neglecting mirror losses, the initial spontaneous emission can only
experience a net enhancement of order unity. Therefore, no significant laser output is
expected, but spectroscopic distortion of the cavity output due to optical gain can be substan-
tial. In these final experiments, the production of BiF(A) was also enhanced by using a KrF
laser to partially photodissociate the Bi(CH,;), with a variable lead in time relative to the peak
of the NF(a) time profile. The best results were obtained when the KrF laser pulse was applied
approximately | us ahead of the peak NF(a) signal, resulting in a 50% enhancement of the peak
BiF(A) concentration. The BiF(Ag’esignal disappeared entirely, however, when the KrF laser was
applied with the CO, laser beam blocked, confirming that NF(a) production by thermal dissocia-
tion of FN; was necessary to excitation of the metal fluoride. This result is not surprising since
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Fig. 12 Comparison of BiF(A-X, v* = 0 to v" = 0) bands in the absence of a cavity (a) and
with a cavity using mirrors of 99.5 % reflectivity (b) and 99.9 % reflectivity {c).

the KrF radiation is strongly absorbed®’? by Bi(CH,),, but only very weakly by FN;. Time pro-
files of Bi(2D) collected with and without use of the KrF and CO, lasers revealed that the KrF
laser did yield a prompt source of Bi(2D) that was comparable to the Bi(2D) produced by
reaction (9), which accounts for the enhanced BiF(A) production. The KrF laser, however, does
not help to clear the BiF(X) ground state and since the photon lifetime in the high reflectance
cavity is comparable to the radiative lifetime of BiF(A), the intracavity experiment constitutes
a valid test for chemical removal of the BiF(X) ground state. The corresponding cavity emission
data, shown in Fig. 12(c), is characterized by a lower signal-to-noise ratio because of the
reduced transmission through the high reflectance mirrors. Nonetheless, a significant distortion
of the v' = 0 to v" = 0 band at 437 nm is evident, which is presumably the result of amplification,
since it is a reproducible feature of the cavity emission spectrum and is not present in back-
ground scans taken with the CO, laser blocked. This result implies an absolute inversion of the
BiF(A-X) transition. Work is currently proceeding to use a pulsed dye laser to charge the
optical cavity with resonant photons so that amplification during the cavity ring down can be
‘sensitively detected with a high signal-to-noise ratio. Details of this experiment will be
reported in a subsequent publication.

6. CONCLUSIONS

The resuilts we have obtained using the FN; source of NF(a!a) to excite BiF(A) with
Bi(CH,); as a starting material are basically compatible with Herbelin's findings in the same
system driven by NF(ala) obtained from the H + NF, reaction, and support the conclusion that
energy transfer from NF(a!a) to BiF is a viable mechanism for the generation of a visible
wavelength chemical laser. Further work will be required to develop the laser, however, in
three key areas. Since the potential gains are small, larger gain lengths and gain times will be
required for efficient power extraction. In a high energy system, it will also be desirable to
replace the CO, Jaser heating mechanism with supersonic mixing between a preheated primary
gas stream and secondary injection of FN; at 300 K. The nozzle design will be critical in .
several regards. First, due to the self-annihilation reaction, it will be necessary to accomplish
mixing on the us time scale to dissociate the FN, efficiently; second, careful optimization of
temperature is required to tradeoff dissociation rate with gain cross section; and third,
adiabatic expansion and the use of an inert diluent gas as a thermal buffer will have a strong

c-16
SPIE Vol. 1225 High-Power Gas Lesers (1990} / B57

#




influence on the coupling between Mach number as influenced by reactive heat release and
dissociation rate as influenced by changes in gas temperature due to pressure recovery. Finally,
it will be desirable to replace the Bi(CH;); with superheated Bi vapor that consists primarily of
Bi-atoms, to eliminate the kinetic bottleneck and by-product quenching reactions that are
associated with use of the organometallic Bi donor.
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