B ! - - L . . ’ - .

AD-A2
I

LT

Copy No. D

SC71024.FR ]

THERMAL DISSOCIATION OF
HALOGEN AZIDES

FINAL TECHNICAL REPORT
FOR PERIOD APRIL 15, 1990 THROUGH JUNE 30, 1994

MORTR Q4 0 ok
CONTRACT NO. F4g620-90-C-0025 1 0 ¥4 0552

Prepared for:

Maj. Glen Perram
Aifr Force Office of Scientific Research
Directorate of Chemical and Atmospheric Sciences
Bolling AFB, DC 20332

Prepared by:
D. Benard

% Mockwell International Science Center
Wi~ .  Thousand Oaks, CA 91360

SEPTEMBER 1994

94-30996
Ll

‘ ‘ Rockwell International
Science Center

s

-2

5 088 —— SC71024FR =1




REPORT DOCUMENTATION PAGE OMB o) o040 166

Pubiic reporting burden for this collection of informa’on 15 estimated 1o average 1 ho ir per tesponse. including the me lor reviewing instryctons, searching exising dala sdu:ces,
gathenng and maintaming the data needed. and completing and reviewang the collection of informaton  Send comments regarding this burden estmate of any othar aspect of this
cohection of mformation, mcluding suggestions for reducmg this burden, to Washington Headquarers Services, Oiectorate for infcrmation Operations and Reports, 1215 JeHerson
Dawis Highway, Surte 1204, Arington, VA, 22202-4302, and to the Office ¢f Management and Budget, Paperwc:-k Reduction Proect {0704-0188). Washingion, DC 20503

. AGENCY USE ONLY (Leave Blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 1994 Final 04-15-90 through 06-30-94

. TITLE AND SUBTITLE 5. FUNDING NUMBERS
THERMAL DISSOCIATION OF HALOGEN AZIDES T(_\ij;lc q‘-/{’ OOR S

. AUTHOR(S)
D.J. Benard

. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 7. PERFORMING ORGANIZATION

Rockwell International Science Canter REPORT NUMBER
P.O. Box 1085
Thousand Oaks, CA 91358 SC71024.FR

. SPONSORING / MONITORNG AGENCY NAME(S) AND ADDRESS(ES) 9. SPONSQORING / MONITORING
ATOSR/NC (Bldg 41 0) AGENCY REPORT NUMBER
Directorate of Chemical and Atmospheric Sciences
Bolling AFB, DC 20332

O BSuman AEOSRTR: 94 051 2

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTING/AVAILABILITY STATEMENT i 12b. DISTRIBUTION CODE

Approvad por p1t1le rolease ¢
» dif‘-'.rit";’ir)r“:nlii_t_g_;[L :

13. ABSTRACT (Maximum 200 Words)

Both FN3 and CIN3 were dissociated in the presence of a variety of donor molecules, either by pulsed CO2
laser excitation (using SF6 as a sensitizer) or by thermal excitation in a chemically driven shock tube. The
donors were selected to support energy transfer from the metastable NF(a) and NCi(a) products of the azide
dissociation reactions, and ontical diagnostics were employed to study energy transfer rates, optical gain
and lasing at visible wavelengths. Production of NCi(a) was shown to be inefficient, however, both gain and
lasing were achieved in two systems driven by NF(a). Lasing at 471 nm on the BiF(A-X) transition was
obtained by transient heating of FN3/Bi(CH3)3 gas mixtures, however, power extraction was highly
inefficient due to the low gain provided by this emitter and the short duration of the shock tube experiment.
Much higher gain coefficients were obtained by CO2 laser heating of FN3/B2H6/SF6 gas mixtures, which
produced intense BH(A-X) chemiluminescence and lasing at 433 nm in a low volume cavity with a threshold
gain of 2.5 %/cm. An improved BH donor was synthesized by reacting B2H6 with NH3 in a heated capillary
oven and optical absorption diagnostics were developed for the dark BH(X) and BH(a) states. The rate
coetficients | -~ excitation of the BH(a) and BH(A) states by KF(a) were determined to be > 8E-10 and ~ 3E-11
cm3/s, ~espectively, and the principal difficulties were due to rapid scavenging of the BH emitters by
reaction with the SF6 sensitizers (in the CO2 laser triggered experiment) and thermal dissociation of the
tetraazidodiborane donor into non-productive diazidoborane monomers (in the shock tube reactor). Other
concepts that ‘vere also investigated included excitation schemes for production of NF(b}, IF(B) and NS(B).

14. SUBJECT TERMS 15. NUMBER OF PAGES
Halogen azides, nitrogen halides, bismuth fluoride, boron hydride, chemical at final

lasers, kinetics, radiation, dissociation, reacticn, quenching, energy transfer, [T- pricE cooe
pooling, donor molecules, metastables, scaling, gain, inversion, saturation

17. SECURITY CLASSIFICATION 12. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified

NSN 7540-01-280-550 . . PR Standaid Form 298 (Rev, 2-89)
- hd H Deacauhad by ANCI Cid 720.18 208,107




I ’L‘ Rockwell International
. Science Center
SC71024.FR
. Table of Contents
Page
' INtroduUucCtioN. ... e 1 .
l OBJECHIVES ..ottt et e e eeeas 1
MethodOIOgY . ..o 2 g
. {081 Yol ¥ F: 1 1T S RS 3
. Prograss SUMMAries ............cooiiiiiiiiiieriiiii e 3 P
- \'—m
l Production of Halogen AzZides............ooeiiuiiiiiieiieriiii e eeeee e 3 :
Production and Decay of NCl(alA) .............c.oooiveiiiiinn e, 3
AlteInate Bt ers. it eee ettt e 8
Kinetics and Scaling ................. 9
Bismuth Fluoride ... i et s 10
. Boron Hydride. ..o 10
Gain and Lasing . ..ooooiiiiiii e e 11 -
l Bismuth FIUOGIe .....vvvveee e et e e 11
Boron Hydride . ........oovviiiii 11
. l Physical Sciences SubCONract......o.covvieeriitiiii i 12
: Conclusions and Recommendations............coooieiiiiiiiiiiiniiciinnccin 13
Bl O T O M L S it e 16
I PUB At ONS . 17
Aoooss{oxl ._r_op I
RTIS GRA&L c
DTIC TB 0
Unannounced |
l Justification
By
« l [ Distributiens. , - LIT S eV T LTI 3
Avallability Cedes
Avall and/er
I | JY13 Spegial
A
l I '& C12713H/dlc




‘l‘ Rockwell International

Science Center
SC71024.FR

Introduction

Objectives

The principal goal of this work was to develop new short wavelength chemical lasers that

are suitable for ballistic missile n:gation and target idenification/discrimination applications. These
lasers are based on energy transfer and pooling from the metastable species NF(alA) and
NCl(a!A), which are both analogues of O,(a'A). Under a prior AFWL/AFRPL contractl, large

IR
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(3 x 10!6 /cm3) densities of NF(alA) were efficiently generated by rapid dissociation of the
energetic fluorine azide (FN;) molecule, and the rate of NF(a!A) self-annihilation was measured as

. T

?
-

10-12 cm3/s. In parallel with these efforts, Herbelin? used an alternate source of NF(alA) to

L. .
A,
o _ =

mn

. .anonstrate the feasibility of a blue-green laser based on energy transfer and pooling in Bil7, and
the kinetics/scaling issues for this cencept were investigated at Science Center (under the same
cc . -.) using FN3 to generate the metastables. Also, similar production of NCl(ala) by
dic- .1ation of CIN3 was demonstrated under an IR&D program at Science Center; but the yield
— was 10t determincd quantitatively, since the radiative rate for the NC1(a-X transition (required to
n.easure the metastable concentration) was in doubt. Several issued were addressed under the

present contract including: )
1. Optimizing the production of FNj and CIN;.

2. Determining the yield of NCi(alA) trom dissociation of CIN3, the NCi(a'a) self-
annihilation rate, and the A-coefficient of the NCl(a-X) transition.

3. Performing a survey of potential visible ‘vavelength emitters that are excited by NF(a'A),
NCl(alA), or a combination of these metastables, to identify an alternative 1o the NF/BiF

4

concept.

4. Demonstration of optical gain and lasing in the NF/BiF system under conditions that

. . B . N B L

simulate a high energy laser device. ~

5. Development of the most suitable alternative to BiF through kinetic investigation and

scaling studies as well as gain and lasing demonsirations.

Significant progress was achieved in each of these areas, and several conclusions were
obtained in relation to each of the topics. Important results are suinmarized in a following section B

1
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of this report and readers are referred to the publication record for full technical detaiis. For
completeness, the publication section includes iwo papers on NF(a'A) and NCl(alA) gencration
and a third paper on BiF scaling resulting from prior work, as well as a current paper on scaling
the NF/IF system, which was pursued under a parallel subcontract with Physical Sciences. The

results of these vrior and parallel cfforts are also included in the progress summary.

Methodology

The FN; was gencrated on-line by reacting HN; with F, following the method of Hallerd.
The HN; was obtained by the thermally activated batch recaction of NaN; with excess stearic acid.
The CIN; was generated by batch rcaction of dry NaN; with Cl,, by on-linc reaction of moist
NaN; with Cl,, and by the dry on-linc reaction of HN; with CIF. The yicld of azide product and
its purity werc assessed by visible/ultraviolet and infrarcd absomption spectroscopy as well as mass
spectroscopy. In practice, HN; was storable indefinitely, CIN, decayed significantly over the
period of a day, and FN; decomposed in ~15 minutes at ambient temperature. The halogen azide

decay rates were stronzly influenced by relatively minor temperature changes.

Two reactors were used to study the generation and decay of the metastable and enutting
species. In the first reactor, halogen azides (in He diluent ) were mixed on-the-fly with SF,, and
various donor molecules before exposure to a pulsed CO, laser beam. The laser photons were
absorbed by the SF resulting in high vibrational temperatures® which dissociated the parent azide
and donor molecules on the ps time scale. Energy transfer from the metastable products to the
donor (emitter) fragments was then studicd by time resolved, spectrally resolved, and absolutely
calibrated emission/absorption spectroscopy, as well as by pulsed and ¢w ‘'aser induced
fluorescence techniques. Application of a pulsed clectric discharge to FN, did not yield a
significant quantity of NF (a'a).

The second reactor was a novel tabletop scale shock tube, driven Ly an clectrically triggered
H3-F2 explosion. The reagents FN3 and TMB (trimethylbismuih} were dissociated behind the
reflected shock to yield NF(a'A) and BiF. The principal diagnostics used with this reactor were
piezoelectric transducers and time/wavelength resolved cmission spectroscopy, both with and
without an optical cavity. Both rcactors produced comparable (torr level) concentrations of
NF(alA); however, the appearance of the mctastables in the CO; laser driven reactor was
immediate, whereas in the shock tube an avalanche of NF(a'A) was obtained after a characteristic
50 ps induction period following passage of the reilected shock wave. The mechanism of
dissociation of the azide in the shock tube is suiable for high energy laser applications, and the

2
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operation of this reactor also provides a transient simulation of the compression and expansion
phenomena that occur in a supersonic laser nozzle. Use of a CO; laser to trigger reaction
chemistry, on the other hand, is largely a convenient rescarch tool for use in the laboratory. Further
details regarding these techniques are contained in the publications section.

Candidates

The principal reaction systems of interest were: NF/NCV/I;, for production of NF(b-X)
emission at 528 nm, NF/I,/F for production of IF(B-X) ¢mission at 500-700 nm, NF/TMB for
production of BiF(A-X) emission at 425-475 nm, and NF/BHg for production of BH(A-X)
emission at 433 o, although other (less successful) candidate schemes were also investigated.
The corresponding energy level diagrams, A-cocfficicnts and key reaction steps for these {our
primary laser concepts are presenfed in Figs. 1 through 4.

Progress Summaries
Production of Halogen Azides

1. Fluorine azide is most easily produced by reacting 10% F3 in He with 5% HN3 in He at
350 torr total pressure and ambient temperature. Approximately 3% FN3j in He is generated
when the F; fiow is adjusted to half the HN3 flow. The principal byproduct is solid NH4F.
The reactor volume (~ 200 cm?) was filled with 0.25 inch dia. stainless steel balls 1o mix

the gases at a net flow rate of ~ 3.5 sce/s,

2. Chlorine azide is produced similarly to FNa upon replacing the F; by CIF at the same
dilution in He, but with the CIF flow matched to the HN2 flow. The yield of CIN3 is about
half the yield of FN3, and gas phase byproducts are negligible. This source of CIN3 is
cleaner than the wet reaction of CIN3 with NaN3 and produces higher concentrations/flow
rates of the azide than the dry reaction of Cl; with NaNj.

Production and Decay of NCl(ala,
1. The radiative rate of the NCl(a-X) transition is ~ 0.9/s.

2. The yield of NCl(alA) from dissociation of CIN3 is ~ 10%. This result occurs because a
singlet-triplet crossing near the peak of the potential energy barrier allows dissociation of
the parent molecule into ground state fragments.

3
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b /M — —a ~— C¢N3 .

FN3 ——a —_—X

( | NC¢

-——— 528nm {A=45/s)

L

p)

NF

NC¢(a) + | — NC{(X) + I*

I* + NF(@) —— | + NF(b)

NF(b) — NF(X) + hv (528 nm)

—

Fig. 1 Energy levels and key pumping reactions in the NF/NCZ/ 1) system.
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FN3 —d /F\ B
(A=1.4x10%/s) (- -- + 625 nm
X -—— F + 1o

NF —

Fely — IF(X,v~10) + |
NF(a) + IF(X,v ~ 10) —= NF(X) + IF(B)

IF(B) — IF(X,v ~ 5) + hv (625 nm)

Fig.2 Energy levels and key pumping reactions in the NF /17 / F system.
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———-= 470 nm

Bi (D) < (A =7 x102/s)
NF*\
—X ——— TMB

BiF

NF(a) + BiF(X) — NFs + Bi(¢D)
NF(a) + Bi(2D) —= N + BiF(A)

BiF(A) —» BiF(X,v ~ 3) + hv (470 nm)

Fig. 3 Energy levels and key pumping reactions in the NIF/ T'VIB system.

6
C12713H/dIc




‘1‘ Rockwell International

Science Center

SC71024.1°R

m a— FN3

FN3 = a m

a NE X
(A=6x106/s) \———— 433 nm
X——— X —— BsHg

NF BH

NF(a) + BH(X) —= NF(X) + BH(a)

NF(a) + BH(a) — NF(X) + BH(A)

BH(A) —— BH(X) + hv (433 nm)

Fig. 4 Energy levels and key pumping reactions in the NF / BoHg system.
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3. The rate of NCI (alA) self-annihilation is ~ 3 x 101! cm?/s.
4. The barrier to dissociation of CIN3 is ~ 0.7 ¢V, compared to ~ 0.5 ¢V in I'N3.
Alternate Emitters

1. Production of NF(b) was studied in the FN3/CIN3/I; system. Dissociation of the Iy ang
the I-atom catalyzed energy pooling transfer processes, were both found to be rapid and
efficient, consistent with the results of prio- investigations. Also, quenching of 1* and
NF(b) was insignificant in comparison to the rates of the cquilibrium rcactions. The low
stimulated emission cross section of the NF(b-X) transition, however, is inconsistent with
successful development of the concept for high encrgy laser applications. The principal
benefit of this work was to extract the unknown radiative rate of the NCl(a-X) transition by
modeling, which enabled subsequent determination of the NCl(alA) yicld and the
corresponding self-annihilation rate. The results obtained demenstrate that systems driven
by NCl(a!A) will be of much lower overall efficiency than systems driven by NF(a!A),

given equal kinctics in the transfer and lusing reactions.

2. Production of IF(B) was studied in the FN3/CIN3/CF31 system. Large concentrations of
IF(X) were achieved, but the global rate of IF(B) generation was very slow. The probable
cause of this difficulty is a mismatch between the energy of NCl(alA) and the state splitting,
in IF, resulting in pumping of the B state above the pieaissociation limit. This result docs
not, however, carry negative implications for other NF/IF laser concepts that do not
involve NCI, or for concepts involving NCI where a molecule (such as O3) mediates the
transfer to IF. The low efficiency of NCl(alA) production from CIN3 remains as a
significant problem, nonetheless.

3. Excitation of FN3/CIN3/Sb(CH3)
sensitizer, yielded no measurable Sb-atom chemiluminescence. y

gas mixturcs by » (C0» laser. in the presence of SFg

e ]
o

4. Similar excitation of FN3/CIN3/Bi(CH3)3 gas mixtures yielded no enhancement of the BiF

emission and no new emissions of comparable intensity.

S. Excitation of FN3/S,Cl2/SF¢ gas mixtures by the pulsed COj laser yiclded NS(B-X)

chemiluminescenceS. Cold trap experiments showed that small levels of H,O impurity (in L
the azide flow) react with the S,Cl3 to yield the HS precursor of the NS molecule, and the N
8 g "
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pumping rcactior. is thought to be NP(alA) + HS — HF 4 NS(B). An NS(B) excitation
rate coefficient of 1.5 x 101! cm3/s was measured based on this modc'; however, curve
crossings® between the emitting singlet staic and the dark triplet states in NS make this
concept poorly suited to the laser application.

6. Comparison of the known spectroscopies’ of NO, NS and NSe suggested that the

replacement of Se for S may eliminate the problematical singlet-triplet crossings K
encountered abovc. Excitation of gas mixtures containing FN3, SFg and (CHj3),Ses
produced measurable NSe(B-X) emission®, but this concept was not scalable due to the
rapid quenching? induced by the organic byproducts of the donor molecule. Attempts to
synthesize H;Se; as a superior donor were only partially successful. Sodium diselenide
(NajSey) was first synthesized in diglyme solvent, using the method of Boudjouk!?, The
H,Se; was then obtained (in solution) upon reaction of NajSco with stearic ~ i In
diglyme, it was possible to entrain HpSe, from the solution phase by bubbling with a
stream of He, and NSe emission was subsequently generated by adding FN1/SF, prior to
CO3 laser excitation. Due to the vapor pressure of diglvme aund the attraction between the
solvent and solute, however, organics were carried over to the reactor as evidenced by
production of intense CN emission and concurrent quenching of NF(alA). Since the CN
potential curves and radiative rates are not suitcd to the laser application?, the work was
repeated using a chemically similar but much lower vapor pressure (tetraglyme) solvent. In
this case the CN emission was eliminated, but it was not possible to disengage the HySe;
donor from the solvent before the unstable molecule decomposed to H;Se and Se metal.

7. Attempts were made to generate HPCly, a potential PCI donor, by passage of PCl3 over
heated NaE Hy pellets. Upon mixing the reaction products with FN3/SFg and exciting the
gas stream by a COj laser, intense BH(A-X) emission” was obtained instcad of the .
expected PCl chemiluminescence!l. Subsequent investigation proved this result to be
caused by accidental generation of BoHg rather than HPCl;. Evaluation of the known
spectroscopy, radiative rates and potential excitation mechanisms suggested that the B
BH(A-X) transition at 433 nm was well-suited to the laser application. '

Kinetics and Scaling »

- Tae remainder of the work done under contract focused on the NF/BiF and NF/BH
concepts. In each case an initial study was performed to determine the mechanism of excitation, the

key kinetic rate coefficients, the feasibility of inversion, and scalability to emitter concentrations .

9
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that would generate useful gain coefficients as well as permit efficient extraction of energy stored
as metastable NF (alA) in competition with the self-annihilation reaction.

Bismuth Fluoride

1. Both TMB and BiH3 were found to be efficient sources of BiF under selected conditions. It
was not possible, however, to generate or store BiH3 at a concentration that was large
enough for the laser application. Use of TMB on the other hand was problematical with
respect to both the slow rate of dissociation and rapid quenching of NF(alA).
Consequently, under optimal conditions only very small gain coefficients were anticipated.
No other efficient BiF donors, with suitable vapor pressure, were identified.

2. The measured time profiles of Bi(2D), BiF(A) and NF(a!A) were consistent with a
mechanism of excitation involving the reaction Bi{2D) + NF(alA) — BiF(A) + N at a

limiting rate of ~ 4 x 10-'! cm3/s.

3. Under low metastable density conditions, using trace concentrations of TMB donor, the
yield of BiF(A-X) photons exceeded the number of donor molecules in the reaction zone,
and the intensity of the emission was consistent with the previously measured pump rate.
This finding shows that ground state BiF is recycled by NF(a'A), and a population
inversion should develop at high metastable concentiation.

4. Under optimized conditions, using CO; laser excitation, BiF(A) state concentrations scaled
to ~ 1014 /cm3 with a pulse width of a few ys.

Boron Hydride

1. The inechanism of excitation of th: BH(A) state by NF(a!A) was determined to be resonant
energy transfer and pooling through the intermediate (dark) a3[1 state based on ab initio
calculations of the comresponding energy levels by Michels.

2. An optical absorption diagnostic was developed for the ground and intermediate states of
BH, which used a pulsed molecular resonance discharge lamp. The measured yield of BH
radicals from BoHg precursor was determined to be ~ 10-3.

3. The rate constants for sequential excitation of the a>[1 and A'[| states of BH were
determined to be ~ 3 x 10-!! cm3/s and > 8 x 10-10 cm3/s, respectively. These findings

10
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demonstrate that inversion of the A-X transition at 433 nm is feasible for metastable NF
concentrations of ~ 1016 /cm3 or higher.

4. Addition of boron precursors to N3 occurred without signiiicant pre-reaction, and
quenching of NF(alA) by the donor byproducts was minimal. These results, in
combination with the large stimulated emission cross section, suggested that exceptionally
high gain coefficients are achievable in this system.

5. Reactions between BoHg and a variety of gaseous reagents in a discharge flow system
failed to improve the yield of BH radicals. Reaction of BoHg with HN3 in a heated capiltary
oven generated tetraazidodiborane. This unstuble molecule was a supericr source of BH
radicals (branching ratio 2 14%) but rapid removal of Bi by vibrationally excited SFg (in
the CO; laser triggered experiment) reduced the concentration yield to ~ 2%. In the shock
tube reactor, however, this donor was no better than BoHg since the molecule dissociated
into diazidoborane during the metastable induction period. Upon further fragmeatation,
diazidoborane forms non-productive (HNBN3 + N2) molecules in preference to the desired
(BH + 3 N3) products.

Gain and Lasing

Both the NF/BiF and NF/BH schemes were evaluated in CO> laser driven reactors for
optical gain, and positive results were obtained in each case. Since the optical characteristics of
these two systems are disparate, diiferent gain measurement techniques were used in each case.
Subsequent successful lasing experiments were zlso petformed, using the shock tube reactor to
provide a long (50 cm) optical path for the low gain BiF system, and using the CO; laser triggered
reactor (which provided a 1 cm amplification zone) for the high gain BH sysiem.

Bismuth Fluoride

1. A cavity ringdown experiment demonstrated an optical gain coefficient of ~ 3 x 10-4 /cm on
a selected BiF (A-X, v' = 1 to v" = 4) transition near 471 nm.

2. Unsaturated lasing was achieved in the shock tube reactor at 471 nm under conditions that
approximated the CO3 laser driven experiment. Saturated lasing was not achieved due to a
low zain-time product, hence power extraction was highly inefficient. The circulating
intracavity power, however, was in excess of 100 mW.

11
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3. A TMB precombustion scheme was identified that will allow higher BiF concentrations to
be achieved, as the reaction byproducts will be weaker quenchers of NF(alA). If
successful, this approach will increase the gain cocfficient sufficiently to saturate the Jaser
and thereby increase power output significantly. The concept is explained in detail in a
proposal to AFOSR which has been recently awarded!2. Modifications to the shock tube
reactor to enable dcror precombustion have been completed, but testing and optimization
remain to be done.

Boron Hydride

1. Resonance radiation from an electrical discharge lamp was amplified by the NF/BH
chemistry. The measured gain was up to 10% /cm with a pulse width of ~ 2 s,

2. Lasing at 433 nm was achieved in an optical cavity with a threshold gain of 2.5 %/cm and a
1 cm gain length. The design of the reactor and optical resonator limited the active volume
to less than 2 cubic millimeters. Consequently, only a very small fraction of the ~ 1 cm3
reaction zonge contributed to stimulated emission.

3. Photographs of the laser output beam were captured and incorporated into a 20-minute
video presentation that was recorded in VHS format. A copy of the presentation has been
forwarded to the project officer.

Physical Sciences Subcontract

The systems FN3/SFe/I and FN3/SF/CF3l were evaluated for IF(B) production in the
CO3 laser triggered reactor. This concept, originally due to Davis, involves transfer from NF(alA)
to vibrationally excited IF molecules to produce the emitting species. The goal of this work was to
investigate the system at high NF (alA) concentration, and compare the results with the prior (low
density) work at PSI, to gain an understanding of the critical scaling relationships. Potential
difficulties include thermal dessoclation and reaction of the IF(B) state with NF(a) or related
byproducts and change of pumping mechanism at high wetastable concentration. The reactor
conditions were modified (lower pressure) to optimize the yield ot F-atoms from multiphoton
dissociation? of the SFg, with the following results:

1. Excitation of IF(B-X) chemiluminescence was optimized at 25 torr total pressure.
Dependence on SFe concentration suggested a trade-off between F-atom production
(favored by lower SFg) and NF(a!A) production (favored by higher SFg).

12
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2. No differences between CF3l and I were measurable, suggesting the IF(X) vibrational

ladder was thermalyzed, since these donors have significantiy different nascent product
distributions.

3. The vibrational temperatures, F-atom and NF(a!A) concentrations were found to be 1200 to

2000 K, 2 x 1014 /cm3 and 3 x 1015 /cm3, respectively, by spectroscopic analysis, titration
experiments and absolute photometry.

4. The kinetic lifetime of the IF(B) state was measured as ~ 2 ys, independent of the FN3
concentration. This result demonstrates that IF(B) is not thermally dissociated at a high rate
and the rate of deleterious reaction between NF(alA) and IF(B) is too slow to significantiy
Limit scaling of this emitter.

5. Based on the ~ 2.5 x 10-12 cm3/s rate for NF(a'A) pumping of IF (X, v" 2 10) to the
B state, measured by Davis!3. a non-thermal vibrational distribution exists in tie IF
ground state (under scaled-up conditions) that is fed by means other than the F + I3
reaction. A likely candidate for this process is E-V transfer from NF(alA).

Conclusions and Recommendations

Three concepts have been identified and found worthy of further development as visible
wavelength chemic: 1 lasers. Each starts with synthesis of FN3 from stable reactants, followed by
rapid dissociation of the azide to efficiently yield high concentrations of NF(a!A). Although the rate
coefficients for radiation (A) and excitation (k) by NF (a'A) vary in these candidate systems, the
required metastaole concentrations for inversion (A/K) are approximately the same in each case.
Each concept also requires fast initiation, and energy transfer from the metastable to the emitter at a
high rate, to extract power before significant losses occur due to self-annihilation of the metastable
energy store. The emitters (BiF, BH and IF) are capable of supporting lasing at 471, 433 and
625 nm, respectively. The remaining operational characteristics of these lasers depend principally
on the efficiency and scalability of the donors or precursors used, since in each case, the emitting
molecules are radicals which cannot be transported and, therefore, must be obtained by in situ
decomposition of a parent molecule. Corsequently, further improvements are most likely to result
from theoretical identification, synthesis, and testing of new donor species. Fully satisfactory
donors that have adequate vapor pressure, and are capable of rapid/efficient dissociation to form
the desired emitters, without liberation of byproducts that significantly quench NF(alA), are yet to
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be found. Since the difficulties imposed by poor donor performance are not correctable by

hardware design, large-scale demonstrations are premature until this barrier has been eliminated.
All future work should therefore be focused on improving the donor chemistry.

The NF/BiF system is the best known of the three laser concepts and, despite its low gain,
must be considered the primary candidate since neither the BH nor IF systems have demonstrated

Iasing in the shock tube reactor, which simulates a high energy laser device on 2 transient basis.
Precombustion of TMB to yield BiH3, and byproducts that are slower quenchers of NF(al!A),
appears to be the best short-term approach for this concept. Work in this direction using the
established facilities will be done under a new BMDO funded AFOSR contract. A parallel approach
with considerable merit, however, is to use a computational chemist to define an improved donor
molecule threugh ab initio calculations, and a synthetic chemist to develop a preparation of the
species and supply gram sized quantities for testing in the CO; laser triggered or shock tube
reactors.

In the long run, improvements in the area of donor chemistry are most likely to occur in the
BH system, since organics that induce rapid yuenching are noi requircd for donor volatility as in
the BiF system. The short wavelength, inherently high gain, lack of dependence on vibrational
relaxation to sustain inversion, and absence of solid reaction products all favor this laser concept,
once a practical high-yield donor has been identified. A suitable BH doror molecule tor the shock
tube experiment will be characterized by a high positive heat of formation and a barrier to ©
dissociation that approximates FN3. |

Ab initio calculations by Bartlett!4 suggest that BC; ring structures (borirenes) may be '
useful in this application. A photolytic synthesis based on ring closurc of boron-acetylide N
precursors has receutly been developed for tri-mesityl borirene.!5 Additional theoretical work is .
therefore required to determine which functional group (R) will best stabilize an H(BC3)R2 ring
. system against self-annihilation, and facilitate dissociation into HB + RCCR fragments. Once the
optimized donor has been identified, work must then tumn to development of an effective synthesis

and characterization of the physical properties prior to testing in a laboratory scale laser reactor.

An alternative approach is to modify the TADB donor to increase its thermodynamic
stability against cleavage into non-productive DAB moncmers. The related molecule
(CH3)2BH;B(N3); is similar to TADB in that azide-azide annihilation can still lead to desirable
BH + N2 products via a thermoneutral dissociation reaction. The hydrogen bridge bonds in this

. donor, however, are strengthened in relation to TADB by replacing one pair of azide radicals
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(which act as electron withdrawing groups) by a pair of methyl radicals (which act as electron
donors) to increase the charge density in the center of the molecule. Bas:d on the heats of
dissociation of BsHg and TADB, this donor should be at least as stable as FN3, and therefore
useful as a BH source in the shoci tube reactor. Synthesis of the dimethyl-diazido-diborane donor
would most likely proceed by first generating dimethyl-diborane, which can then be thermally
reacted with HN3 (on-the-fly) ic replace the terminal H-atoms with azide groups.

In any case, further effort on the NF/BH laser should concentrate on zither developing a
superior donor or replicing SFg by a more inert sensitizer!® such as SiFs (in the CO; laser
triggered experiment) to elimirate the rapid removal of BH radicals. Either of these approaches, if
successful will significantly enhance the photon energy available from a lab-scale laser
demonstration experim. ent.

The IF system is the least well studied of the three candidates, at high NF(alA)
concentration, although the initial results are favorable. The reactions for producing IF are well-
known, and large IF densities are obtainable.!” On the other hand, the lower pumping rate
coefficient in this system is likely to be problematical with respect to donor scaling for efficient
power extraction, and the dependence on vibrational distributions will be critical. High yields of
IF(X, v" 2 10) are needed to pump the laser transition, but the terminal IF(X, v" ~ 5) states must
be depopulated to generate gain. Therefore, an inverted vibrational distribution is required in the
[F(X) state. The shallow well depth of the IF(B) state, however, requires a vibrational distribution
that is thermalyzed at relatively low temperatures to control losses due to predissociation. Such
disparate vibrational distributions can only be maintained under conditions where vibrational
relaxation and equilibration are insign.ficant. Sustaining a population inversion during power
extraction, however, requires a rapid V-T process. Therefore, defining a suitaole environment in
which both of these seemingly contradictory goals can be met will be a significant challenge.

Once efficient power extraction has been demonstrated in one of these concepts, large scale
(blow-down) demonstrations can be pursued with confidence. These experiments, which enable
realistic testing of nozzles and resonators, are nonetheless economical since large steady state
vacuum facilities are not required, removal of waste heat from the hardware is not an issue, the
quantity of hazardous reagents is limited, and work may proceed using current low flow rate FN3
generators with storage of the azide gas in refrigerated surge tanks. Development of high flow rate

FN3 generators can therefore be postponed until all of the cavity performance issues for this
concept have been resolved. A starting point for the development of advanced FN3 generators is
the literaure18 on the direct reaction of Fy with NaNj3.
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Publications

The following section contains ten manuscripts that were gencrated as a result of this
contract or related (precediag or parallel) efforts. The first two papers principally relate to
production of the metastable species, NF(alA) and NCl(a!A), by dissociation of halogen azides.
The third paper presents a study of NF(b) and IF(B) excitation by these energy carriers. The fourth
paper is focused on the mechanism, kinetics and scaling of the NF/BiF system. Measurement of
optical gain and demonstration of lasing in BiF are related in the fifth and sixth papers,
respectively. The seventh, eighth and ninth papers present the development of the NF/BH concept
in a parallel manner, and the last paper addresses the NF/IF scaling study. These papers should be
read in the order presented for maximum undeistanding of the technicai results.
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“A Chemically-Pumped Visible-Wavelength Laser with High Optical Gain”, Appl. Phys. Letters,
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Production of NF(a'A) by Dissoclation of Fluorine Azide

D. J. Benard,* B. K. Winker, T. A. Seder, and R. H. Cohn
Rockwell International Science Center, Thousand QOaks, California 91360 (Received: November 8. |988;

In Final Form: February 14, 1989)

The reactions of vibrationaily cxcited HF or DF molecules with FN, were found to dissociate the azide. but not to yield
metastable NF fragments. Thermal dissociation of FIN), on the other hand, yielded metastadle NF(a'A) with near-unit cfficiency.
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.

latroduction

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 explocive when condensed and the gascous
material was slowly but efficiently converted to N,F, and N, upon
mild heating.! Later, Gipstein and Ha'ler? 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 specirum
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 keal/miol, 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, lthaca, NY, 1942.

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

(3) Pankratov, A. V.; Sokolov, O. M.; Savenkova, N. 1. Zh. Neorg. Khim.
1964, 9, 2030.

(4) Milligam, D. E.; Jacox, M. R. J. Chem. Phys. 1964, 40, 2461,

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

suggested that FN, had a singlet ground state; therefore, upon
dissociation, only metastable NF(a'A,b'Z) should be formed if
spin is conserved. Similar results were obtaired for CINy and BrN,
vy voombe ct 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
(scalablc) 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, giound state. In parallel
with our study, Michels® performed ab initio calculations of the
FN; potential energy surfaces which yielded vibrational frequencies
in good agreement with infrared absorption data*!® and which
demonstrated a 0.5-0.7-¢V barrier to dissaciation 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 21717,

(7) Coombe, R. D.; Lam, C. H. T. J. Chem. Phys. 1983, 79, 3746.

(8) Hartford, A. Chem. Phys. Let1. 1978, 57, 352.

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

(10) Gholivand, K.; Schatte, G.; Willner, H. Inorg. Chem. 1987, 26, 2137.
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Production of NF(a'a) by Dissociation of FN,

NF(X}eN,*

POTENTIAL ENSAQY (oV!

b1 o
NE(D} + N(X)
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NFis) + N(X}
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—— = TRIMET \
\

N NE(X) e NI
T —

FN-N3 BOND LENGTH

Figure 1. lllustrative potential energy curves of FN,. The ercited states
of N lic 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 tlat FN, could possibly be dissociated
1o yield NF(a'A »'T) by vibrationai energy transfer from mole-
cules such as HF/DF o even by rap.d pyrolysis at modest tem-
peratures.  Also, in parallel with our work, Gholivand ct al.'®
developed a batch method for the preparation of distilled samples
of FN;. These authois investigated the vapor pressure curve, the
infrared and visible/ultraviolet absorption spectrum, and the mass
spect: 'm/NMR signatures of the molecule.

The dissociation physics of FN, can be understcod 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 Figute 1. The triplet surface derived from NF(X’Z) and
N;(X'Z) is strongly repulsive, because as the N, and NF molecules
are brought together, some of the triplet character originally
associated with NF becomes associated with N, in which the triplet
states are highly excited.''  The singlet states derived from
NF(a'Ab'Z) and Ny(X'Z) are less repulsive but are nonctheless
still influenced by other higher lying states. The interaction of
the excited triplet states of N, with NF(X?Z) yields higher lying
singlet states that are strongly bound due to spin cancellatic..
These states repel the lowar singlet states 2erived from NF-
(a'A DY) and Ny(X'Z), resulting in a potential well that forms
the singiet ground state of the FINy 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 FNy molecules would spontaneously dissociate
following radiative decay. Michels® has calculated that the triplet
state actually crosses the lowest singlet state of FN; on the outside
of the dissociation barrier and that the singlet-triplet splittings
inside the barrier lic in the range 1-2 ¢V. Addition of energy to
the FN, molecule can therefore result in dissociation to NF and
N, by either of two mechanisms. Trur.sfer of thermal or vibra-
tional energy to the FN, ground state, sufficient to surmount the
barrier, should lead to dissociation on th~ singlet surface, yiclding
NF(a'4,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, cou!d access the triplet state of FN,,

(11) Rosen, B. Speciroscopic Data Relative 10 Diatomic Molecules; Per-
gamon Press: New York, 1970.
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Figure 2. Schematic of gas flow system used to generate and study
dissociation of FN,.

which dissociates 10 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 approximale 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 FIN; 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 ihe method of Haller,! with
some refinements, by titrating HN, diluted in He with a similarly
diluted flow of F, at 35 °C. HN; was obtaincd by clectrically
healing a mixturc of NaN; and a large (20/1) excess of stcaric
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 FNj, the temperature of the NaN,/stearic acid mix was
programmed so that the HN, evolution was constant, since excess
F, slowly reacts' with FN; to yield NF, and N,. The FN,/He
stream was purifies of residual HN, and byproduct HF by passage
through a cold trap'®*¢ at -100 °C, and the FN, concentration
was monitored in absorption at 420 nm, using the extinction
cocfficient 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 experimcenter. 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 measurcments)
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 1o N,F, over a period of about 1 h when stored at a
temperature of 14 °C and at a net pressure of 150 lorr in a
Tefon-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 NF,. The FN;/He stream
was reduced in pressure and carried to the various experiments
by stainless steel and Teflon tubing, which typically dehivered FN,
10 the reactor in less than 60 s from generation. Further details
regarding the production and measurement of FN; are contained
in a previous publicatien.!

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.; Necley, G. O. J. Mol. Spectrosc. 1968, 27,
148.

(13) Dows, D. A; Pimentel, *,. C. J. Chem. Phys. 1955, 23, 1258.

(18) Weast, R. C. Handbook of Chemistry and Physics, 60th ed.; CRC
Press: Boca Paton, FL, 1980.

(15) Benard, D. 1.: Cohn. R. H. “Model Studies of CBES Decomposition™;
Technical Report 87-071; Air Force Astronautics Laboratory: Edwards AFB,
CA, Feb 1988.
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admitted 10 a chemilumuinescence flow tube reactor along with
a variablc flow of [7; and a fixed flow of dilute F; 10 He that was
passed through a microwave discharge'® to penerate approximately
$0 mTorr of F atoms " The flow tube was operated at a plug
flow velocity of 10* cm/s and at a net pressurc of 1-2 Torr The
concentration of Ny n the flow tube was approaimately §- 10
mTorr, and the D, flow was adjusted in the range 0 SO mlorr,
with the balance of the gases as He The 1D, and F'N, flows were
admitted 1o tiie reactor through coaxial injectors whose position
was variable with respect 1o a fixed (1-in. diamcter) sapphire
window on the side of the flow tube. The I atoms were admitted
to the outer annulus of the llow tube well upstrcam 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 arc contained 1n a prior pubhcation. I' evious
studies using this reactor and the Ci, titration method' * have
demonstrated negligible loss of F atoms enroute to the mixing
region. The injectors were staged so that the D, was admitted
10 the reacting flow approximately 2 cm upstrecam of the FN, inlet.
The resulting chemiluminescence was monitored by an optical
multichannel analyzer (OMA) through the observation port

In the second experiment, the FN3/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 vanable concentration
of SF,. The cell was then optically pumped through a sapphire
window by a pulsed HF or DF electrizal discharge laser, and the
resulting chemiluminescence was monitored at right angles to the
laser beam through a sapphirc 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-resnlved 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
cmission'! fiom vibrationally excited HF or DF was also monttored
with 1-us temporal resolution by a liquid nitrogen cooled intrinsic
Ge detector filtered to a narrow 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
SFs. 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 — | and i — 0 tran-
sitions over most of the laser pulse, with the majority of the pulse
energy concentraied in the P(6) and P(7) rotational lines.® The
DF laser was us2d in preference to the HEF laser v he, TITG'S)
measurements were critical, because HF(Av=3) overtone emission,
typically present at early times, spectrally overlapped the NF(a-X)
band.!!

In the third experiment, approximately 5 J of multimode un-
tuned 10.6-um radiation from a carbon dioxide TEA laser (300-ns
pulse width) was focused to a 1-cm-diameter spot inside a second
photolysis cell that was equipped with NaCl windows at Brewster's
argle for passage of the laser beam and orthogon:l quart> windows
for viewing of the chemiluminescence. The«  contained ap-
proximately 0.1 Torr of FM,, 5 Torr of SF¢, 0—1 lorrof H,, ai d
5 Torr of Ar used to purge the NaCl windows, with the balance
He to a total pressure of 25 Torr. Aperiures werc 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, 668.

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

(19) Pummer, H.. Kompa, K. L. Appl. Phys. Leit. 1972, 20, 356.

(20) Deutsch, T. F. Appl. Phys. Letr. 1967, 10, 234.
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sidearms of the reactor for passage of the laser beany and Ar purge
Aows, which were set to Timut the absorption of the liser radiation
to the center of the photolysiy ¢ell The resulting chenulu-
mincscence cmissions were analyzed by the gated OMA and
filtered Siphotodiode/signal averaper The same expeniment was
repeated in o redemigned cell using o line-focused $00-m) CO,
Laser to optically side-pump a 0 25.em length of a 0.28 X 2 S cn?
Jet of reactive pas contained inside a velooity -matched Ar shieid
flow  In the active portion of this reactor, the partial pressures
weee approsimately 1.8 Torr of FiNy, 15 Torr of SE,, and balance
He to a 1o1al pressure of 150 Toer

in both laser expenments. trace quantities (<2% of imitial FN )
of Bi(CH,); were admitted to the reactors by injecting a smail
flow of He that wa: bubbled through the liquid, which was stored
in a trap that was cooled 10 -63 5 °C Ly a chloroform slush bath.
The gas pressures in all of the reactors were monitored by elec-
tronic manomelers, and the concentrations of Bi(CH;), in the
reactors werc inferred from e vapor pressute curve provided by
the manufacturer. Absolute concenirations of NF(a) and NF(b)
were aileulated from the Si photodiode signals oy using the known
A ceefficicnts for thea — X and b = X emassion bands at 874
and 528 nm, respectively 72 Calibration (actors were determined
for the photodiode/fiiter combinations using a standard lamp
whose speetral outpit is tracecable to the National Bureau of
Standards. The major uncertainty in thesc measurements was
cstimation of the emitting volume which was defined by the ex-
citing laser beam and other apertures in the optical detection
system. The accumulated cerror in the absolute NF(a,b) con-
centrations is estimated to be in the range 25-50%.

Results

Flow Tube Chemiluminescence. Flow tube experiments v-ere
conducted with the cold trap (:scd to purify the FN,;/He flow)
at ambicnt temiperature, sin o the presence of HF byproduct
mmpurities was not critical to the results or thewr interpretation.
In the absence of D, addition, no visible emission resulied from
the reaction of F atoms with FN,. Upon addition of D,, however,
a bright diffuse rosc-colored flame appcared and extended 10-20
¢m downstream of the mixing region. Spectral scans with the
OMA revealed that the major emitters were Ny(B) and NF(ab).!!
The N, emissions were expected following production of NF(a),
since D atoms (obtained from the F + D, reaction) are known
10 initiate a chain with NF(a) that leads to furmation of Ny(B).»’
To quantify the yield of NF(a), the D, flow was stopped and the
F, flow that was titrated with HNj (for gencration of FN;) was
also turned off, so that HN, was admitted to the fiow tube in place
of FN,. The reaction of HN, with excess F atoms is known to
produce NF(a) with ncar-unit eificiency?® as weil 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 nsar-infrared
NF(a-X) emission was monitored by the OMA. The HN, is
completely reacteq, the NF(a) -eaches 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 10 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 FNj (measured at 420 nm) or just eliminate the
residual HN, (measured at 3000 nm), as expected. With the
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; Setier, D. W_J Phys. Chem 1981, 85, 1342,

(22) Tennyson, P. H; Fontijn, A.; Clyne, M. A. A Chem. Phys. 1981, 62.
m('z;) Cheah, C. T..Clyne, M. A. A, Whitefield, P. D. J. Photochem. 1981,
”'é»lz') {adbas, J.. Wategaonkar, S.; Setser, D. W. J. Phys. Chem. 1987, 9/,
:j;(Zﬁ) Pritt, A. T.. Patel, D.; Coombe, R. D. /nt. J. Chem. Kinet. 1984, 6,
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Figare 3. Comparison of typical NIFF(a) and FN; time profiles following
pulsed DF laser excitation of FN;/DF gas mixture.

convert HN, to FN;. This procedure restored the NF(a-X)
cmission to near its onginal 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 FNj is also an efficient precursor
of NF(a). The mechanism of reaction, however, cannot be de-
tzrmined 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 Lacer Photolysis. Since the infrared absorption
bands*'? of FN, do not match the HF/DF laser wavelengths,?
HF/DF was added to FN, in the photolysis cell 10 act as a
sensitizer. Laser cxcitation of the FN;/sensitizer gas mixture also
resulted in rose-colored chemiluminescence. The principal em-
itters, as in the flow tube, were NF(a,b) and N,(b). Overtone
emission from the HF/DF was also present. Careful titration of
HN, with F, (to generate FNjy), use of the cold trap to remove
residual HN, (and byproduct HF), and frecze-thaw—pumping
of the HF/DF sensitizer before use (to remove H, /D, generated
by passivation of the cylinder walls) were almost completely
cffective in climinating 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 cinissions were confined to the volume of gas that was
optically pumped by the larer.

The time profile of the HF/DF emissions closely followed the
Iaser pulse in most experiments, while the appearance of NF(a)
due to DF laser excitation was defayed, 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
gap in time opened up between the decay of the HF/DF emissions
and the appearance of NF(a) during which there was no significant
cmission. 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 emissio. spectrum collected with the OMA
temporally geted to the early portion of the time profile demon-
strated that the initial (0-25 us) decay is due solely to HF emission.
This result is cxpected 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
poincident with the decay of the HF/DF emission, while the second
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Figure 4. Time profile of 874-nm emission intensity followng pulsed HF
laser excitation of FN,/HF gas mixture (a) and effect of adding 10 Torr
of SF, to the gas mixture {b).

st- oc was coincident with the delayed appearance of NF(a). The
f :ion of FM; consumed in the initial decay increased with
incicasing HF/DF concentration, but the amplitude of the net
decay remained constant, sugresting that all the FN, was con-
sumed in each case. These observations sugges: 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 FNj, approximately 50 gs 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. Thereflore, the
rate of FN, quenching of HF(v), which scts an upper limit on
the rate of FNj dissociation v HF(v), is shown to approximate
the V-T rate for HF seif-quencning? or about 3 X 10712 ¢m?/s.
The decays of NF(a) following its peak were also 1oo fast to be
explained by quenching duc to He, HF, or N, resulting from FN,
decomposition.?” Sctser?® recently reported that NF(a) is subject
to second-order decay (self-annihilation) at a rate of 2.2 X 107
cm?/s, based on low-density flow tubc experiments at NF(a)
wonieaisations of 1017 ciit. We thiercfoic fit our decay curves
to second-order kinetics and obtained an average rate constant
of 3 X 10712 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 photalysis cell climinated the
appearance of NF(a) completely. As shown in Figure 4b, in-
termediate levels of SFq addition reduced the peak NF(a) con-
centration significantly and delayed the onsct of NF(a) production
relative to no SF, addition (Figure 4a) but had little effect on the
subsequent rate of NF(a) decay. This behavior is incompatible
with quenching by SFg 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, V. B;; Gardner, C_ E.; Heidner, R. F. “Kinetics of the H,;-
NF, System”; Technical Report 85-55; Aerospace Corporation: El Segundo.
CA, Sept 1985.

(28) Quinoncs, E.; Habdas, J.; Setser, D. W. J. Phys. Chem. 1987, 9/,
5155.
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Figure 5. Comparison of (a) measured and (b) calculated BiF(A-X)
emission spectra.
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NF(a) concentration in 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,, howcver, is
substantially larger than He. Addition of SFq thercfore tends to
veduce 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 thcrmal dissociation
of FN,, which begins to occur when the temperature of the bath
gas had increased sufTiciently 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-pus 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 — § bands, by comparison to a series of temperature-de-
pendent synthetically calculated BiF(A-X) emission spectra that
were adjusted for instrument resolution. The calculations were
performed and provided to us by Koffend and Herbelin.3? The
normalized and synthetic spectra were shown in Figure 5, a and
b, respectively, which demonstrate a good fit to T = 950 + 50
K for both the rotztional 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 FIN; was dissociated th=rmally and the second-
order decay of NF(a) occurred on a time scale that was compe-
titive with the dissociation reaction. To overcoma these difficulties,
as well as to verify the thermal dissociation mechanism, a CO,

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

(30) Herbelin, J. M.; Klingberg. R. A. Int. J. Chem. Kinet. 1984, 16, 849.

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

(32) Koffend, J. B.; Herbelin, ). M. The Aerospace Corporation, E} Seg-
undo, CA, private communicstion.
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laser-induced temperature jump experiment was performed to
trigger the thermal dissociation reacuion directly. The incident
laser radiation was absorbed by SFy, resulting in both generation
of I 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 appraximately 100 mTorr; conscquently, 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 N, to a similar environment of F atoms. Direct
absorption of the incident laser radiation by FN, does not occur
in this experiment; %19 therefore, appearance of NF(a) demonstrates
thermal dissociation of the FN;. Because of the higher tem-
peraturces that can be achieved by CO, laser pumping in relatively
short times, NF(a) 1s expected to reach its peak concentration
much morc rapdly than in the HF/DF lascr cxperiments, where
the heating is duc 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 promotc 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-
crated at pressures greater than 25 Torr. At these lower FN,
concentrations, less NF(a) is formed, and consequently the sec-
onz-order decay of NF(a) is slower. Therefore, the peak NF(a)
concentration in this experiment is much closer to the nascent yield
of NF(a) produced by the dissociation of FNy than in the HF/DF
experiments.

Excitation of the SFy/FN,/buffer gas mixture by the CO; laser
gencrated 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,; moleccules that were initially within the active volume
of the CO; laser beam. As 1n prior expeniments, the yicld 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 preamplificr 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 107'° zm¥/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 mixtu.e produced N,(B)
and enhanced the yield of NF(b) by thc same mechanisins?*?
that occurred in the flow tube, while addition of trace Bi(CH,),
yielded an intense BiF(A-X) signal that followed the NF(a) time
profile after an induction period of approximately 10 us.

Since FNj is not consumed to heat the buffer gas in these
experiments, it is more efficiently utilized to gencrate NFya).
Consequently, the attainable NF(a) concentrations are limited
primarily by the initial FN, concentration, provided the disso-
citation reaction remains fast compared to the second-order an-
nihilation of NF(a). Tu achieve the highest possipic NF(a)
concentrations, we therefore performed siinilar 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 reacior 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 S0% of its peak concentration in about $§
us. A delailed study of the performance of this reactor is in
progress, and the results will be forthcoming in a future publi-
cation.

Discussion

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

133) Quick, C. k.. 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 rcactive heating of the
bath gas is controlled by the decay of metastable intermediatces,
at least for low HF/DF concentrations. Also, since iuteraction
of FN, with vibrationally excited HF /DF disscciates the molecule,
but does not yield NF(a), it is likely that NF(X) is produced
instead. A potential mechanism for NF(X) generationis V —
E energy transfer from vibrationally excited HF/DF molecules
to FN,, yiclding 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,). The-¢ calculations show pcak v = 1 and
v = 2 mole fractions of roughly 10% and 1%, respectively. Based
on Michel's placement of the triplet state® in FN,, only the encrgy
levels of HF at or above v = 2 could dissociate FNj 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 X 1072 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 m
ANF(X) = Ny(X) + 2F + 3.6 ¢V )
NF(X) + FN; ~— N;F;* + N, + 7.5 ¢V 3

The estimated rate of quenching of vibrationallv excited HF by
FN; shows that reaction 1, induced by vibrationally 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 FN; 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 :ied 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 implics 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 triolet {metastable) state lies at
4.5 eV, within casy reach of the heat releast®? in reaction 3.
Therefore, slow electronic quenching may also be a factor in the
heating of the bath gas prior to thermal dissociation of FN,. In
any case, since vibrationzlly excited HF/DF initiates and controls
the (first) decomposition of FN, (which reactively heats the bath
gas), increasing the HF/DY¥ concentration 15 expected 10 accelerate
the NF(a) time profile, as observed. Thermodynamic estimates’®
also show that decompasing 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 FIN; 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 incident radiation saturates the HF/DF
molecules that are exposed to 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 protnote faster and more complete

(34) Kwok, M. A_; Wilkins, R. L. Appl. Opt. 1983, 22, 2721.
(35) Brenner, N. University of Louisiana, Baton Rouge, LA, private com-
munication.
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rotational redistribution during the laser pulsc.’® At 10 Torr of
HF concentration, a maximum temperature risc of 100 °C due
to laser absorption is estimated based on the NEST calculations,
adjusted for quenching of HF{¢) by FN;. This temperature rise
15 insufficient to drive the thermal dissociation of Ny by itself;
however, 1t can have a significart effect in combination with
reactions 1-3 due to the cxponcential dependence of the dissociation
ratc on tempurature. Finally, since thermal dissociation of FN,
(to yield NF(a)) and the subsequent scif-quenching of NF(a) ate
both exothermic processes, the dissociation re. .tion is expected
to drive to complction once it is thermally initiated, in line with
our experimental observation:.

Regardless of the mechanisms that heat the bath gas, the cnitical
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 dccay
process. Since Setser's data® and both of our lasar experiinents
show good agreement, the sccond-order decay rate of A, = 3 X
107'? cm¥/s is confirmed. As an aside wc also confirm Setser’s
finding that too little NF(b) is produced to acc. unt 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 I atoms could possibly account for
the observed decay kinetics. The activ :tion cnergy and collision
frequency can be estimated from the value of &, and the HF/DF
data as follows.

Once a FN,y molecule is sufficiently encrgized to overcome the
activation barrier, dissociation will occur on the time scale of a
vibrational period or 107! s, while the time between ccllisions is
longer than 10795 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 pscudodiaiomic as discussed in thc Introduction. Censequently,
collisions with the buffer gas arc not effective in restabilizing the
activated FN, molecules, and the conversion of FNy to NF(a) is
rate-limited by the production of the activated FN; molecules.
In this (low-pressure) limit, the rate of appcarance of the disso-
ciaticn 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(2)l/dt = k(CI(FN,] - k[NF(2)] =0  (4)

where [C] is the concentration of collision partners (bath gas)
and Kk, is the apparent dissociation rate constant. Since the ac-
tivation energy (E,) is large compared to kT, the FN, molecule
must accumulate sufficient energy to dissociate as a result of
several collisions and since typically one vibrational quantum of
energy (E,) is either added 1o or subtracted trom 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 eaergy.
Consequently, the number of collisions required to induce disso-
ciation is {2,/ E,)* exp(£,/KT). The collision frequency is given
by the product of the cross section (o) and the thermal velocity
term (8xR7/M)'/* where M is the reduced mass of the colliding
pair. The dissociation rate can therefore be written as

ky = a'c(S‘KRT./M)'/’(E,/E.): exp(- E,/RT*) (5)

where 7 is the temperature at the peak of the NIF(a) time profile.
Solving eq 4 and 5 to eliminate &, yiclds

[NF{a))?
FN,JIC)
The right-hand side of eq $ can be evaluated from the HF/DF
data (Figure 3) as 8.5 X 107'* cm?’/s, assuming (NF(a)] ~

10'8/cm?, [FN,;} ~ 7 % 10'*/cm?, and [C] ~ 5 % 10'® cm?, at
7™ = 950 K. Since the NF(2) vicld drops very rapidly with

o0 (ExRT* /M) /H(E,/E,)? exp(-E./RT*) = k (6)

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

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

o (8xRTy/ MWUE,/E)? exp(-E,/RTy} = 1/7[Cy) = kg
Q)

where To = 287 K, [Co] X § X 10'#/cm?, and the decay time (1)
is approximately 4 X 10° s, which yields ko = 5 X 102 cm’/s.
Taking M ~ 4, cince He is the predominant collision partner in
cach case, and setting E, = 503 cm™' (the lowest vibrational
frequency* of Fi¥,) then allows simultancous solution of eq 6 and
7 10 yield £, = 0.63 ¢V and o, = 34 A2

The potential errors in the preceding analysis include quenching
of NF(a) by FN; and NF(X), ca:alytic dissociation of FN, on
the walls of the holding tank, and orrore in the measurement of
T*. Since the NF{a) brauiching ratio approaches unity and since
NF(X) would be scaverged by reactions 2 and 3, it is unlikely
that NT'(X) achieves 2 concentration that is comparable to NF(a).
Also, since FNj is not a radical species, it is not likely to 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 identical, 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 v, 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 g 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 T* (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
3s 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 bstween 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 numericaily integrate the
differential rate equations for the gas temperature and the
FN,/NF(a) concentrations in the side-pumped reactor which
achieved the highest NF(a) concentrations. The optical pumping
by the CO, laser was treated as a heat input, and the only reactions
were thermal dissociation of FN; to yield NF(a) with unity
branching ratio and NF(a) self-unnihilation to form N, + 2F.

(38) Radimacher, P.; Bittner, A. J.; Schatte, G.; Willner, H. Chem. Ber.
1988, 121, 555.

(39) Maitland, G. C.; Rigby, M_; Smith, E. B.; Wakeman, W. A. Inter-
nuclear For.es, Clarendon Press: Oxford, 1981.
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By usc of the kinetic rates discussed above and available ther-
modynamic data,*''?® good agreement (£10%) was obtained
between the model and the datas for the simultancous FN,/NF(a)
time profiles and the peak temperature/NF(a) concentration with
only modest (£25%) variation of the ratc 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 intercsting to compare the production of NF(a) by
thermal dissocation of FN, to the F + HN, reaction,*?} which
proceeds by first generating N; radicals (HF abstraction) and then
passing through an FN, intermediate (F + N, reacticn) 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
coacentrations 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
attainablc vields appear to be limited only by the self-annihilation
reaction which is inheren: to any scheme for generation of NF(a).

In summary, thermal dissociation of FNj is a process with an
activation energy of approximately 0.6 eV, which yields metastable
NF(a) with near-unit efficiency. Large (>10'®/cm?) concen-
trations of NF(a) can be generated by this reaction; however, the
gas temperature 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 10™"2 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? concentr. tious of NT{a) and transfer
rates*? approaching 107'° cm?/s, it will be possitle to obtain partial
inversions on molecules such as BiF which have radiatve lifetimes*
on the order of 1 us.
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Production of NCi(a) by Thermal Decomposition of CiN,
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Thermal decomposition of CIN, by pulsed CO, laser pyrolysis has been investigated by using SFq as a sensitizer. The electronically
excited decomposition products, NCl(a) and NCI{b), were monitored by absolute time-resolved emission spectroscopy while
CIN, was followed by ultraviolet absorption. The results indicate a higher barrier to dissociation of CIN, than FN,, consistent
with ab inilio calculations, and an NCl(a) yield of order unity, based on a nominal 0.7/s radiative rate for the NCl(a-X)
transition. Studies of simuitancous dissociation of FN, and CIN; have also revealed that NCl(a), when coproduced with
NF(a), upconverts the latter species to NF(b) efficiently (in the presence of trace 1,) and cooperatively pumps the |F(B)
state (upon addition of CF,1) by an energy pooling mechanism that does not involve NF(b) as an intermediate. These results
indicate a potential for development of chemical lasers that operate on either the NF(b—=X) or IF(B—X) transitions at visible

wavelength.

Tutroduction

Production of electronically excited metastable species via direct
chemical reaction is central to the development of short-waveler,gth
chemical lasers such as the n<ar-infrared O,~1 system. Here the
reaction of Cl, gas with base-saturated H,0, generates the 1.0-cV
metastable species O,(a'A) which subsequently pumps the 1°

lasing species by resonant energy transfer.!? In the continued

(1) Rosen, B. Selected Constants Relative to Diatomic Molecules; Pes-
gamon: New York, 1970.

(2) McDermott, W E; Pchetkin, N. R.; Benard, D. J.; Bousck, R. R. App!.
Phys. Lett. 1978, 32, 469.

pursuit of this type of laser, which is operable at visible wave-
lengths, generation of large concentrations of metastable NF(a'A)
has recently been demonstrated® by fast thermal dissociation of
gaseous FN,. Also reaction with and encrgy transfer from NF(a)
to Bi has been shown to result in intense visible BiF(A—X)
radiation'* between 430 and 470 nm. Since NF(a) stores 1.4 ¢V
of electronic energy,' the excitation of tahe BiF(A) statc at 2.8 ¢V
requires at least two collisions with this metastable species and

(3) Benard, 1. J.; Winker, B. K_; Seder, T. A; Cohn, R. H. J. Phys. Chem.
1989, 93, 4790.
(4) Herbelin, J. M_; Klingberg, R. A. Inr. J. Chnem. Kinet. 1984, 16, 849.
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2 mechanism for energy pooling. Production of 528-nm NF(b—X)
emission has also been demonstrated® by resonant energy pooling
between chemically generated NF(a) and [* obtained by pulsed
laser excitation of ground-state | atoms. Another potential
chemical laser is based on excitation of the 1 F(B-X) transitions
from 520 10 720 nm by multiple collisions® with Oy(a).

Metastable NCl(a'4) carries approximately 150C ¢cm™ more
electranic energy’’ than O,(a) and is of the same electronic
symmetry. Consequently, NCl(a) may be used as a potential in
situ pump for I* by energy transfer to ground-state | atoms (in
place of an external laser) to generate NF(b) or as a replacement
for O4(a) in the O,-1 or potential IF(B-X) chemical laser systems.
Use of NCl(a) to generate NF(b) or IF(B) is interesting, if it can
be obtained by thermal dissociation of CIN,, because the pro-
duction and dissociation of CIN, and FN, can then bc easily
integrated with each other in a common reactor scheme to generate
mixtures of the corresponding metastable species. Since the
processes of X + Nj reaction and thermal dissociation of XN,
are physically similar in the erit channel and Coombe? has found
that metastable singlet NX molecules are produced by the reactive
mechanism with X = F and Cl, our previous results on FN,
dissociation? suggested that thermal dissociation of CIN, might
also be expected to yield metastable singlet NCI products.
Therelore, we have investigated CO, laser pyrolysis of CIN; as
a potential source of NCl(a) and have studied production of the
NF(b) and |F(B) states in the simultancous presence of NF(a)
and NCl(a).

Theory

Covalent azides, such as FNy and CIN,, have relatively weak
central bonds.®'® Consequently, these species may be thought
of as complexes formed from more tightly bound NX and N,
molccules, as described in our prior work,’ which discusses the
potential energy surfaces in greater detail. Since the electronic
ground states of FN, and CIN; are both of singlet cha-acter,'!-1?
the spin-allowed dissociation products are either singlet (meta-
stable) NX and singlet (ground state) N; or triplet (ground state)
NX and triplet (metastable) N,. The singlet products are favored,
however, because the triplet states of N, are several electronvolts
high:r in cnergy’ than the singlet states of NF or NCI. The heats
of formation'"'? of these halogen azides are, however, large enough
to allew dissociation into the singlet products by an exothermic
reaction. Therefore, dissociation of FN, and CIN, only requires
sufficient excitation to overcome the potential barrier which lies
between the bound XN, ground state and the separated NX(a,b)
and N, products. Since the central bond is weak, it is anticipated
that thermal cxcitation may be adequate to induce rapid disso-
ciation of the halogen azides at modest temperatures. Once
initiated, the dissociation of FN, and CIN, is expected to proceed
10 completion, since the associated enthalpy change will increase
the gas temperature. Consequently, the primary role of tem-
perature is to control the rate of dissociation, rather than to
compensate 2 thermodynamic deficit.

Ab initio self-consistent field (SCF) calculations of the cqui-
librium structure and potential energy surfaces of the 'A’ ground
states of FN; and CIN, were performed in opiimized C, geometry
with the GAUSSIAN 83 clectronic structure code'? using Fople's
split-valence (6-31G*) basis sets.'* Gradient optimizations were
performed to locate the geometries of both the equilibrium
structure and the transition state. In the case of FN,, similar
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Figure 1. Resuits of ab initio calculations of the barriers to thermal
dissociation of the halogen azides.

calculations have shown a significantly higher barrier 10 disso-
ciation by stretching of the F~N, bond rhan by central bond
fission.? Toensure that stationary points of the correct curvature
have been found, harmonic vibrational frequencies were computed
for the equilibrium structure {all real frequencies) and for the
transition structure (one imaginary frequency). The SCF cai-
culations yielded eyuilibrium structures that were in close
agrecement with the experimental results of Christen et al.'s for
FN, and of Cook and Gerry'® for CIN,. The average er-or in
the bond lengths and bond angles were 0.03 A and 1.5°, re-
spectively. It is well-known that SCF frequencies are uniformly
too large and that a scaling of the SCF force field is required for
comparison wiih exnerimental results. A uniform scaiing fuctor
of 0.86 was found to bring the calculated vibrational frequencies
of FN, into good agreement with the data of Gholivand, Schatte,
and Willner.!"? This same factor was successfuily applied in the
CIN; calculations, which yiclded vibrational frequencics in rea-
sonable agreement with the matrix isolation results of Milligan
and Jacox.'* Comparing the equilibrium and transition states,
the classical barrier height of CIN; was calculated as 0.67 eV or
5444 cm™, approximatsly 1600 cm™ larger than in FN,. These
barrier heights are reduced slightly by corrections for zero point
vibrational energy; however, correlated calculations'? of FN, at
the CCD/6-31G™ level of theory demonstrate a somewhat greater
correction in the opposite direction, indicating that the actual
barrier in CIN; may be slightly larger than the classical estimate.

The paths of steepast descent from the optimized transition-state
geometry were calculated backward toward the equilibrium state
and forward to dissociation into NX(a) + N, products, using the
intrinsic reaction coordinate pathfinder of Schmidt et al.® as shown
in Figure 1. Atlarge XN-N, separations, these pathways arc
not reliable since the dissociating molecule must take on the
diradical character of the NX(a'a) product which cannot be
correctly represented at the restricted Hartree—Fock level of theory.
A multiconfiguration analysis of this dissociation region will
progressively lower these potential surfaces as the molecule breaks
apart into separated products. In our previous work® on FN;, we
obtained an 2xperimental barrier height of approximately 0.63
eV, or 1240 cm™ greater than the classical barrier shown in Figure
1. The relative heights of the calculated barriers for FM; and
CIN,, however, should be accurately predicted at the SCF level
of theory since the electronic structure and geometry of thesc two
halogen azides are quite similar.

In the case of FN,, siniilar calculations*'® have also shown that
the repulsive triplet state which cocrelates 10 N, + NF(X’¥)
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Soc. 1988, 110, 707.

(16) Cook. R. L.: Gerry, M. C_L.. J. Chem. Phys. 1970, 53, 2525

(17) Gholivand. K.; Schatte, G, Willner, H. Jnorg. Chem. 1987, 26, 2137.

(18) Milligan, D. E.; Jacox, M. E. J. Chem. Phys. 1964, 40, 2461.

(19) Michels, H. H_; Montgomery, IJr. J. A. To be submitted for publi-
cation.

(20) bchmndl M. W.: Gordon, M. S; Dupuis, M. J. Am. Ceram. Soc.

Of 07 8S.




Thermal Decomposition of CIN,

PICOAMMETER

YACUUM
REGULATOA

0, NP
HOSST Mk,
- C}'JI or HlL
ANHYDROUS Ca$0,
~sf,
j — MONOCHROMATOR
PULSED
8- VACUUM €O, LaSER

Ar Ar
POWER ‘ *
ueren r L,
D t . Focys
MIRROR
ApemTUn 7 . F, ABSUPPTION CELL
s .
QUARTZ WRDOW : NaCl WINDOW

> PREAMPLIFIER

.
.
INTERFERENCE
FILTER SIGNAL AVERAGER )
PHOTODIODE X-Y RECORDER _}

Figure 2. Schematic diagram of the apparatus used to study thermal
decomposition of CIN, and energy-transfer reactions of NCl(2).
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crosses the potential surface leading to excited NF(a,b) fragments
on the products side of the barrier to dissoctation. This condition
guarantees a high yield of NF(a) upon thermal dissociation of
FN,. as observed,? since the FIN-N, molecule will pass through
the spin-forbidden crossir.g region only once after surmounting
the barrier to dissociation. In contrast, thermal dissociation of
HN, yields primarily NH(X?Z) products because the singlet-
triplet crossing occurs inside the barrier to dissociation.®® Aithough
the probability of changing from the singlet to the triplet surface
is typically less than 1072 cack time the crossing region is en-
countered,? the azide is allowed 1o leak away ino ground-state
products because the crossing region is encountered many times
before the molecule acquires enough energy to surmount the
barrier to dissociation. If the triplet potential curves of CIN; are
similar 10 FN; rather than HN; in this respect, then a high yield
of NCl(a) can also be expected upon thermal dissociation of the
parent molccule.

Experimental Se~tion

Generation of CIN,. The apparatus used for generation of
NCl(a) radicals and for studying their energy-transfer reactions
is shown schematically in Figure 2. Dilute flows of CIN; in inert
carrier gas were produced by a methed follawing Tooiba'? in
which a 10% mixture of Cl, in Ar was slowly passed over moist
NaN; contained in an ice-chilled glass U-tube. An clectronic mass
flow meter that was calibrated with He to a wet test meter was
used to measure the Cl, flow. The reactor was operated at ap-
proximately 350 Torr total pressure and at a net flow of 3.5 sces.
Approximately | g of NaN, powder was suspended on glass wool
that was loosely packed into a 10-15 cm long section at the bottom
of the 2.5 cm diameter U-tube. Moisture was added to the reactor
by soaking the glass wool in water and then pressing out the excess
before treating it with MaN,. The gaseous product of the Cl, +
NaN, reaction was dried by passage through a 5 cm diameter
X 15 ¢m long column of anhydrous CaSO,. In the absence of
moisture, the yield of CIN, from the reactor was diminished
significanuy. Infrared absorption of the effluent gas from this
generator was studied by using a low-pressure gas ccll with IR
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transtaitting windows and a Fourier transform spectiometer
(FTS). The IR spectra showed strong absorption bands'® at 720,
1140, and 2060 cm™!, confirming the presense of CIN;. Mass
spectra o) the generator cffluent also showed no significant peak
at mje = 43 znd strong pecaks at m/e = 49,51, 70, 72, and 74,
which suggests a low yield of HN, ard indicates a sianificantly
higher yield of CIN; (mcasurcd as N¥Cl and NY'Cl) as wel' as
urreacted Cl,. The line strengths of the chlorina.ed species were
found to be in proportion to the natural abundance of the ClI
isotopes. 2}

The absolute concentration of CIN, in the effluent of the
generatar was measured by UV absorption spectroscopy using a
gas cel! with sapphire windows, a spectrometer-filtered deuterium
lamp as the source, and a 1P28 photomultiplier tube (PMT) that
was coupled to a picoammeler as the detector. The wavelength
band most suitable for the CIN, absorption diagnostic was also
significantly absorbed by HN; which is a potential impurity due
to the use of H,O as a catalyst for the Cl, + NaN, reaction.
Therefore, absorption measurements at three UV wavelengths
(224, 241, and 254 nm) were performed. In this wavelength range,
the absorption cross section of HIN; varies significantly, whereas
the absorption by CIN, is nearly constant. The relative optical
densitics of the effluent gas at these three wavelengths indicated
that CIN, was the only significant absorber and that no detectable
amounts of HN; were present. Thus, with knowledge'%? of the
extinction coefficic .1, the concentrations of CIN; could be mea-
sured routinely by UV absorption at 241 nin. The typical CIN,
concentration corresponded to approximately 50% of the Cl, flow
that was admitted to the generator.

Attempts were also made to generate CIN; free from Cly and
HN, by mixing the Cl, with dry NaN; in a batch reactor and
allowing sufficient time for completion of the reaction. In this
mecthod, approximately 700 Torr of 10% Cl; in Ar was mixed with
100 g of freshly ground NaNj in a 2-1. Teflon-lined steel reactor.
Stirring of the azide charge with a Teflon-coated magnetic rod
was nccessary since the azide surface was rapidly passivated. The
FTS diagnostic demonstrated that the reaction was slow but
complete after 5-10 h with essentially total utilization of the Cl,
and cfficient conversion to CIN; which could then be withdrawn
as needed. The CIN; decayed to onc-half its initial value (70 Torr)
in approximaiely 24 h. The rate of FN; decay at 300 K is sig-
nificantly faster? than the corresponding rate of CIN, decay, as
expected, since the latter specics is stabilized by a higher barrier
to dissociation, as shown in Figure . Equivalent results were
obtained with the CIN, obtained from either generator; however,
the flowing reactor was found to offer the convenience of longer
run time.

Pyrolysis Reactor. Additional Ar buffer gas and a controlled
flow of SF¢ (that acts as a sensitizer) ere added to the effluent
of the CIN, generator and the mixture was admitted ¢ a
cross-shaped stainless steel reaction cell in which the reactive gas
flow, the CO, laser beam, and the viewing axis for the emitted
radiation were ail mutually orthogonal. The CQO, laser beam
enterey anu exited e reacior through NaCi windows that were
purged with Ar flows and isolated from the center of tne reactor
by apertures (Figure 2) so that absorption of the infrared photons
only occurred within the _entral chamber of the reactor. The
emitted radiation was detected through a quartz window that was
not purged. All of the reactor gascs were pum.ped off to vacuum
via an adjustable throttling valve. and the corresponding increase
in total reactor pressurc with the addition of each gas was mon-
itored via a precision capacitance manometer. Since addition of
the rcactive gases had little effcct on the mean molecular weight
of the gas mixture in the reactor, the discharge cocfficient was
rot altered significantly. Consequently the partial pressures ware
taken as additive. The gas pressurc in the UV absorption cell of
the CIN, diagnostic was measured with an inductance transducer
from which the mole fraction of the CINj in the generator effluent
was determined by using the CIN; concentration measurement
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described above. Tyfically the total pressure in the reactor was
35-150 Torr which consisted of 5-15 Torr of SF¢, 30-300 mTorr
of CIN,, and balance Ar buffer gas and window purge.

In some experiments, 2 dilute mixture of FN; in He was added
to the reactor in near equimolar concentration to the CINj along
with variable concentrations of HI or CF,l and 2 dilute I,/He
gas mixture that was obtained by passing the carrier gas through
a 4 cm diameter X 10 cm deep bed of 1. crystals at ambient
temperature and reduced pressure. The fraction of I, in this ilow
was calculated from its vapor pressure?® and a measurement of
the total gas pressure in the saturator. Typically, this procedure
overestimates the 1, mole fraction in the flow; however, prior
experience?’ has shown by absorption measurements (similar to
those used for CIN,) that the error is less than a factor of 2. The
N, generator and diagnostics have becn described in detail in
prior publications 2

A nominal 10-J pulsed CO, laser was softly focusedtoa | em
diameter spot at the center of the reactor by a 100 cm focal length
concave mirror. A variable pressure SF, cell with NaCl windows
was also interposed between the laser and the reactor to partiaily
absorb the 10.6-um radiation and thereby control the fluence at
the reactor, since the laser itself was not easily adjusted. The cell
was composed ¢f two NaCl windows spaced 2.5 cm apart and was
filled with 0-50 Torr of SF,. The function of the CO,; laser was
10 rapidly heat the gas in the reactor by excitation of the vibrational
modes of SF, which are promptly thermalized upon collisions with
the buffer gas. The suddenly increased gas temperature then
triggers dissociation of the halogen azides. After passage through
the reactor the laser beam was monitored for pulse energy by an
electrically calibrated power (joule) meter. Only a small fraction
(<33%) of the incident laser encrgy was actually absorbed by the
SF, in the reactor.

Optical Diagnostics. The emission detectors included a gated
optical multichannel analyzer (OMA) for collection of visible
spectra and a filtered Si photodiode that was interfaced to a
step-ad;ustable-gain preamplifier and a digital signal averager for
monitoring the time profiles of the metastable producss. The
temporal resolution of the recording system was limited by the
bandwidth of the preamplifier, which was inversely proportional
to the selected gain setting. The sensitivity and temporal response
of the entire recording system was determined by using a freshly
calibrated Tektronix Model 2235 oscilloscope and pulse generator
with a known (£1%) resistance 10 obtain a standard current pulsc
that was measured in place of the photodiode. The time profile
of the CIN, concentration subsequent to the CO, laser pulse was
also monitored by UV absorption (over a 2.5 ¢cm active path
length) using a D, lamp as the source and a filtered PMT detecior
that was coupled to the signal averagsr. The time-recolved ab-
sorption diagnostic is not shown in Figure 2 for the sake of clanty.
The synchronizing electrical trigger pulses for the signal averager
werc obtained directly from the CO, laser discharge circuit.

The Si photodiode (EG&G Model SGD-444) was calibrated
with 2 number of selected interference filters using a standard
lamp that is traccable to the National Bureau of Standards (now
known as the National Institute of Standards and Technology)
50 that the absolute NF(b) and NCl(a,b) conczantrations could
be calculated from the signals obtained. Our results confirmed
the manufacturer’s specifications in regard to the sensitivity of
the detector. The recorded signals (in volts) were taken as the
product of the active volume in the reactor, the concentration of
the species detected, the corresponding A coefficient, the solid angle
of the 1-cm? detector area (as measured from the center of the
reactor) divided by 4x, the transmission factor of the filter for
the radiation detected, the quantum cfficiency of the detector (in
ampere-seconds/photon), and the transconductance gain of our
recording system (in volts/ampere). 1'he filter factors were ob-
tained by measuring their transmission as a function of wavelength
on a commercial spectrophotometer and then comparing this data

(25) Fatel, D.; Benard, D. J. J. Phys. Chem. 1985, 89, 3275.
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Figure 3. Time profile of CIN, concentration following excitation by a
pulsed CO, laser in the presence of SF, as a sensitizer.

with the known emission spectra?’?® in the cas- . f NCl{a,b) and
by measurement of the NF(b-X) emission via1 . IMA with and
without the corresponding filter in front of the source. Filters
were selected with bandwidths that were matched to the width
of the emission spectrum in each case. The active volume was
taken as the product of the cross-sectional area of the exciting
iaser beam (as measured by thermal image paper at the center
of the reactor) and the length along the beam that was within the
detector’s field of view, as controlled by a slit (Figure 2) that was
located close 1o the emitting region and suitably far from the
photodiode to approximately collimate the light that was detected.
As will be shown, the major uncertainty in the determination of
the NCI(a) yield was the lack of a reliable value for the corre-
sponding A cocfficient.

Results and Discussion

Dissociation Rate. Figure 3 shows the decay of a nominal initial
300 mTorr concentration of CIN; at a total pressure of 150 Torr
in the reactor foliowing pulsed excitation by the CO, iaser at a
fluence of appreximately 1 J/cm?. From parallel studies of FN,
decomposition® the gas temperaturc in the active region of the
reactor is known to approach 1200 £ 100 K with similar laser
pulse energies and is relatively constant during the process of
dissociation since the absorbed photon energy is large compared
to the chemical heat release due to the use of a high diluent ratio.
Under these conditions, FN, dissociates roughly twice as fast® as
CIN,. The 4-us decay of CIN, at 1200 K and 150 Torr pressure
(Figure 3) and the 24-h decay al 302 K and 700 Terr pressure
that was observed in the dry reactor arc both well fit to a disso-
ciation rate of (7 X 107" cm?/s)(7/200 K)%* exp (-9600 K/7)
which corresponds to a barrier height of 0.79 £ 0.07 eV. This
result, which exceeds the classical estimate for dissociation of CIN,
by 930 em™!, is in line with our theoretical expectations a, described
carlier. The uncertainty quoted for the barrier height reflects the
accuracy of the high-temperature mecasurement.? As in our
previous work on FiN;, another potential source of error is the
possibility of catalyzed decomposition of the CIN, on thc walls
of the dry reactor at 300 K. Corrections for this source of error,
however, tend to increase both the activation energy and the
prefactor of the exponential in the rate law. Since the prefactor
is already at the gas kinetic limit, it follows that the decomposition
al room temperature is essentially thermal. The errors in the
measured decomposition rates were not deemed to be significant
since thesc only have a weak logarithmic effect on the determi-
nation of the activation encrgy. The prefactor of the exponential
term in the CIN, dissociation rate, however, is approximately 20
times larger than the corresponding quantity? for dissociation of
FN,. This factor, which represents the rate of thermal excitation
of the azide in collisions with the buffer gas, may be larger in the

(27) Pritt, A. T.; Coombe, R. D Int. J. Chem. Kinet. 1980, 12, 741.
(28) Cuombe, R. D.; Van Benthem, M H. J. Chem. Phys. 1984, 81, 2985.
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Figure 4. Visible spectrum of NCI(b—X) cmission generzted from
thermal decomposition of CIN,.

present CIN; experiments (which used Ar buffer gas) due to a
mass effe-t, since our prior work on FN; dissociation s con-
ducted using He as the diluent.

NCl(a,b) Production. When the CIN; was dissociated a red
fiash was observed in the reactor which was confirmed by the
OMA as NCl(b—X) emission."¥ The emission spectrum is shown
in Figure 4. Production of NCI(b) essentially guarantees that
a much larger yield of NCl(a) will be obtained since the latter
state is of the same spin as the former but is less highly excited.
The visible emission was also extinguished upon elimination of
the SF; from the reaction cell, confirming its role as a sensitizer.
Direct interaction of the CIN, with the CO, laser is not expected
because the halogen azide has no significant absorption!® at the
1G.6-um wavelength.

The near-infrared NCl(a—X) emission was dstected by using
the Si photodiode and a 1.06-um interfercnce filter. Since the
NCl(a—X) emission®™ has a very narrow wavelength distribu-
tion, similar in appearance to Figure 4, it was possible to test for
overlapping emissions due to other species by first using a nar-
row-band interference filter that was closely matched to the
spectrum of the NCl(a—X) emission and then using a second filter
that is centered at the same wavelength with approximately 5 times
the bandwidth. Upon comparing the results, good agreement was
obtained after correcting the data fur the difference in filter
transmissions at the NCl(a—X) emission wavelength. This
procedure demonstrates that NCl(a) was indeed produced and
that no other species were emitting significantly at the detection
wavelength.

The time profiles of the NCl(a) and NCI(b) concentrations are
shown in Figure 5. Since the intensity of NCi(a-X) emission
was small compared to the NCl(b-X) signal, it was necessary to
record the NCi(a) time profile using higher gain in the pream-
plifier for accurate digitization. This procedure limited the tem-
noral resolution of the NCl(a) signal to 5 us, which in turn limited
the apparent rate of rise of tlie NCI(2) conceptration  Tha NICI(h)
signal was recorded at reduced gain, but with 10X higher band-
width, which accounts for the lower signal to noise ratio of the
data. The rise of the NCI(b) time profile, however, is in good
agreement with the corresponding decay of the CIN; concentration
as shown in Figure 3. This result demonstrates that excited
NCI(b) and presumably NCl(a) are nascent products of the
dissociation process rather than the result of secondary reactions.

The NCi(a) and NCI(b) yields were determined from their
emission intensities by using the calibration procedure described
in the Experimental Section. The decay of the metastable NCl
radicals is thought to be due to self-annihilation which is known
to be the principal loss channel? for NF(a) obtained from thermal
decomposition of FN;. Since the rate of NCl(a) decay is relatively
fasi, the processes of CIN, dissociation and the NCl(a) sclf-an-
nihifation significantly overlap in time. Therefore, the correct
initial concentration of NCi(a) was obtained by extrapolating the
decay curves back to r = 0. Care was taken to perform the NCl(a)
yield experimants at the lowest practical CIN, concentrations to
slow the self-annihilation rate and thereby minimize the error due

The Journal of Physical Chemistry, Vol. 94, No. 19, 1990 7511

TIME (MICROSECONDS)
-10 0 10 20 30 40 S0 60 70 80

T T T T T T T 1 T
NC£(a)
L
L]
L]
h
~ h
L3 ]
£ :
S o
K}
«
<
Sy
= NCZ(b)
7]
2
w
(=
z
3. ] 1 | 1 1 | 1
-5 0 5 10 15 20 25 30 35

TIME (MICROSECONDS)

Figure 5. Temporal profiles of NCl(a) and NCI(b) on two different time
scales. The early portion of the NCl(a) signal (dashed line) was obscured
by electrical noise from the CO; laser (fired at ¢ = 0) and the corre-
sponding rite lime was limited by the bandwidth of the preamplifier.

to extrapolation. This procedure also tends to minimize errors
that result from the limited bandwidth of the preamplifier.
The yield of NCI(b) per CIN, molecule was found to be ap-
proximately 0.5%, based on the 1600/s value of the A coefficient
reported by Coombe et al.2 The A coefficients for the NCl(a—X)
transition that arc reported?-¥ in the literature, however, vary
widely from about 487/s 10 0.27/s. Since this rate constant
directly influerces the yield calculation we found it necessary to
cvaluate the corresponding references. Normally the longest
radiative lifetime (~4 s) is presumed to be correct sincs systematic
errors due to quenching and diffusion tend to shorten the measured
decay time. This result, however, was obtained in an argon
matrix® which requires a significant correction based on the index
of refraction for use in the gas phase and is therefore subject to
error in either direction. Theoretical calculations by Yarkony®
tend to support a 1.4-s lifetime, as do the reported trends in the
NX(a) state lifetimes and the b/a lifetime ratios’>®% in the series
defined by X = F, Cl, and Br. Therefore, we calculated our
NCi{a) yicid waing iue warrespouding A cucfiiciem of 3.7/s.
The yield of NCl(a) was also found to be a complex function
of the CO, laser energy. Initially the yield increased with pulse
energy because at low laser fluences the gas temperature is too
small to dissociate the CIN, on a time scalc that is shorter than
the decay time due to self-annihilation. Once dissociation becomes
rapid compared to the subsequent decay, further increases in gas
temperature do not increase the yield of NCl(a) substantially and
may potentially act to reduce the NCl(a) yield by opening other
dissociation channels that do not lead to metastable products. At
still higher laser fluences, the yicld of NCl(a) apparently increases
again, possibly due to a multiphoton phenomena. Therefore,
relative NCl(a) yields were first determined as a function of CO,
laser energy and then absolute measurements were performed at

(29) Becker, A. C.; Schurath, U. Chem. Phys. Let1. 1989, 160, 586.

(30) Yarkony, D. R. J. Chem. Phys. 1987, 86, 1642.

(31) Malins, R. J.; Setser, D. W. J. Phys. Chem. 1981, 85, 1342.

(32) Tennyson, P. H.; Fontijn, A_; Clyae, M. A. A. Chem. Phys. 1981, 62,
171.
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TABLE I: Production of NF(b) by Halogen Azide Dissociation

. rel intensity of
partial pressure, Torr

NF(b—X)
SF, FN, CIN, I, emission
10.7 0.10 10
10.7 0.10 0.14 37
10.7 0.10 0.14 <0.02 275
715 0.08 <0.02 2.5

the optirnum fluence of approximately 1 J/cm?, where a numerical
NCl(a) state yield of 110% was obtained, using the 0.7/s value
of the A coefficient.

If the NCl(a) yield is recalculated by using the largest value
of the A coefficient®® reported in the literature (498/s) then a
10-fold smaller yield of NCl(a) is obtained than of NCI(b). This
result is physically unrealistic since reactions tend to populate the
lowest energy product state that is allowed by spin selection rules.
Since both NCl(a) and NCI(b) are singlets, the CIN, dissociation
will strongly prefer the lower energy (a) state as in the case of
FIN, dissociation where typically 100 NF(a) radicals are generated
for every NF(b) radical.> Also, if the NCl(a) yield is smaller than
the NCI(b) yield, the reaction would have to proceed efficiently
to products that are cither spin forbidden, such as NCI(X*Z) or
encrgetically unfavorable, such as Cl + N, since all of the CIN,
dissociates (as shown in Figure 4) and the combined NCl(a,b)
yield would be small compared to unity. Consequently, our yicid
data suggest that the largest value of the 4 coefficient reported
in the literature is overestimated by 2-3 orders of magnitude.

The window purges on the reactor, which act along the path
of the laser beam, have a mean velocity of approximately 100 cm/s
through the apertures that are shown in Figure 2. Therefore, some
of the azide molecules were swept out of the active volume of the
reactor. Since we calculated our NCl(a,b) yields assuming a
uniform spatial distribution of the parent molecules, the resultant
yield that was measured should have been less than 100%. Prior
cxperience with this reactor has shown that the correction factor
for this effect is approximately 2. Consequently our data also
suggests that the smallest values of the 4 coefficient reported in
the literature™3 are underestimated by less than 1 order of
magnitude.

Since excited-stale yields tend to either approach unity, in the
case of an effective spin constraint (as expected here) or a very
small statistical yicld (typically less than 1%) in the absence ot
such constraints, it follows that dissociation of CIN, is at least
a moderately efficient source of NCl(a). Therefore, apart from
a somewhat larger activation barrier, the thermal dissociation of
CIN, parallels the case of FN;. Precise determination of the
NCl(a) yield, however, will have to await a better measurement
of the A cocfficient for the NCl(a—X) transition.

Self-Quenching. The peak NCl(a) concentration in the ex-
periments reported aoove was approximatelv 3 X 10'3/cm? (as-
suming a 100% yicld from CIN;) and a 40-us half-lifc was ob-
served, as shown in Figure 5. As in the case of FN., it is unlikelv
that this decay can be accounted for by reaction with or quenching
by the buffer gas, SFy, or N by-product that is generated® and
the decay occurs well after the CIN, is dissociated. If the
quenching of the NCl(a) is therefore attributed entirely to self-
annihilation, the corresponding rate constant is about 8 X 1012
cm?/s, somewhat faster than for NF(a) which sclf-annihilates3
at a rate of (3-5) X 107'2 em¥/s. Since other factors may still
contribute to the observed decay rate and the yield of NCl(a) from
CIN; may be less than 100%, this result should only be interpreted
as an approximation. Further resecrch is required to determine
the decay kinetics of NCl(a) in detail.

NF(b) Production. Upconversion of NF(a) to NF(b) was
investigated by the simultancous dissociation of near equimolar
concentrations of FN, and CIN,. The NF(b—X) emission was
detected with an appropriately filtered Si photodiode coupled to

Benard et al.

the data acquisition system described previously. Table | shows
that emission from NF(b) was weakly enhanced by addition of
cither CIN; or trace I, to the FNj; in the reactor. Production of
NF(b) from NF(a) in the presence of trace I, (but not CIN;) has
also recently been studied in a flow tube by Setser,* who obtained
results that are comparable 1o the last entry in Table using the
F + Nj reaction (which also passcs through i*Ny as an inter-
mediate collision complex) to generate NF(a). In our experiment,
however, simultaneous addition of both CIN, and trace 1, yielded
the most dramatic increase of the NF(b) concentration, by a large
margin. Since the ratio of NF(b) to NF(a) obtained from thermal
dissociation® of FN; is approximately 1/100, Table I demonstrates
that roughly one-fourth of the NF(a) radicals were upconverted
to the NF(b) state.

These data also prove that the yield of NCl(a) from CIN; is
at least 12.5%, independent of the value of the related A coefficient,
since at most one NF(a) radical can be upconverted to the b state
per NCl(a) molecule that is generated, assuming a 70% yield of
NF(a) from FNj; as meascred previously.” With this result in
hand, it is now possible to place upper limits of 5.6/s on the 4
coefficient and 6.4 X 107" cm3/s for the self-annihilation rate
of NCl(a). The actual values, however, may be up to an order
of magnitude smaller in cach casc if the NCl(a) yield approaches
unity as suggested earlier by the relative intensities of the
NCl(a,b—X) emission signals.

In this system, NCl(a) may potentially contribute to the pro-
duction of NF(b) via the mechanism in reactions 1-$. Reaction |

SFg + hv (10.6 um) — SFg(v) Q)
SFe(v) + M = SFg+ M + A )
FN, + A = NF(a) + N, (3)

CIN; + A — NCl(a) + N, (4)
NF(a) + NCI(a) — NF(b) + NCI(X) (5)
2NCl(a) + I, — 2NCI(X) + 2I (6)
NCl(a) + 1 — NCI(X) + I* %)

I* + NF(a) — NF(b) + 1 (8)
NF(b) — NF(X) + hv (528 nm) )

is well-known and is based upon an optical resonance betwecn
the CO;, laser radiation and the vibrational modes of SF,. Since
the laser fluence i our experiments was well below the threshold?
for significant muitiphoton dissociation of the SFy and the pressure
was relatively high, the yield of F atoms is expected to be small
in comparison to the added reactants and thercfore casily sca-
venged by reactions with FN; or CIN, to yield N, and either NF,
or NFCl as benign byproducts. Hence absorption of the CO, laser
radiation only served to heat the bath gas upon thermalizing
collisions with vibrationally excited SFg molecules.3® The sudden
addition of heat 2nd the 2ocociated jump in gas winperature due
to reactions | and 2 cnables lhe dissociation of FNj; to produce
NF(a) by reaction 3 which has been demonstrated in our previous
investigation.” Reaction 4 is the analogous dissociation of CIN,
which has been demonstrated in the present investigation to
generate NCl(a) efficiently. The reaction of NF(a) and NCl(a)
is sufficiently energetic to produce NF(b) but appears to occur
slowly, as expected, since reaction $ violates conservation of spin.
The primary role of NCl(a) in this system, however, appears to
be excitation of I atoms to the 1*(5p?P,,,) state by reaction 7 in
a manner analogous to the pumping of (‘ by O,(a) molecules in
the O,-I laser system.! In parallel experiments, Bower and Yang?’
have used the Cl + Nj rcaction to generate NCI(a) in a flow tube
and have independently shown that 1* is rapidly produced by
resonant energy transfer from this metastable species. In our
cxperiment, the [ atoms are obtained by dissociation of 1, which

(33) Quinones, E.; Habdas, J; Setser, D. W. J. Chem. Phys. 1987, 9/,
5155

(34) Du, K. Y.; Setser, D. V'. Submitted for publication in J. Phys. Chem.

’ ' e
’- . Y T

(35) Quick, C. R.; Witlig, C. Chem. Phys. Let1. 1977, 48, 420.
(36) Lenzi, M.; et al. Chem. Phys. 1990, 142, 473.
(37) Bower, R.D.; Yang, T. T. To be submitted for publication.




Thermal Decomposition of CIN,

may be cither thermal in nature or the result of energy transfer
from NCl(a) as indicated by reaction 6, since analogous multiple
collisions with Oy(2) are known?*® to dissociate I,. Production of
NF(b) by reaction 8 between I* and NF(a) is also highly resnnant
and spin-allowed and has been demonstrated to occur rapidly.’
Since the 1/1* atoms can cycle back and forth between the NCl(a)
and NF(a) molccules, their role is catalytic (one | atom can
upconvert several NI' molecules). Consequently, only truce
concentrations of I, are required to significantly enkance the
production of NF(b).

Addition of H1 in place of I, was also expected to enhance the
yield of NF(b), provided the concentration of F atoms present
was adequate to yield a significant quantity of ground-state I atoms
via the fast reaction®®

F+ HI — HF + | (10)

The effect of HI addition was found to be much less dramatic
than expected, however, as the yield of NF(b) saturated with the
addition of up to 250 mTorr of HI, showing only a 60% en-
hancemeat over the yield that was obtained in the absence of HI.
The yield of NF(b) was also a highly nonlinear function of the
iodide addition as a 30% enhancement was obtained upon adding
orly 50 mTorr of HI. These data reinforce the notion that the
concentration of F atoms in our experiment was relatively small,
since cnhancement of the NF(b) production by addition of HI
is limited in comparison to the results obtained upon addition of
much smaller concentrations of I,. Also the saturation charac-
teristic that is observed suggests that F atoms, rather thaa HI,
are the limiting reagent. It is therefore unlikely that I atoms or
IF molecules were formed in significant quantities due to the fast
reaction

F+l,—IF+1 (11)

Consequently, the dissociation of I, into I atoms must have oc-
curred either thermally or by the action of NCl(a) as indicated
by reaction 6. This result is also significant because IF is a known
fast quencher*'#2 of NF(b).

IF(B) Production. Several researchers®#~43 have found that
.ne B[, states of CIF, BrF, and IF can be obtair.zd upon addition

'f O,(a) to processes that are likely to populate the lower *I1, and
*11, ~taies of the interhalogens, such as three-body recombination

1 F + I or X + O,F reaction, where X = Cl, Bror I. In each
case, these investigators have th. -i7zed lat Oy(a) acts to promote
the *[, or *IN, intermediates 2c “h dugher energy B state via the
prc  ss of energy pocling. !f .n. <& rai1e states can be accessed
by ergy transfer froia P'F(a) -0 gruund-state interhalogens and
if NCl(a) can act in the piace of O,(a), then it should be possible

cite the B-X transitions of a number of interhalogen species
tu..owing thermal dissociation of mixtures of FN, and CIN;. Our
initial investigation focused on IF, since it is a well-known lasing
species,* although other possibilities certainly exist and deserve
attention.

The potential for pumping of tF(B) by NF(a) and NCl(a) and
for subsequent laser action is shown in Figure 6. The *I1, state
is not shown as it lies too high®*347 to be excited by NF(a). The
energy levels of the 3TN, states in the interhalogens are largely
unknown;*® however, the 1, state in IF has been located as the

(38) Heidner, R. F_, et al. J. Phys. Chem. 1983, 87, 2348.

(39) Jonathan, N.: Melliar-Smith, C. M.; Okuda, S.; Slater, D. H.: Timlin,
D. Mol. Phys. 1971, 22, 561.

(40) Foon, R.; Ksulman, M. Prog. React. Kinet. 1978, 8, 81.

(41) Benard, D. J.; Chowdhury, M. A_; Pritt, A. T. J. Appl. Phys. 1986,
60, 405.

(42) Cha, H.; Setser, D. W_ J. Phys. Chem. 1987, 9/, 3758.

(43) Clyne, M. A. A.. Coxon, J. A; Townsend, L. W. J. Chem. Soc..
Faraday Trans. 2 1972, 2, 2134,

(44) Coombe, R. D; Pilipovich, D.; Horne, R. K. J. Phys. Chem. 1978,
82, 2484,

(45) Coombe, R. D; Horne, R. K. J. Phys. Chem. 1979, 83, 2435.

{46) Davis, S. J.; Hanko, L. Appl. Phys. Let1. 1980, 37, 692.

(47) Birks, J. W.; Gabelnick, S. D.; Johnston, H. S. J. Mol. Spectrosc.
1978, 57, 23.

(48) Steinfeld, 1. 1. J. Phys. Chem. Ref. Data 1984, 13, 445,
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Figure 6. Encrgy level diagram of IF showing resonances with NF(a)
and NCl(a).

terminal encrgy level of a pulsed electric discharge laser transition*
and has recently been studied in matrix by Heaven and Nicolai.*®
These authors estimate a gas-phase energy of approximately 13500
cm! between the potential minima of the *I1; and X!Z states of
IF. Excitation of 1IF(*I1;) by NF(a) therefore requires approx-
imately 2000 cm™ of vibrational energy in the IF(X) ground state,
since prior studies’! have shown that E-E transfer from highly
vertical molecules®? such as NF is not sensitive to the vibrational
distribution of the donor species. The necessary vibrational ex-
citation of the IF(X) ground state is obtained thermally, however,
in about 1 out of 10 collisions at a temperature of 1200 K.
Pumping of 1F(B) from the *I1, state by NCl(a), on the other
hand, is sufficiently exothermic that some of the product molecules
may be generated above the 22 300 cm™! predissociation limit,
depending on the amount of electronic energy that is converted
into translational and rotational forms of excitation. Due to a
lack of resonance, NF(a) is not expected to be effective at either
pumping or dissociating the 1F(B) state when starting from the
’, energy level.

At the high pressure of our experiment, vibrational relaxation
occurs at a much faster rate than radiation from the excited B
state.” Therefore, the IF(B) will preferentially decay from its
lowest vibrational energy levels to vibrationally excited energy
levels of the IF(X) ground state that are not thermally populated,
since the Franck—Condon factors*® strongly favor the transitions
from v’ = 0 10 v ~ 5-6. This phenomenon, which helps to
maintain a population inversion, results from the displacement
of the potential minimum of the 1F(B) state to larger internuclear
separation than occurs in the ground state. Consequently, we
added CF,1 to our rcactor as a potential source of ground-state
IF(X) molecules, to investigate the pumping of this highiy de-
sirable laser transition by NF(a) and NCl(a).

Mixtures of ST, approximately 100 mTorr each of FN, and
CIN,, and trace CF;1 were subjected to pulsed CO, laser radiation

(49) Eden, J. G; Dlabal, M. L.; Hutchinsen, S. B. IEEE J. Quant.
Electron QE-17, 1981, 1085.

(50) Heaven, M. C.; Nicolai, J. P. To be submitied for publication

(51) Priu, A. T, Benard, D. J. J. Chem. Phys. 1986, 835, 7159.

(52) Anderscn, A.; Ohtn, Y. J. Mol. Spectrosc. 1973, 45, 358.

(33) Davis, S. J; Hanko, L.; Shea. R. F. J. Chem. Phys 1983, 78, 172.

(54) Marinelli, W. J.; Piper, L. G. J. Quant. Specirosc. Radiar. Transfer
1985, 34, 321.
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10 yield significant amounts of 1F(B-X) emission. In addition
to the cooperative mechanism outlined above, this emission could
also result from pumping by NCl(a) without participation of
NF(a), in a manner analogous to the known pumping of {F(B)
by O,(a). or by the action of NF(b) independent of NCl(a), as
previously recorded in this laboratory.3'3> These prior (NF/IF
transfer) experiments also demonstrated that NF(a) was not
effective at producing the IF(B) state in the absence of other
cnergetic species.  In the present experiments, the 1F(B-X)
cmission was reduced approximately 4-fold upon elimination of
the FN,;. This result demonstrates that the majority of the ob-
served IF(B-X) emission requires either NF(2) or NF(b). By
adding trace 1,, to greatly enhance the NF(b) yield, at the expense
of NF(a) and NClI(a), it was possible to show that only a very
small fraction of the observed emission was due 1o transfer from
the b state, since the yield of IF(B) was found to decline. Con-
scquently, our data tends to support a cooperative mezhanism
involving both NF(a) and NCl(a) such as energy pooling through
the *11, state as the dominant mechanism for 1F(B) production
under th. conditions of our experiment. Since we have not ob-
served this intermediate state directly, however, we cannot rule
out other cooperative mechanisms that may be based, for example,
on ground-state intermediates in a high state of vibrational ex-
citation.

The intensity of the IF{B-X) emission was found to scale
linearly with CF,l addition up to 500 mTorr, which is well in
cxcess of any potential for F-atom generation in our experiment.
Therefore, it is unlikely that the 1F(X) resulted from the fast
reaction%®

F+ CFl—CF, + IF (12)

because the yield of 1F(B-X) emission would have saturated once
the F atoms were titrated against ihe CF;l. Since prior results
tend to indicate a paucity of F atoms in our reactor, it appears
that thermal or energy transfer induced disproportionation of CFl
is a more likely source of ground-state IF. This mechanism, which

(55) Prit, A. T.. Patel, D.; Benard, D. J. Chem. Phys. Lets. 1983, 97, 471.
(56) Stern, L. Wanner, J.: Walther, H. J. Chem. Phys. 1980, 72, 1128.

docs not require F atoms, would yield the observed lincar de-
pendence upon CF,yl addition. Disproportionation of the per-
fluoroiodide, however, is expected to be a very weak (low yield)
source of the ground-state interhalogen, in which case the pro-
duction of IF(B) may be throttled by IF(X) generation rather
than the efficiency of pumping by NF(a) and NCl{a). Also if
NF{a) is required to gencrate the [F(X) from CF;l, then pumping
to the B state can occur (consistent with our observations) solely
duc to the presence of NCl(a). Therefore, an effective thermal
source of [F(X) will have to be developed and characterized before
the mechanism and pump rates can be evaluated quantitatively.

Summary

Reaction of Cl, with ruaist NaN, efficiently generates CIN,,
which has a barrier to dissociation of approximately 0.8 eV and
a ncar gas kinetic rate of thermal excitation by collisions with the
buffer gas. Thermal dissociation of CIN; occurs on the 1-10 us
time scale in ~100 Torr of Ar gas buffer at temperatures near
1200 K. The products are primarily NCl(a) and N,, with 2 small
fraction (<1%) as NCI(b). The radiative hietime of NCl(a) is
thought to be approximately 1.4 s and self-annihilation of NCl(a)
may limit the kinetic lifetime of this specics at high concentration.
By usc of a pulsed CO, laser and SF as a sensitizer, transient
concentrations of NCl(a) as large as 3 X 10'*/cm?® have been
obtained. The NCl(a) molecules are capable of generating 1* by
resonant energy transfer (similar 1o the O,-1 interaction) and the
I* may be used to upconvert NF(a) to NF(b). Cooperative
pumping of IF(B) by NCl(a) and NF(a) appears to be limited
by the availability of IF(X) duc to a lack of F atoms and does
not involve NF(b) as a precursor, but may be the result of an
energy pooling mechanism that proceeds through the 1F(*IL,) state
as an intermediate. Further studies arc required to determine the
potential of these and similar mechanisms for the generation of
visible laser radiatien from the electronic energy that is stored
in the singlct metastable products of thermally dissociated halogen
azidss.
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Abstrxt

Chlorine azide and fluorine azide were synthesized by the continuous titration of dilute HN3 with dilutc CIF and F3,
respectively. The reaction products were analyzed by both infrared and ultraviolet absorption measurements before a CO; TEA
laser was used to pulse heat these energetic molecules in the presence of SFg (sensitizer) and cither Iz or CF3l/XeF; gas mixtures.
The resulting thermal dissociation of the energetic azices produced metastable halogen nitrenes which reacted by energy transfer 1o
pump either the NF(b) or IF(B) states, which are pc entially capable of lasing at visible wavelength. Time resolved emission
spectroscopy was employed to follow these emitters as well as the metastable. intermediates and I*, while the concentrations of the
ground state dihalides were tracked by laser induced fluorescence. These data revealed that the global rate of I* quenching was
negligible, the rate of NF(b) quenching by NF(a,X) was less than 6 x 1012 cm3/s, the yield of NCl(a) per CIN3 molecu'e was
12% and the radiative rate of the NCl(a-X) transition was measured as 0.9/s in good agreement with a recent theoretical estimate
by Yarkony. The yicld of NCl(a) is explained by ab initio calculitions of the CIN3 potential surfaces which demonstrate that a
singlet-triglet crossing occurs inside the barricr 0 dissociation. Large transient concentrations of IF(X), generated (in situ) by the
thermally initiated reaction of XeFy with CF3l, were also measured absolutely by a titration technique and (using this data) the
effective raic of pumping of the interhalogen (o its B state (by NF(a) / NCI(z) mixtures) was measured as 6.5 x 10-13 cm3ys.
This low rate is explained by NF(a) pumping out of vibrationally excited levels of the IF(X) state and NCl(a) pumping into
vibrationally excited levels of the IF(B) state that lie above the predissociation limit. Therma! dissociation of the stable levels of
the IF(B) state is also likely to occur at rates that are competitive with the spontaneous radiation. Additional work, focussed on
excitation of the NS(B-X) transition by chemical reactions of NF(a), is in progress.

L_Introduction

In previvas reports!-2 we have shown that both FN3 and CiN3 can be thermally dissociated to yield ground state N and
electronically excited metastable products including both the alA and b Z states of NF and NCI, respectively. These resulis were
obtained by diluting the parent azide molecules with SFg and He bufier gas before exposing the gas mixtures 10 a pulsed ~O;
laser. Absorption of the 10.6 p laser radiation by SFg (followed by rapid V-T relaxation®) jumps the temperature of the bath gas
and triggers dissociation of the azides on the s time scale. In the case of FN3, our prior studies have demonstrated a barrier to
dissociation of approximately 0.5 eV and pmducuon of NF(a) with near unit efficiency, while the yield of NF(b) is 2-3 orders of
magnitude smaller. Very iarge (3 x 10*%jcin’) concentrations of NF(a) nave been demonstrated and (using these metastables) we
have studied the mechanism, kinetics and scalability of a potential blue-green BiF(A-X) chemical laser.4 In this system,
Bi(CHj); is used as a volatile precursor cf the active BiF species, which is pumped by successive collisions with NF(a) to its
emitting state at an effective rate of 4 x 1011 cm3/s. Since the radiative decay rate$ of the BiF(A) state is 7 x 105/s, inversion
of the A-X transition was expected at achlcvablc NF(a) concentrations and indecd optical gain at 471 nm in the NF/BiF system
was recently demonstrated in our laboratory.! The large NF(a) concenuauons required to sustain inversion in BiF, however, are
problematical sinc= they are subject to rapid self-annihilation. 1.8 This difficulty could be alleviated, however, if an alternate
transfer agent was found with either a longer radiative lifetime or potential curves? that show more displacement between the
excited and ground states than is characteristic of BiF, since these differences would allow inversion to be sus:ained at {ower
concentrations of NF(a). The Bi(CH3)3 precursor alsc tends to dissociate slowly and contributes to quenching of the NF(a) which




limits gain scaling’ and, finally, condensation of refractory solids (such as BiF3) may posc an optical scaticring problem.
Consequently, there is ample room for improvement on the progress that has been made to date.

Our parallel studies of CIN3 dissociation? have been motivated by the possibility that emitters other than BiF could also be
pumped by metastable NCI in combination with metastable NF. We found that the barrier to dissociation of CIN3 is about
0.7 ¢V and the yield of NCI(b) is comparable 10 the yield of NF(b). Also, once initiated, the dissociation of CIN3 goes to
completion (similar to FN3) and the decay of the metastable NF / NCI products is duc primarily to self-annihilation.!-2.8 Tne
yield of the NCl(a) state, while significantly greater than 1%, however, was not determined accurately duc to the lack of a reliable
measurement of the A coefficient for the NCl(a-X) transition, as well as uncertainty in regard to the spatial distribution of the
CIN3 molecules in our reactor. Despite this limitation, however, we were able to demonstrate? that NCI(a) acts in a manner
analogous to metastable O2(alA) in two potential visible wavelength chemical laser schemes as described below.

Addition of I3 to FN3 / CIN3 gas mixtures significantly enhanced? the yield of NF(b). Assuming that the I dissociates
10 I-atcms, this result can be explained by the near resonant energy transfer reactions

NCl(a) +1 —» NCIX) +1I* 0)]
NF(a) + I* — NF() +1 (04}

Reaction (1), which has recently been studied by Yang and Bower, 19 is similar 10 the well-known pumping!® of I* by O(a);
while reaction (2), which is also well-known, was first studied by Herbelin12 and later in our laboratory as well.!3 Under
suitable conditions it is hoped that these energy transfer processes may lead to lasing on the NF(b-X) transition at 528 nm. Since
the NF(b-X) transition is optically forbidden,14!5 it may also become inverted at (reduced) metastable concentrations that do not
lead to rapid self-annihilation. The NF(b) system is free of refractory species and there are no byproducts (of the I catalyst) that
do not directly participate in the pumping reactions.

Substitution of CF3I in place of I also resulted? in excitation of the IF(B-X) transitions that have been operated as an
optically pumped laser by Davis,!® who has rccently demonstrated chemica! pumping of these same bands by sequential energy
transfersl? from NF(a) and O2(a). In this case, the excitation of IF(B) procecds via an intermediate (metastable) 3rz energy
level% 18 of the interhalogen. The anzlogous reactions in the mixed azide system are therefore:

NF(a) + IFX) — NF(X) + IF(’r7) ©)
NCl(a) + IF(3r) — NCI(X) + IF(B) @)

This candidate laser system is also free of refractory products and since inversion of the IF(B-X) transition is aided by displacement
of its excited state potential curve 1o larger intemuclear separation than the ground state,!6:19 it may be possible to operate this
scheme at more tractable metastable concentrations than are needed to support the BiF system, if the effective pump rates are
comparable. In our previous work the effective rate of reactions (3) and (4) was not established because the concentration of the
IF(X) ground state was indeterminate.2

In this paper we report the results of our continuing investigation of the NF(b) and IF(B) systems, which both rely on
CIN3 as a fuel. An improved method to synthesize CIN3 is presented along with verification of the mcchanism / rate of Iz
dissociation and the subsequent production ar1 quenching of I* in the NF(b) system. Based on these results a kinetic model is
developed and anchored to NE(b) time profilc data to establish the yield of NCl(a), which in turn allows determination of the
unknown A coefficient for iz NCl(a-X) transitiun by absolute photometry. The effects of nonuniform spatial distributions in the
photometry experiments were eliminated in the present study by comparing the yiclds of NF(a) and NCl(a) in the same reaclor, and
the yield results are explained by ab initio calculations of the halogen azide potential energy surfaces. A method to generate large
in situ concentrations of IF(X) in known quantity is also described and a measurement of the effective rate of pumping of the IF(B)
state by raixtures of metastable NF /NCl is reported. Finaily, the rate of IF(B) excitation is explained by consideration of the
relevant kinetic factors involved in the energy transfer process, and a new concept is presented which will be the subject of futur
investigations.
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. Experimentai

The methods used in the present experiments have been documented in prior publications!+2:3:20 and are largely
unchanged, except as noted below:

2.1 Gencration of Azid

In our previous work,! FN3 was generated by titrating a flow of 10% F2 in He with a (similarly diluted) continuously
gencrated flow of HN3 that was obtained by reacting NaN3 with excess stearic acid at temperatures near 100°C. Since this
approach required stabilization of the HNj generator,20 which proved 1o be time-consuming and inefficient, a simpler
(unstabilized) HN3 source was employed 10 charge a 40 liter stainless steel reservoir tank prior to dilution with He gas up to a
total pressure of 25 psig. The resultant mixture of 5% HN3 in He was then withdrawn from the tank (as nceded) via an electronic
vacuum regulator to generatc FN3. The simplified HN3 source consisted of an electrically heated and thermostated § liter
alyminum pot (with teflon lining) that was fit with an o-ring scaled stainless steel lid which mounted 2 1 RPM motor and a
stainless steel stirring paddle to mix the reagents during generation. The pot was initially charged with a well-stirred mixture
consisting of 3 liters loosely packed stearic acid and 30 gr NaNj. After sealing the lid and heating the pot 10 225°F the motor
was started and the first 30 minutes of gas gencration were discarded to vacuum. Subscquently, the evolving gas was diverted to
the (previously evacuated) storage tank which filled w 100 torr in about 60 to 90 minutes. Higher pressures of HNj are not
advisable due to the possibility of detonation upon condensation of this energetic species. Since HN3 is also toxic the generator
and storage tank were located under a fume hood. Negligible concentrations of the usual HyO and CO impurities were found in
the HN3 gas that was withdrawn from the reservoir tank upon examination by Fourier Transform Infrared (FTIR) absorption
spectroscopy using a 10 cm stainless steel gas cell with salt windows. The absolute HN3 concentration was also measured in
absorption2! at 204 nm using a D, lamp source, a 0.1 meter grating monochromator, a 3.5 mm stainless steel cell with MgFp
windows and a 1P28 photomultiplier detector that was interfaced to a picoammeter. This diagnostic yielded results in good
agrecment with the initial storage tank pressure/dilution ratio and aiso demonstrated that the HN3 was storable for several weeks
without noticeable decomposition.

The generation of FN3 was carried out as in previous experiments by admitting the HN3 and F; flows t0 a 500 ml
stainless steel reactor that was packed with 0.25 in. dia. stainless steel balls. Best results were obtained at ambient temperature or
slightly warmer (35°C), at a total pressure of 350 torr (controlled by the dispensing HN3 vacuum regulator) and with the F flow
adjusted to half the HN3 flow. The net flow rate of the gases through the FN3 source (as determined by an electronic mass
flowmeter in the HN3 line) was set at approximately 3.5 scc/s by the generator pressure and a 100 micron dia. pinhole that acted
as a critical flow orifice downstream of the reactor. A glass frit filter was interposed between the generator and pinhole orifice to
prevent clogging due to entrainment of solid byproducts in the gas stream. The product stream contained 1.5-2.0% FN3j as
measured in absorption?2 at 425 nm (using a commercial spectrophotometer and a 6 cm stainless steel cell with quartz windows)
while analysis by FTIR spectroscopy?3 showed negligible production of HF as a byproduct. Solid NH4F, however, does
accumulate inside the reactor and requires periodic removal. These findings are in good agreement with Haller,24 who first
synthesized this highly energetic and unstable azide in 1943,

Chlorinc azide was previously generated by the water catalyzed reaction225 of Cl with NaN3. Tn the present experiments,
however, we found it much more convenient to obtain CIN3 by reacting the HN3/He mixture (from the storage tank) with CIF
that had been prediluted to 10% in He. Substitution of Cl; for CIF did not produce a significant yield of the halogen azide. The
CIN3 generation was carried out in & manner that is completeiy analogous to the production of FN3 (described above), except that
cooling the reactor slightly to 10°C was beneficial and the optimum yield cf CIN3 was obtained upon equalizing the HN3 and CiF
flows. Analysis of the product stream in absorption (by FTIR) revealed that neither HF nor FN3 was present in significant
concentration?2.23 and transmission measurements at 250 nm, where HN3 absorption is negligibie,2! demonstrated that CIN3
was present in 1.0-1.5% concentration.

The FNj stream was carried in stainless steel or teflon tubing and passed through a stainless steel cold trap that was
externally cooled 0 -73°C (by evaporation of liquid CO7) to remove trace HO and HNj3 enroute to the reaction cell 26 Liquid Ny
cooled traps were not used due to the potential for detonation upon condensation of the FN3. Also the lower vapor pressure2? of
the heavier azide prevented the use of any cold trap to effectively clean up impurities or byproducts in the CIN3 flow, which
included residual HN3 and less energetic/reactive species such as nitrogen trihalides (vide infra). These thermally stable byproducts
were judged to have negligible impact on the subsequent chemistry.
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22 Reaction Cell

The FN3 and CIN3 flows were joined with a metered flow of SFg prior to the pyrolysis reactor. A mixture of 2.5% CFsl
and He was prepared in a storage tank and similarly admitted to the reactor via an electronic mass flowmetcr while a carrier flow of
He (which was also metered) passed through a bed of cither I or XeF? crystals on its way to the reactor. The total pressure in the
reactor was measured by an inductance ransducer and maintained at 75 torr by an clectronic feedback loop which adjusted a metered
He flow that was used to purge the reactor windows. Sincc there was no evidence of prereaction hetween any of the reagents, the
partial pressures of cach species in the reactor were inferred from the total pressure, the relative mass {low rates and cither the
ultraviolet absorption measurements, dilution ratios or vapor pressures.26.28 The gases were cxhausted from the reactor (10
vacuum) via a pair of critical flow orifices which passed 15 scc/s of He at the operating pressurc. The reactor itself was
constructed of stainless steel and was equipped with opposed sidearms through which the CO; laser beam entered and exited via
purged and intemnally apertured salt windows. Emission from the center of the reactor was collecied perpendicular to the laser beam
through a quartz window and the reactive gases all eniered and exited the reaction cell along a line that was mutually perpendicular
10 both the laser beam and the viewing direcion. At the center of the reactor the laser beam hiad a cross sectlional area of
approximately 1 ¢m? and a fluence of nominally 1-2 Joules/cm?. This intensity, while optimal for dissociation of the azides, is
100 low to cause significant multiphoton dissociation of the SFg at the (high) operaling pressure that was maintained in the
reactor.29 Upon firing the OO laser, with’both azides and SFg present in the reactor, chemiluminescent emission was typically
visible along the path of the beam. All of the experiments were carried out with 3-4 torr of SFe in the reactor, which absorbed
approximately onc-fifth of the incident laser radiat: ,n over a 2.5 cm path (as limited by the apertures in the sidearms). The peak
temperatures achieved in this manner have been determined by spectroscopic techniques!+23 1o li¢ in the range of 1600-2000°K.
Typical azide concentrations were 5-7 x 10!5/cm3 and the concentrations of the corcagents were either comparable to the azides or
one t0 two orders of magritude smaller.

23 Optical Di .

From previous studies!+2.5 the emission spectral4 are well known, hence the desired emitters were isolated by use of
appropriately sclected narrow-band interference filters for NF(a,b) at 874 and 528 nm, NCl(a) at 1090 nm and I* at 1315 nm, or
portions of the B-X bands of IF which extend from 500 to beyond 900 nm. All the species studied were monitored by
chemiluminescent emission, except IF which was measured both in chemiluminescence and laser induced fiuvrescence, and I
which was measured only by laser induced fluorescence. The I* fluorescence measurements were done on a relative (comparison)
basis only while the I measurements (also relative) were done under conditions which allowed no spectroscopic interferences so
that only a 550 nm long pass (absorption) filter was required to separate the fluorescence signals from scattered Ar ion laser
radiation. In general the weak NF(a) or NCl(a) emissions could not be isolated once either I3 or CF31 was added to the reactor due
1o spectroscopic interferences from overlapping broad band emissions. 14

Approximatcly 2 watts of Ar* ion laser radiation was counterpropagated along the path of the CO; laser beam 0 induce the
fluorcscence signals. The lines at 514 and 476 nm were used to excite Iy and IF, respectively. The NF, NC! and [F
(chemiluminescence) signals were monitored by a 1 cm? active area silicon photodiode which was absolutely calibrated against a
quartz halogen reference lamp.1-25 The I* signals were detected by a fast liquid nitrogen cooled intrinsic germanium detector and
the laser induced fluorescence signals were monitored via a gallium arsenide photomultiplier tube. The electrical signals from
these deteclors were preamplified and passed to a digital oscilloscope where they were averaged upon successive shots of the CO,
laser. The resultant time profiles were smoothed sufficiently to remove residual noise (typicaliy less than 5%) without losing the
essential kinetic features. In most cases the data at early times (close to the firing of the CO; laser) was aliased by
electromagnetic pickup of the capacitor discharge in the CO» laser. These effects, which are rcadily identifiable (upon blocking
the CO; laser beam), have been removed from the data and the inferred time profiles (in the corresponding regions) are indicated by
a dashed line i the figucs.

The yield of NCl(a) from dissociation of CIN3 was defined as the fraction of the parent molecules within the active volume
of the reactor that generated the metastable product state. In previous experiments, the active volume was determined by the CO2
laser beam and optical apertures that were placed between the detector and the reaction cell to restrict the field of view. Since the
entire reactor was not measured, however, the data were sensitive ‘o inhomogeneities in the spatial distribution of the parent azide
molecules primarily due to the sweeping action of the window purges inside the reactor. To eliminate this source of error, the
apertures were removed and the effective emitling volume was then deteimined by a paraliel measurement of FN3 dissociation,
which prior st. %ies! have shown to demonstrate a yield of NF(a) that approaches unity. The product of the yield (Y) of NCl(a)
from dissociation of CIN3 and the A cocfficient for the NCl(a-X) transition was therefore cvaluated as
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where the prefactor is the known yield - A coefficient2? product for the NF(a-X) transition, and the T, D, C and S factors are the
filter transmission, detector sensitivity, initial azide concentration and recorded signal strengths for the measurements indicated by
the respective subscripts. The transmission factors and detector senmsitivities were obtained by use of a commercial
spectrophotometer and calibration to a reference lamp, while the azide concentrations were monitored enroute to the reactor vy the
ultraviolet absorption diagnostic. Tae signal strengths were obtained by extrapolating the NF(a) and NCl(a) time profiles back to
t =0 to counteract the effects of queriching during the process of dissociation. Care was taken to collect the yield data at the
lowest practical azide concentrations to limit the rate of self-annihilation (in relation to the rate of dissociation) and thereby
minimize the error in extrapolation. Deliberate addition of quenchers such as H,O and HCI w the reactor significantly affected the
decaying portion of the NCi(a) time profile; however, the extrapolations back to t=0 were unaffected. Using these
measurements, the unknown A coefficient for the NCl(a-X) transition can then be obtained given an independent determination of
the comresponding yicld factor.

Tte yiclds of NF(b) and IF(B) were calculated in like manner, only using the known A coefficients for the b-X and B-X
transitious,13-31 respectively, to determine the corresponding yields from the related filter ransmissions, detector sensitivitics,
parent concentrations and signal strengihs. Since both NF(a) and NF(b) have the same parent molecule (FN3), the concentration
ratio is unity in this case. The IF(B) yields were calculated assuming that CF3] was the parent; however, only a small fraction of
the total B-X emission was detected (v' =  to v" = § band at 625 nm). Therefore the recorded IF signal strength had to be
corrected by dividing out the corresponding Frank-Condon factor!? to account for radiation from v' = 0 10 other v* levels of the
ground state in addition to dividing out the fraction of the entire IF(B) state that was resident in the v' = 0 energy level. The latter
correction was made by assuming a thermalized vibrational distribution of the IF(B) state at 1800°K. A relaxed distribution is
expected at the high pressure of this experiment on the basis of the known radiative and collisional (V-T) rates.31:32 Absolute
concentrations of NF(b) and IF(B) werr: then recovered by multiplying the corresponding yiclds and precursor concentrations.

3. _NF(b) System

The kinctic rates of reactions (1) and (2) have been studied by other investigators, while our previcus studies have
clucidated the kinetics of formation and decay of the NF(a) and NCl(a) states. The potential of the system to support lasing or: the
b-X transition, however, also depends on the rates of quenching of the I* intermediate and the NF(b) state itself. Since the
halogen azide system is relatively “clean” ip relation to other chermical systems that generate metastable halogen nitrenes, the
quench rates will (in this case) be minimized. Therefore our investigation should help to determine the limiting potential of the
system to function as a chemical laser. Also, as will be shown, the yield of the NCI(a) state can be determined (without
knowledge of the comresponding radiative rate) by modelling the NF(b) time profile.

1.1 Dissociation of I and Excitation of I*

The temperatures achieved in the pulsed CO; laser excitation experiment are adequatel4 w totally dissociate I,; however,
the rate of dissociation remains an issue, since the active specics in reactions (1) and (2) are 1-atoms and both the NF(a) and
NCl(a) decay significantly on the time scalc of tens of ps due to self-annihilation.!-2 To investigate this phenomenon, the azides
were removed from the reactor flow and approximately 10 mtorr of 13 was added to the SFg and He in the pyrolysis cell. The
laser induced fluorescence signal from the Iy was present in advance of the CO; laser pulse at a constant level which then declined
with time (after the laser pulse) due to the thermal dissociation of the I; molecules. In addition to the fluorescence signal, an
extraneous chemiluminescence signal was ¢vident upon application of the CO3 laser pulse with the Ar* ion laser (used 10 excite
the fluorescence) blocked. Data was recorded both with and without excitation by the Art ion laser in an AC coupled mode so that
the steady 17 fluorescence in advance of the CO; laser pulse was not registered. Figure 1 presents the transient changes in the
(reconded) sum of the chemilumincscence (ASchemn) and laser induced fluorescence (AS);f) signals both with and without excitation
by the Ar* ion laser. The vertical difference between these two curves, therefore, is a measure of the amount of I3 that has been
dissociated. From these data, it is apparent that I; dissociates rapidly and compleiely with a time constant of approximately 3 ys.

Since Yang and Bower!0 indicate a gas kinetic rate for reaction (1) and since significant (1015-1016/cm3) concentrations?
of NCl(a) appear within 4 pus after the firing of the CO3 laser, the I* concentration is expected to rise in less than 10 ps.
Figure 2 illustrates the chemiluminescence time profile of the emission at 1315 nm, duc to CO; laser excitation of a SFg / He /
FN3 / CIN3 gas mixture both with and without the addition of apprcximately 10 mtorr of I3. Subtraction of these two time
profiles to separate the desired signal (from extrancous chemiluminescence) demonstrates the anticipated rise of the I*




concentration (in Wﬂmﬂﬂly 6 ps) followed by 2 relatively slow decay. From (his result, it also follows that quenching of 1*
ispot 8 significant factor in this system.
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Fig. 2 Time profiles of 1315 nm emission follnwing pulsed CQO7 laser excitation of 3 He / SFe / FN3 / CIN3 gas mixture
with (2) and without (b) the addition of 12.




3.2 NF() Time Profile

Addition of ICI to an FN3 / CIN3 / SFg / He mixture in the reactor enhanced the yield of NF(b), but the rate of risc and the
optimized peak concentrations were both less than could be obtained upon addition of I3. The optimum yield of NF(b), with
initial FNz and CIN3 concentrations of 7 and § x 1013/cm3, respectively, was obtained upon additior of approximately 50 mtorr
of Is. The absolutely calibrated NF(b) time profile for this condition is shown in Fig. 3. Upon sub imting CHj in place of He
in the reactor to a concentration of 3 x 1017/cm3, the peak yield of NF(b) was approximately hz ved. Setser33 reports that
quenching of NF(a) by CHy is negligible, while NF(b) is quenched at a rate of 1.6 x 10-13 cm3fs au 1K, Asscming that this
rate scales as the square root of temperature and that CHy has negligible impact on NCI(a) or 1* (as migh* be expected), it foliows
that the reduction in the peak yield was due to quenching of NF(b) by the added methane at a rate near 105/s. The sensitivity o
methane addition therefore suggests that NF(b) is quenched (in the absence of CHy) in approximately 10 ps. To further evaluate
these findings a kinetic mode! for the NF(b) system was assembled and anchored to the data.
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Fig. 3 Time profile of NF(b-X) emission (solid / dashed line) following pulsed CO; laser excitation of a He / SFg / FN3 /

CIN3 /I gas mixwmre compared to a best fit calculation (dots) based on a kinetic model. Note the modelling result has
been vertically displaced for comparison.

The reactions included in the NF(b) kinetic model were thermal dissociation of the FN3, CIN3 and 17 to yield NF(a),
NCl(a,X) and ground state I-atoms, annihilation of botn NF(a) and NCI(a) by halogen nitrenes, reaction (1), both the forward and
reverse processes for reaction (2), and global quenching of the NF(b) by its environment. Quenching of 1* was not included on the
basis of the data in Fig. 2. The reverse process for reaction (1) was not considered because, like NF(X), the triplet ground state
NCI(X) molecules are belicved to be highly reactive and therefore chemically self-annihilate at a near gas kinetic rate.34
Consequently the NCI(X) concentration (and the rate of the back reaction with 1*) is reduced o insignificant values. The slow
radiative decays?:15:30.35 of the NF(a,b), NCl(a) and I* were all considered 0 be negligible on the us time scale of the
experiment as was the slow guenching of these metastable intermediates by incrt collision partners such as SFg, He or N3. Prior
mode'ing of the FN3 dissociation process” revealed that the parent azide and the NF(a) product overlapped for too brief a period to
contribute any significant interaction. This approximation was generalized (in the present case) to exclude all potential reactions
between the metastable intermediates and their parent molecules. Finally, since the experiment was premixed and of limited
duratinn, no transpurt processes, such as diffusion to the reactor walls, were considered to be significant.

The rates of FN3, CIN3 and I3 dissociation were taken from our prior studies!-2:3 and the data in Fig. 1 as 5.0, 2.5 and
3.3 x 105, respectively. The yield of NF(a) from dissociation of FN3 was taken as unity and the yicld of NCIi(2) from CIN3
was taken as an adjustable fitting parameter to be determined emnpirically by comparison of the calculated and observed NF(b) time
profiles. Both the NF(a) and NCi{a) metastables were assumed o sclf-annihilate at a common rate of 3 x 10-12 cm?/s
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multiplied by the total initial azide concentration, which is consistent with Setser’s data® for self-annihilation of N(a). This
approximation, which is equivalent to assuming that all collisions between cither of the metastable specics and any halogen
nitrene (excited or ground state) are equally effective at quenching the electronic excitation, is also consisient with our observatons
of metastable decay rates!+2 in FN3, CIN3 and mixed FN3 / CIN3 systems. The rate of rcaction (1) was taken from the work of
Yang and Bower!0 as 1.0 x 10-10 cm3fs, while the forward rate of reaction (2) was taken as 6 x 10-11 cm3/s on the basis of
current work by Koffend and Herbelin.36 The reverse rate for reaction (2) was calculated from the known forward rate, state
degeneracies and energy levels'4 by detailed balance assuming a temperature of 1800°K consistent with our prior
mcasurements.-25-7 Finally, the global quench rate for NF(b) was taken as a second adjustable fitting parameter. In contrast to
the analogous quenching3? process in Oy, the NF(a) state was not assumed to be repopulated by quenching of the NF(b) state,
since in the former case the quenching is physical (an hence constrained by sgin rules) while in the latter case the quenching is
more likely to be reactive (and due 1o the presence of other halogen nitrenes':%5:33), The differential rate equations corresponding
10 the sct of reactions described above was numerically integrated (via computer) starting from the experimentally established
initial conditions in 0.1 ps steps.

Exercising the kinetic model described above revealed that the calculated peak yicld of NF(b) was sensitive to both fitting
parameters (NCl(a) yield, NF(b) quenching) while the relative rate of decay of the NF(b) time profile was only significantly
affected by the quenching parameter. A good fit to the decaying portion of the relative NF(b) time profile (data in Fig. 3) was
obtained for a global NF(b) quench rate of 4 x 10%/s in reasonable agreement with the results of the CH4 quenching experiment.
Once the global quench rate was fixed, agreement with the data on the absolute peak yield of NF(b), however, required adjusting
the yield of NCi(a) from dissociation of CIN3 to approximately 12%. It was not possible to obtain a good fit 1o both the
amplitude and the relative decay rate of the NF(b) ume profile for yield parameters that were significantly larger or smaller as (with
the quunching parameter fired) the calculated peak NCl(a) concentrations scaled in almost direct proportion to the adjustable yield
parameter. Also with the yield parameter fixed at either 8.5% or 17%, agreement on the peak NCl(a) concentration could only be
obtained for values of the (adjustable) quenching paraiaeter that resulted in substantial errors in the relative decay rae. The
corresponding best-fit (calculated) NF(b) time profile is shown in Fig. 3 for comparison to the data. The I* ume profile that was
calculated for this cordition also demonstrated a good fit 10 the relative data that is shown in Fig. 2, since it rose with a 7 us
tiine constant and showed negligible decay out to 50 ps after initiatior.

The origin of the obscrved quenching of the NF(b) state is not resolved in this study; however, based on the species
concentrations and Setser’s extensive rate data33 it appears that quenching by He, SFg, N3, Fa, CIF, HF, CO2, H70, nitrogen
trihalides and very likely HN3 can all be ruled out as insufficient to account for the observed decay rate. Quenching of NF(b) by
12 or the halogen azides may be rapid33-38 but these interactions would not persist to long times and since significant quenching
by I ot I* is unlikely, it is most probable that Guenching of NF(b) is dominated by the halogen nitrenes, similar to the quenching
1.8.33 of NF(a). The observed global decay rate of NF(b) is consisient with quenching by NF(a,X) and NCl(a,X) at a common
rate of 3 x 10°12 cm3/s, which sets an upper limit on the rate of NF(b) quenching by NF(a,X) of 6 x 10-12 cm3/s, if
quenching by NCl(a,X) is insignificant. These results are reasonable in light of the known rate of NF(a) sclf-annihilation which
is of the same magnitude.! This finding is significant to the design of other NF(b-X) lasers,3? that may use a more efficient
source of I* (than dissociation of CIN3) and in which the efficiency of power extraction is limited by the competition between
photon emission and quenching of the NF(b). While the 45/s spontaneous rate! of the forbidden NF(b-X) transition is 100 small
to compete with quenching, the stimulated emission rate (given by the product of the cross section and photon flux) can be made
large enough, in principle, to extract the majority of the energy that is deposited in the NF(b) state. In practice, however, the
required intracavity intensities (which scale in proportion to the rate of NF(b) quenchin%) may become excessive if the cross
section is too small. Based on an estimated NF(b-X) cross section39+40 of 3 x 1020 cm? and 50% efficient power extraction
with [NF(a,X)] = 1016/cm3, the required (wcrst case) irtensity is 750 kW/cm?2,

The absolute photometry cxperiments described in the cxoerimental section demonstrated a vield - A coefficient product for
dissociation of CIN3 into NCI(a) of 0.11/s. Therefore the radiative rate of the NCl(a-X) transition is determined as 0.9/s, in close
sgreement with the theoretical estimate of 0.7/s made by Yarkony.4! The yicld result obtained by modelling the NF(b) time
profile also implies a cignificant difference between FN3 and CIN3 with respect to metastable production aid .s, unfortunately,
not favorable far the efficient operation of a chemical laser.

33l icS Calculati
The apparent differences between dissociation of FN3 and CIN3 with respect to metastable yield can be related!+2 1o the

interaction between the singlet surface (that connects the ground state azide parent to metastable halogen nitrene products) with 2
dissociative triplet surface (that ‘s an excited state of the azide but connects 10 the electronic ground states of either NF or NCI).
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As shown in Fig. 4, the dissociative triplet state in FN3 passes above the barrier in the singlet surface and crosses it on the
products side. Consequently, when a FN3 molecule acquires sufficient thermal enerzy to surmount the barricr, the molecuke

passes through the crossing region only once as it dissociates. Since the prooability of crossing between surfaces of different spin
is low (per each encounter) the yield of metastable NF(a,b) products approachcs unity.
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In FNj, the central bond is weakest duc to withdrawal of electron density by the strongly electronegative halogen. Since Cl
is less electronegative than F, the bonding of CIN3 tends to resemble HN3 more than FN3. The H-N3 and HN-N3 bonds are of
near equal strength and thermal dissociation of HN3 is known to yield predominantly ground state NH(X3Z) because the
dissociative triplet surface in this azide crosses the singlet surface inside the potential well.32 In this case, the azide molecules
oscillate through the crossing region many times before surmounting the potential barrier and consequently the products *“leak out”
through the singlet-triplet crossing even at low probability per encounter in preference to dissociating on the singlet surface which
requires a greater activatior energy. This reasoning suggests that the yield of NCl(a) from dissociation of CIN3 is possibly
reduced because of a singlet-triplet crossing that occurs near the peak but on the azide side of the potential barrier. The crossing is
unlikely to occur well inside the barrier (similar to HN3) since in that limit the yield of NCl(a) would be reduced to well below
10%. As shown in Fig. S this expectation is bomne out by a parallel calculation of the CIN3 potential surfaces.

The calculations of the minimum encrgy (dissociation) pathways for the lowest singlet and triplet statcs of FN3and CIN3
were performed with the GAUSSIAN 90 electronic structure code?3 using Pople's split-valence plus polarization (6-31G*) basis
sets.44 Gradient optimizations were performed 1o locate the equilibrium structure for the ground A" state. To ensure that
stationary points of the correct curvature have been found, harmonic vibrational frequencies were computed for the transition
structures. The results of these calculations are given in Table 1. For comparison, the experimental structures of Christen, et
al43 for FN3 and Cook and Geny?6 for CIN3 are also reported. It is clear that the SCF predictions are an accurate representation
of the molecular geometries for both FIN3 and CIN3. The bond lengths and bond angles are calculated with an average error of
0.03A and 1.5 degrees, respectively. The SCF frequencies are well known to be uniformly too large and that a scaling of the
SCF force field is required for comparison with experiment. We find that a uniform scaling factor of *~ 0.86 brings our calculated
SCF frequencies for FIN3 in good agreement with the data of Christen, et al. 45 Applying this same factor to CIN3 yiclds the
predictions shown in Table 1. Calculations were then carried out to locate the transition state corresponding to the decomposition




of CIN; into NCI{alA) + Na[X1Z;*]. Starting from the location of the transition state, both forward and backward minimum
energy pathways were followed along the intrinsic reaction coordinate;47 the forward pathway leading to dissociation, the backward
pathway leading back to the equilibrium structure. The results of these and prior*8 calculations are shown in Figs. 4 and S,
respectively, As previously reported,!»2 we find that the barrier height of the transition state in CIN3 is approximately
1600 cm-! larger than in FN3. However, in contrast to our findings in FN3, the triplet swface in CIN3 crosses on the inside
portion of the singlet surface that leads to dissociation. The location of this crossing is sensitive to the correlation treatment of
the system since the triplet surface, comresponding (o an open valence-shell electron pair, can be expected to exhibit a smaller total
correlation energy.
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To estimate upper and lower tounds for ihe location of the singlet-triplet crossing, correlated calculations were carried out at
the equilibrium geometry of the singlet LA’ surface. The method employed is based on the G1 theory of Pople, et al49->0 which
has been shown (o predict heats of formation of first- and second-row compounds containing multiple bonds with an accuracy of
+ 2 keal/mol. The triplet 3A™ surface was then located at the equilibrium geometry of the ground A’ state using this same G1

ure. The calculated G1 singlet-triplet splitting at the equilibrium geometry was then used to determine the separation of the

A' and 3A" dissociation surfaces calculated at the SCF level of theory. The results, shown in Fig. 5, represent the upper and
Jower bounds corresponding to the G1 calibration and SCF theory, respectively. As SCF methods will underestimate the singlet
encrgy relative to the triplet, they can be regarded as providing a lower bound to the actual splitting. In previous studies?® of
FN3, we have cbserved that correlated treatments of the L A" state result in a lowering of this state by 0.6-0.8 eV relative to the
triplet 3A" surface.




Table 1
Optimized RHF/6-31G* Structures and Properties for FN3 and CiNj3

acemi4

Nz
p
Ny
(CY)F
Optimized Cs Geometry (A1
NENCI) NN) NIN2 a 8 Encrgy
FN3
egcak 1.3820 1.2536 1.0995 104.315 174.108 -262.602488
egexpS 1.4440 1.2530 1.1320 103.800 170.900 —
tscalc 1.3618 1.5891 1.0774 100.170 169.890 -262.585108
CIN3
eq<ak 1.7341 1.2470 1.0978 108.998 174.111 -622.689393
eq-expid 1.7450 1.2520 1.1330 108.700 171.900 —_
ts-calc 1.7204 1.6495 1.0768 103.905 167.385 622.664592
Harmonic Frequencics
a' a”
(CHF-N-Ny N-N1-Nz (CHFN N-N; N-N; out-of-plane
bend bend stretch stre'ch stretch bend
FN3
egcak 281 757 1045 1225 2386 606
eqexp %1 658 876 1090 2044 504
tscalc 186 610 1114 5611 2690 295
CIN;
eqcak 248 617 817 1237 2449 626
scaled by 0.86 213 531 703 1064 2106 538
tscalc 163 480 789 513 2717 263

Bond lengths are in angstroms, bond angles are in degrees, energies are in hartrees and vibrational frequencies are in wavenumbers.




1t is interesting to compare the FN3 and CIN3 molecules at the transition state for central bond dissociation. As described
above, we find a classical barrier height of 0.675 ¢V for CIN3, a value ~ 40% larger than the 0.473 eV barricr found for FNj.
The FN-N2 and CIN-N2 bond fengths are very similar at the transition state gcometry: 1.59A for FN3 as compared with 1.65A
for CIN3. Thus the major factor influencing the Singlet-triplet crossing on the inside of the barrier for CINj is the repulsive
character of the triplet surface. The triplet interaction, corresponding to NCI[X3E] + No[X1Zg+], is less repulsive than in the
FNj system and even shows a small minimum in the region of the singlet-triplet surface crossing. A sccond derivative analysis,
carricd out at this stationary point on the triplet surface, indicated that it was a saddle region rather than a true local minimum.
Analysis of the normal coordinate modes at this point indicates that the molecule is bending out-of-plane, breaking Cs symmetry.
The nawre of the singlet-triplet crossing in CINj is similar to that found by Alexander, et al3! for HN3. They argue that the
planarity of the molecule should be retained during the dissociation process since the N-N and N-H bonds arc nearly perpendicular
at the crossing point. Further studies of the triplet surface are in progress but they are not expected to alter our conclusion that the
singlet-triplet crossing occurs on the inside region of the reaction barrier.

4. IF(B) System

Our principal goal in evaluating the FN3 / CIN3 / CF3l system was to determine the effect.ve pump rate of the IF(B) state.
This parameter, which influences the achicvable gain, is determined by treating the exciiation of the IF(B-X) transition as if it
occurs by energy transfer from a single (effective) metastable species (M) whose concentration is given by

M = [NF(a)) [NCI(a)]
[NF(a)] +[NCl(a)]

and by equating (in steady state) the rate of photon emission on the B-X transition to the product of an effective ratc constant (k).
the concentration of effective metastables and the [F(X) concentration. Therefore, the effective rate is determined as

- AplF@B)
[F)) M)

where AJF is the known (1.4 x 10%/s) radiative decay rate of the IF(B) s 'te.3! This value of k., which sets an upper limit on the
slower rate of reactions (3) or (4), assumes negligible quenching of the IF(B) state and is defined in terms of the generation of
products (photons). It therefore reflocts both the rates of reaction (removal of reagents) and the branching ratios that lead 10
formation of IF(B). Both [IF(B)] and [M] are readily determined by absolute photometry (as discussed in the experimental section)
and since only the ratio of these quantities is significant, many of the elements (in common to both measurements) cancel, The
difficult aspect of the measurement is determining the IF(X) concentration. Qur approach was to monitor the concentration of this
specics on a relative basis by laser induced fluorescence and then obtain an absolute calibration by use of a titration technique
bascd onthe F+ CF-  action which is known to yield IF(X) efficiently.52

4.1 Production and Measurement of IF(X)

ke

In our previous work we concluded that the CF3l precursor was not quantitatively converted to IF(X) due to a lack of F-
atoms in the azide system.2 In the present study, this difficulty was rectified by adding XeF3 to the reaction cell, since this
weakly bound33 noble gas dihalide is readily dissociated (at the temperatures achieved by the CO; laser excitation) to yield
F-atoms and inert gas byproducts. Use of XeF2 in combination with CF31 dramatically enhanced the laser induced fluorescence
signals which confirms a significant increase of IF(X) concentration. The fluorescence data shown in Fig. 6 was collected without
azides present in the reactor (to suppress chemiluminescence), either with or without addition of 28 mtorr of XeF and with an
excess (90 mtorr) of 7 1 pres. “hese time profiles reveal that the IF(X) which is formed in the absence of F-atoms appears
much more rapic:y : : 5 YS) “.an uie much larger IF(X) concentration which derives from the F + CF3l reaction in 15-20 ps
(whea XcF is present in the reactor). Based on the rate34 of the F + CF3] reaction and the CF3!I concentration, it follows that
the later source of IF(X) is rate limited by the dissociation of the XeF,.

Figure 7 shows the result of an experiment conducted with 120 mtorr of XeF, in the reactor in which the IF(X)
fluorescence signal (at 20 s after . *:. iaser pulse) is plotted as a function of the CF3l addition. The data are characteristic of a
titration experiinent except that t.c snee in the curve occurs at a higher CF3l addition than anticipated ( [CF3l] = 2 [XeF;] ) and
the yield of IF(X) continues to grow, although more slowly, as a function of the CF3!I addition above the knee in the curve. The
resulis in Fig. 7, however, reflect the sum of two processes, one which (promptly) generates CF3l (in the absence of F-atoms) as




indicated by the dashed line while the other (delayed) process depends on the slower dissociation of the XeF; followed by the fast F
+ CF3l reaction. The dashed line through the origin representing the prompt yicld of IF(X) has the same slope as the data that
was collected for CF3I concentrations in excess of the titration point, consistent with cur prior studies? that showed lincar scaling - '
between the intensity of [F(B-X) emission and CF3I addition. The knee in the curve \comresponding to the titration point for the
delayed process) occurs at a higher CF31 concentration than anticipated due to consumpiion of the iodide by the prompt reaction,
which is responsible for the destruction of approximately three (out of 1en) CF3l molecules per IF(X) molecule that is formed.
The mechanism by which the prompt reaction occurs, however, is unknown. Nonetheless, the data in Fig. 7 can be used to
normalize the relative IF(X) fluorescence signal by equating the difference between the solid and dashed lines to twice the XeF;
voncentration at high values of CF3l addition.
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4.2 _ Effective Pump Rate

The yield of IF(B) was measured with initial azide concentrations that yielded peak concentrations of NF(a) and NCl(a) of
7 x 1015 and 5 x 1014/cm3, respectively, using 30 mtorr of CF3l with excess addition of XeF2. The effective concentration of
metastables was therefore 4.7 x 1014/cm3 and the prompt and delayed concentrations of IF(X) were 1.1 and 8.5 x 10!4/cm3,
respectively. The resulting absolutely calibrated IF(B) time profile is shown in Fig. 8. From this data, it follows that only the
prompt component of the IF(X) generation contributed significantly to the IF(B-X) emission. Even though the IF(X)
concentration increases by nearly an order of magnitude from 2 to 20 us after the CO; laser pulse, the yicld of IF(B) continues to
diminish in the same time period because of declining concentrations of NF(a) and NCl(a). The kinetic lifetime of these
metastables must be significanty attenuated, however, to produce this result since (in the absence of coreagents) the NF(a) and
NCl(a) concentrations are typically still at S0% of their early (peak) values after 20 pus. The rate of NF(a) quenching by CFil, as
measured by Setser,33 is oo small to be significant, therefore either NCl(a) is rapidly quenched by CF3l or (more likely) the
byproducts of the prompt reaction effectively quench the metastables. Consistent with this analysis the peak yield of IF(B) was
found w be insensitive o elimination of XeF; from the reactor. Since the [F(B) is only in steady state at the peak of its time
profile, which occurs promptly after the laser pulse, the effective rate is most accurately calculated using the peak metastable
concentrations (in the absence of coreagents) and the (smaller) prompt yield of IF(X), which gives a value for k¢ of
6.5 x 10-13 cm3/s. This result is approximately two orders of magnitude less than the equivalent rate in the BiF system.
Consequently, it is unlikely that the NF / NC1/ IF system will be able to function adequately as a laser.
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Several factors may account for the low effective rate in this [F(B) system. Since the IF(B) stat2 has a radiative lifetime>!
of 7 ps, it is not likely 1o be effectively quenched by any of the species present in the reactor. The position!8 of the 3n5 state in
IF is such that only molecules with v" 2 4 in the ground state!4 will be pumped by NF(a). The IF(X) ground state, however, is
rapidly thermalized2 at the high pressure of our experiment, and approximately 10% of the (Boitzmann) vibrational distribution
can participate in reaction (3) at the (1800°K) temperatures used to initiate the dissociation proce:ss.2 Since the NF(a)
concentration is an order of magnitude larger than the NCl(a) concentration, no bottleneck should result if the rate of reaction (3)
for molecules with v" 2 4 is comparable to the rate of reaction (4). The difficulty, however, is more likely o originate with
reaction (4) since it is capable of producing IF(B) in vibrational energy levels that lie well above the predissociation limit.14.53
Thercfore, although the rate of reaciion (4) may be large, it is likely o have a low branching ratio into the lower (stable)
vibraticnal energy levels of the IF(B) state, while the majority of the molecules that are generated at higher energy levels will be
prone to either spontaneous dissociation or (more likely) reaction with the NCl(a) to form a mixed nitrogen dihalide in preference
to encrgy transfer. This phenomenon is similar to the resonant pumping of IF(B) by NF(b) which consumes the met. ‘able ata
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rate that is large in comparison to the yield of IF(B-X) photons.!3:56.57 Finally, cven the stable levels of the IF(B) state are
subject to (subsequent) rapid thermal dissociation since less than 0.3 eV of vibrational energy is required to access the region of
predissociationd> and the excited interhalogens are bom into an cnvironment whose tcmperature and pressurc are adequate to
dissociate FN3 (which has a 0.5 ¢V bond encrgy!) in approximately 2 ps. Therefore the actual rate of production of the IF(B)
state may be significantly larger than the observed rate of IF{B-X) emission. These fincings suggest that NCI(a) is too encrgetic
10 be used in place of Oy(a) to pump IF, and azide driven systems which require high temperatures for rapid dissociation are
incompatible with the use of IF as an emitting species.

5. New Directi

It is indeed unfortunate that the yield of NCl(a) from dissociation of CIN3 is smaller than des ed and that ncither of the
mixed azide systems involving NF(b) or IF(B) appears to have kinetics that are appropriate tc a practical laser sysitem. Some
valuable lessons, nonctheless learned, have helped to guide our selection of new candidates. Molccules that are pumped by NF(a)
at rear gas kinctic rates and that have radiative lifetimes shoiter than about 10 ts (to compete with quenching) and longer than 1
#s (10 obtain inversion at achievable metastable concentrations) will have 10 be identified. Viable candidates wil! also require
electronically excited states that are strongly bound and not predissociated at or near vibrational energies up to 0.5 ¢V and that are
preferably characterized by displaced potential curves. Finally, it is still desirable to obtain the active molecules from precursors
with adequate vapor pressure which are also capable of rapid and efficient dissociation to yield the transfer agents without the
formation of refraztory species or byproducts that act as significant quenchers.

Our plans are to proceed along three tracks which include (1) demonstration of lasing in the FN3 / Bi(CH3)3 reaction
system, (2) testing of altemative BiF donors that dissociate more rapidly and produce more benign byproducts than Bi(CH3)3 and
(3) investigation of reaction schemes such as

HS + NF(a) —» HF + NS(B) ®

which may potentially support lasir.g on the NS(B-X) transition at 415 nm.!4 This emitter meets many (if not all) of the
qualifications listed above and has the advantage of requiring only one reaction with onc metastable species to generate the emitter.
Although our investigations at this stage are preliminary, feasibility appears 0 depend most critically on scaling the HS
concentration to adequate levels via the F + HaS reaction or thermal dissociation of weakly bonded R-SH parent molecules. The
kuown rate of NF(a) quenching by HaS is acceptable™3 and the radiative lifetime3® of the NS(B) state is close to 1 s, hence it is
not likely o be quenched directly. The NS(B) statc is favorably displaced to larger internuclear separation3? than the ground state,
but is coupled to two bound non-radiating states (via curve crossings) that act as a reservoir and the majo ity of the excited state
population resides in these energy levels which lie slightly oelow the B state.60 Consequently, the effective kinetic lifetime of
the coupled radiating and non-radiating states is approximately 30 ys at 1800°K and decreases with increasing temperature. While
no euergy is lost by the population of these reservoir states, t:e probability of quenching the excited NS molecules is nonetheless
increased. The system, however, is tolerant of the high temycratures required for dissociation of azides since there are no
predissociations of the NS(B) state (or its non-radiating reservoir states) for vibrational energy levels within 1.3 eV of the lowest
potential minimum %0 Preliminary estimates (for trace concentrations of HS) show an effective pump rate in the range of 10-!!
t0 10-12 cm3/s (which may be acceptatle) and current effort is focused on scaling up the HS concentration to levels consistent
with efficient utilization of the NF(a) metastables.
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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(a'a). Experi-
ments were performed in which these constituents were obtained in situ by fast pulsed CO,
laser pyrolysis of FN3 and Bi{CH;);, respectively. Time-resolved optical diagnostics were used
to follow the concentrations of FN;, NF(a'a), Bi(CH;)x, 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 107 1! cm3/s, driven by NF(a'a). On the basis of these
results, a peak BiF(A) concentration of 1013/cm3 was predicted by kinetic mod~ling 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 unless 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 a!a state of
nitrogen monofluoride (NF) is the energy store and bismuth monofluoride (BiF) is the radiating
species. The transfer of energy from NF(a!a) to BiF was initially discovered by Herbelin! who
used the reaction of H-atoms with NF, radicals to generate the NF(a!s). Recently, we have
developed a new source of NF(ala) 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 lifeti~23 near
1 us and the rate of BiF excitation (which must approach 106/s) is controlled by th. NF(ala) .
concentration. In this work, we have used the FN; source of NF{ala) 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 1 shows schematically how the experiments were performed. A variable gas mixture
of FN;, B(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 opticaily 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(ala, biz) and BIiF(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 |P28 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 Jdata with knowledge of the active path length and the
relevant extinction coefficients.8’3 Detection of Bi(2D) was accomplished by ultraviolet
absorption since the emission signal was prone to spectroscopic intrference 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
i 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!® assuming a
\ Doppler broadened line profile. The gas temperature was determined with + 50 K accuracy by
comparison of a section of tne 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
%35 %.

The reac: st was designed for wall-free operation by admitting the reactive gas flows to a
central 2.5 mra 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 pressurel? of the Bi(CH,;); and a
measurement of the tota'! 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 1 joule/cm?. The
SFg¢ 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 reactec
with a dilute F,/He gas stream to yield HF, which was eliminated in a cold trap, and FN3. This
1" a somewhat hazardous and complex operation that is described in detai! in prior publica-
* 15,213 The mole fraction of FN; in the He carrier stream was determined by absorption )
1.casurements at 425 nm using the extinction data of Gholivand.8 The materials of construction A
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 dispropertionation! into
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N,F, and N,. The FNj gas fiow at the laser pyrolysis reactor showed negligible decomposition
as determined by mass spectroscopy.

SCL0%58

Bi{CHg)3/He SFg FN;/He
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FILTER / DETECTOR

\

uv REACTION
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CO, LASER GAUGE AVERAGER
]
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Fig. | Block diagram of experiment used to investigated energy transfer from NF(a!a) to BiF.
3. GENERATION OF NF(a's)

Figure 2 shows the typical emission spectrum that is obtaired 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 Lo other NF(a!s) sources, which is
consistent with the very simple mechanism of excitation just described.

Typical time profiles of the FN; and NF(a1s) 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(ata) time profile has been smoothed since NF(a's) 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; absarption 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!E) 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:

PN, & NF(ale) + W, ()
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The subsequent decay of the NF(a!a) due to self-annihilation
NF(al) + NF(alA) + products (2)

has been observed by Setser:$ 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(als) loss due to energy pooling. Because of the

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

$C80041

NF (2 —-X)

- — - .

! KAMMM"‘

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

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!$
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(altS can therefor2 be
described by the following set of coupled di{ferential rate equations which treat temperature as
a dynamic variable and assume 100 % conversion of FN; to NF(als) upon dissociation with
negligible loss of reactants or heat due to transport phenomena.

d -T'ITO

EE [FN3] = -kd e ’ [FN3| [Ml (3)
J d 4 2

i INF(a)] = - ot [FN3| - kq [NF(a)] (%)

d 1 d .. 2

545 7 SPIE Vol 1225 High-Power Gas Lasers (1990)




The terms are defined as follows: k, is the collision rate between FN; molecules and other
species (M), T is temnerature and T Is 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 profilg
of the incident CO, laser radiation, o is the cross section for absorption by SFg, and Hy 5 are
the heat releases associated with the dissociation of FNj 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
FN,; 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, I(t) was
modeled as the sum of two linearly decaying time profiles that correspond to the fast and slow
comporients of the CO, laser output. The principal fitting parameters are k,, which can be
estimated at 1071 c¢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 107t2cm3/s. Figure 4 shows tne typical result obtained by computer
integration of equations (3-5) subject to the initial values defined by the erperimental
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 (* 25 %) and the activation barrier (¢ 10 %). Therefore, the
general agreemert 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.
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Fig. 3 Characteristic time profiles of FN; and NF(a1sa) following pulsed CO, laser excitation.
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Fig. 4 Time profiles of FN;, 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 Mode! Data

' Peak [NF(a!a)) 4 x 1016 3. 1016

Rise Time (10-90 %) 2.6 2.4
Decay Time (100-50 %) 5.7 5.0

Temperature at Peak 1237 1150

4. EXCITATION OF BiF(A)

Upon addition of Bi(CH;); 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 + B1Fx « N+ Bﬂ-'x+1 (6)
NF + Bin « NF2 + Bi|~’x_1 (7)
set up a complex equilibriurn between Bi-atoms, BiF, BiF, and BiF;. From a strictly

thermodynamic standpoint, the majority of the Bi is expecied 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(CH3); or its dissociation by-products.
Herbelin! ! has suggested that the actual mechanism responsible for the BiF(A) generation is

NF(ala) + Bi(2D) = N + BiF(A) (8)
where the Bi(2D) is generated by the fast resonant transfer reacticn
NF(ala) + Bi - NF(x3z) + Bi(%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. It 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
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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(a!a) concentration to
resolve the kinetic issues described above. The peak NF(als) 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(ata) 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 = 1014/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?s) to yield BiF(A) can be determined by applying the
steady state relation

kg [NF(2')] (8i(%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(a1a)] - 3 x 10'6/cm3 and [BiF(A)] ~ 2 [Bi(2D)] from Fig. 6 gives kg ~ 4.7x107!1 cm3/s
in resonable agreement 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) concentraticns, however, is only about 1 % of the initial B(CH3); concentration. The
other 99 % must therefore be accounted for by incomplete dissociation of the Bi(CHj);, 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's). A similar situation may
also exist in regard to ground state BiF(X) at high NF(a!s) concentrations, due to reactions
(7,x =1) and (1!). 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; absorption8’9 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 pulse 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 methy! groups and a higher
absorption coefficient in the intermediate Bi(CH3), or Bi(CHj3), species than in Bi(CH;);. To
deal with this complication, a simple model of the form
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B1‘(CH3)3 - Intermediates (13)

Intermediates -+  Bi (14)

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

result 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(CH;)3) was used as a fitting parameter along with k,; 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 poaked 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 k3 = 4.2 x 105/s and k,, = 3.9 x 105/s. While the values of k,; 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{(CH3); is completely converted to Bi-atoms in about 10 ys. At high
NF(a1a) concentrations, however, the peak BiF(A) emission occurs at about 2 us. Consequently,
only about 20 % of the Bi(CH3); 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

1 %, it then follows that the yield of active Bi/BiF from dissociated Bi(CH3); is about 5 %.
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Fig. 6 Time profiles of Bi(2D) and BiF(A) foilowing pulsed CO, laser excitation.
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Fig. 7 Time profile of ultraviolet absorption due to Bi(CHj;), species (dots) and related
kinetic modeling results (solid and dashed lines).

5.3 Recycling of Active Bi/BiF

By reducing the initial FN; concentration an order of magnitude and using trace concenira-
tions of Bi(CH,);, essentially all of the Bi(CHj); is dissociated before the peak NF{aia)
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(CH3)3, 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 B
by low NF(a!a) concentrations. The excittion of Bi(2D) by NF(a!a), reaction (9), is known to
be fast!8 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 =k, Y [BY(CHy),) [NF(ala)] (15)

where 1 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
ko~ 9 x 1071 cmi/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 = 1 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 106/s, which is twice the radiative rate of
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Fig. 8 Time profile of BiF(A) at reduced NF(a! &) concentration showing a 10 s rise due to
the dissociation of Bi(CH3),.

the BiF(A-X) transition. This result, which implies an absolute population inversion at high
NF(a'a) 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 FNj;. This factor is controlled primarily by the associated
. quenching of Bi(2D) and BiF(A) by Bi(CH3), 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(CH,); according to the relation

1 .
kg [NF(a“a)] = kg lB1(CH3)3]0ptima] (16)

where kg is the quenching rate constant that controls scaling. Taking k= 3 x 107} cm3/s
based on Trainor's work!9 yields 3 x 1015/cm3 as the optimum Bi(CH;); concentration for
[NF(a'a)] ~ 3 x 1016/cm3. Higher concentrations of Bi(CH;); will promote quenching at a rate A
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 BIiF(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 Bi(CH3); concentration occurs at the predicted
3 x 1015/cm3 concentration.
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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(a!a)] 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(a!s) then scales as [NF(a!a)]2. As the NF(a!s) 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(a1a)). 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 Bil-(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! 6/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 r~'~''y a factor of two, as shown in
Fig. 11. This result indicates that Bi(CH;); quenching ot Nt(ala) 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. Thie 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 increzses 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 corcentrations of BiF(A) are capable of
generating unsaturated gain coefficients ihat approach 1073/cm, adequate for large scale high
encrgy 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 loi:g, purged
stainless steel bellows so that the optical axis of the resonator passed through 2.5 cm of the
reacting flow. The mirror separation was set at 50 cm so that the ¢/2L spacing of the cavity
modes was approximately 25 % of the Doppler width of the 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 1 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-
ters29 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 doés 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 mirtors 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. ll§ during
which the photons can execute approximately 600 roundtrips. At a peak gain per roundtrip of
(3 x 107+/cm) (5 cm) ~ 0.15 %, 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 vptical 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(CH3); with a variable lead in time relative to the peak
of the NF(a) time profile, The best results ware obtained when tre KrF laser pulss was applied
approximately 1 us ahead of the peak NF(a) signal, resulting in a 50% enhancement of the peik
BiF(A) concentration. The BiF(A?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

566 /7 SPIE Vol. 1225 High-Power Gas Lasers (1990)




sC81172

{a) (b) (c)

INTENSITY (ARB. UNITS)

~ N

A i ! 1
437 NM 437 NM 437NM T

WAVELENGTH
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with a cavity using mirrors of 99.5 % reflectivity (b) and 99.9 % reflectivity (c).

the KrF radiation is strongly absorbed8’9 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, iaser 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 tavity 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 results 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(a!a) obtained from the H + NF, reaction, and support the conclusion that
energy transfer from NF(ala) to BiF is a viabie 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 tiraes will be
required for efficient power extraction. In a high energy system, it will also be desirable to
replace the CO, laser 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

SPIE Vol 1225 High-Power Gas Lasers (1990} / 557




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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Chemical generation of optical gain at 471 nm
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Stimulated emission on the £(43) and R(70) transitions of the BiF (4-X, 0" = l o v" == 4)
band was demonstrated, using the reaction of premixed FN | and Bi(CH, ),. The transient
chemistry was thermally initiated by a pulsed CO, lascr, using S, as a sensitizer, while
amplification was detected using an étalon-tuned pulsad dye laser probe and a sensitive cavity
ringdown technique. The magnitude of the peak gain, estimated at 3.6 x 10 */cm, was
consistent with a negligible concentration of the terminal BiIF(X, v” = 4) state, based on the
calculated optical cross section and the peak concentration of the BiF (4, v = 1) slate, as

measutred by absolute photometry.

1. INTRODUCTION

The developmert of the O, (a'A)-I * energy transfer la-
ser,' which operatesat 1315 nm in the near infrared, demon-
strat s that electronic transitions can be efficiently pumped
by chemical reaction. Despite a decade of intense effort, no
new chemical lasers have appeared at shorter wavelength;
however, recently considerable progress has been made on
the chemical genzration of metastable species that are high-
er-energy analogs of O, (a'A). In prior reports®® we have
dzmonstrated that gaseous FN; can be safely generated in
the laboratory and that very large concentrations of metasta-
ble NF(a'a) can be obtained by rapid (pulsed CO, laser-
inthiated) pyrolysis of T'IN, /SIF, /e gas mixtures. In this
system, the SF, absorbs the infrared laser radiation and then
heats the He bath gas upon rapid thermalization.* The sud-
den increase in gas temperature then triggers efficient disso-
ciation of ihe FN; moleculesinto NF(a'A) and N, on the us
time scale. In a subsequent report,® we also demonstrated
(following the work of Herbelin® ) that intense blue BiF (4-
X) chemiluminescence was obtained upon generating
NF (a) by dissociation of N, in the presence of Bi(CH, ),.
Consequently we have focused our efforts on the
FN,/Bi(CH,), reaction system as a potential gain gener-
ator for a visible wavelength chemical laser.

1. EXPERIMENT
A. Chemical pumping

The best results [in terms of BiIF(A4) production) were
obtained using approximatcly 2--3 Terr oif FN,, 15 Torr of
SF,, 30-50 mTorr of Bi{(CH, ),, and balance He to a total
pressure of 150 Torr, with an excitation fluence of approxi-
mately 300 mJ/em? The active region of our reactor was
approximately a rectangular parallelcpiped of dimensions
0.30.3x2.5¢cm®. The CO, laser was pulscd at a 2 Hz repe-
tition rate and the incident 10.6 u radiation was trar smitted
normal to the long axis of the reaction zone, while the rea-
gent gases were allowed to flow through the reactor at a
nominal velocity of 20 cm/s. The direction of gas flow in the
reactor was normal to both the long axis of the reaction zone
and the direction of propagation of the CO, laser beam. The
active flow was also enclosed by a velocity-matched Kr
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shield flow, while the cylindrically focused CO, laser beam
entered and exited the stainless-steel reactor through NaCl
windows at normal incidence. Since the FN, and Bi(CH, ),
were subject to stow prercaction on the 100-500 ms time
scale, (hese reagents were separately ducted to the reaction
zone where mixing occurred in approximately 5-10 m. prior
to initiation by the CQO, laser. In the absence of Bi(CH,),.
the NF(a) time profile consisted of a smooth rise to a peak
concentration of 3 10'®/cm’ in approximately 2 us fol-
lowed by a decay to half its peak concentration in about 5-10
us. Addition of optimal Bi{CH, ), produced a BiF(A4) time
profile which rose to a peak concentration of 3.5% 10" /cm’
with a nominal 1 s rise time and a 2-3 s (FWHM) pulse
duration. Both the NF(a) and BiF (A1) concentrations were
determiined by absolute photometry from the measured in-
tensitics and the known radiative rates”" of the transi-
tions™” at 874 and 437 nm, respectively. The intensity data
was ccllected using interference filters, a calibrated Si photo-
diode, and a transient digitizer or oscilloscope. These mea-
surcments are fully described in prior publications, which
also detail the generation and measurement of the initial rea-
gent species.™ The gas temperature at the time of peak
BiF(A-X) chemiluminescence was also estimated, with
knowledge of the relevant Franck-Condon factors,” as
1800 4 200 K by analysis of the emission spectrum® that
was captured by a gated optical multichannel analyzer
(OMA).

B. Gain generation

Inversion of the 1.4-us BiFF(A4-X) transition was expect-
ed in the FN/Bi(CIH,), reaction system because (under
selected conditions) we were able to observe the emission of
scveral vhotons per organometallic donor molecule in the
active volume of ous reactor. This result suggests that
BiF(X') is repumped to the BiF(4) state by NF(«a) follow-
ing the emission of an A-X photon. Therefore, at sufficiently
high NI(a) concentration the cycling reactions would com-
pete with the spontanecus decay rate, leading to 4 /X con-
ceatration ratios greater than unity. Prior work has also sug-
gested a rate cocflicient for the pumping reaction® of
4% 10 "' em’/s, which would be sufiicient to yield a weak
inversion of the A-X clectronic transition, for NF(a) con-
centrations >2x 10'°/cm’. This condition, however, would
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be adequate for the generation of a strong inversion on se-
lected vibrational transitions from low v” to higher v” energy
levels, if thermal distributions are obtained in both clec-
tronic states. Vibrational rclaxation s cxpected to occur on
the us time scale at the high operating pressure of our reac-
tor® and time gated spectroscopic analysis of the BiF (A4-X)
emission has revealed a near thermal distribution of the
v = 0-3 encrgy levels in our experiment. The v' =1 to
v" = 4 transition was sclected for study because it offered the
highest gain cross section on a transition with a high proba-
bility of inversion. Transitions to lower v” energy levels or
from higher v* energy levels are less likely to be inverted,
while transitions from v’ = Q or ¢’ = 1 to energy levels with
v" >4 have low optical cross sections due to declining
Franck-Condon factors. The v’ = 1 tov” = 4 transition was
selected over the v’ =0 to v” = 3 or v” = 4 transitions, be-
cause the latter have aromalous] ; low transition probabili-
ties. Also, the vibrational spacing” in the BiF(A4) state is
relatively small (384 cm ') and, consequenily, the v' = |
and v” = 0 concentrations are comparable at the peak tem-
peratures achieved in our reactor. Finclly, the degenerate
P(43) and R(70) rotational transitions at 21 218.906 cm '
(in the v’ = 1 tov” = 4 band) were selected since the corre-
sponding J levels lie near the peak of the rotational distribu-
tion at 1800 K and the accidental spectroscopic alignment of
these transitions enhances the sensitivity of our measure-
ment. In this region of the BiF(A-X) spectrum, the adjacent
pairs of P /R rotational lines are spaced by approximately 1.7
cm ™

C. Gain diagnostic

The measurement of optical gain or loss was accom-
plished by using a variant of the cavity ringdown mcthod '
reported by O'Keefe and Deacon. In our experiment, the
active volume of the reactor was located at the center of a
symmetrical resonator formed by two maximum-reflectance

dielectric mirrors of 50 cm radius of curvature that were
spaced 50 em apart. The mirrors were sealed directly to the
reactor by stainless-steel bellows that were purged with Ar
to prevent surface contamination and eliminate any intraca-
vity optical losses due to imperfectly transinitting windov's.
The axis of symmetry of the optical cavity was aligned to
pass through the center of the active regian of our reactor
(along the long axis), perpenadicular to both the CO, laser
beam and the directior of gas flow. A pulsed dye laser probe
beam was also aligned to the axis of symmetry of the optical
cavity and upon exiting the cavity was directed to the OMA.
As shown tn Fig. 1, a coaxial HeNe laser beam was used to
align the cavity mirrors to cach other as well as the dye laser,
reactor, and GMA.

The dye laser was similar in design to the device origin-
z1ly reported'’ by Hansch except that we used a XeCl laser
rather thar an N, laser for excitation and we repiaced the
grating reflector with a prismi/flat reflecting mirror combi-
nation. The dye laser included an intracavity telescope and a
temperaturc stabilized solid étalen with a free spectral range
of 3.1 cm* 'and a finesse of 40. The energy of the XeCl laser
was adjusted to yield nominal 50 pJ cutput pulses of 5 ns
duration. Coarse tuniny of the rear mirror defined a lasing
envelope in the vicinity of 471 nm under which as many as
20-30 mo les of the étalon were observed in the output. The
dyc laser output was attenuated by a neutral density filter to
prevent saturation of the OMA, while 1solation between the
dyelaser and the reactor cavity was obtained using an optical
delay long enouvgh to insure that the dye laser pulse was
terminated before any retroreflection could affect sts spec-
tral content. Also the separatizn of the mirrors in the reactor
cavity was chosen for efli -ieni interaction with the gain me-
dium by insuring a small enough mode spacing so that a
cavity resonance is always located near the peak of the select-
ed (Doppler broadened) BiF transition. Finally, the dye la-
ser radiation (upon exiting the reactor cavity) was con-
densed to a spot that wasslightly larger thin the entrance slit
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FIG. 1. Schiematic diagram of the cavity ringdown experiment used to demonstrate opuical gainin Bit
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of the OMA to eliminate any gas lens effects due to local
heating of the reactants by the CO, laser.

An electronic signal derived from the CO, laser dis-
charge was used to trigger a circuit which fired the XeCl
laser after a variable time delay. The function of this delay
was to allow time for the chemistry (initiated by the CO,
laser) to build up a maximum inversion before the gain me-
dium was interrogated by the dye laser. A second time delay,
triggered off the XeCl laser discharge, was used to fire a
pulse generator Lo open the gate of the OMA for a 100 ns
period following a 200 ns delay. Therefore, on the average,
the detected photons were inside the optical cavity for 250
ns, carresponding to 150 passages through the 2.5-cm-long
gain medium. Consequently, the effective gain length was
375 cm. By using a iast Si photodiode and oscilloscope to
monitor the dye laser beam that exited the cavity {(with the
reactor at vacuum ), the exponential decay time of the opti-
cal resonator was found to be approximately 1 us, which s
consistent with the mirror spacing and the > 99.8% reflec-
tivity quoted by the manufacturer.

By tilting the étalon, a selected laser mode was posi-
tioned near the wavelength of the target BiF transition, using
the OMA and a Ne hollow cathode lamp as an absolute
wavelength reference.'? The spectroscopic resolution of the
OMA was adequate to separate the modes of the étalon, but
rot the individual rotational lines of the BiF molecule. Since
the rotational spacing of the BiF molccule and the free spec-
tral range of the etalon do not agree, only one mode of the
probe laser can be aligned to one BiF transition (that is mea-
sured) while the adjacent modes of the dye laser fall between
the nearby Bif transitions. These nonaligned modes there-
fore provide a convenient zero gain/zero loss reference. Both
the active (measuring) mode and the adjacent (reference)
modes were captured simultancously by the OMA for direct
comparison.

The presence of gain or loss is detected by using the
OMA to record the enhancement or diminution of the
aligned mode of the dye laser in relation to its adjacent refer-
ence modes, after passage through the reactor during the
period of chemical reaction. Since detector noise 15 negligi-
ble, the seasitivity of the experiment depends primariiy on
the stability of the dye laser probe. Blocking the dye laser
beam (ahead of the reactor cavity) while passing the CQ,
laser into the reactor (to initiate chemistry) demonstrated
that chemiluminescence was not detectable on the sensitivity
scale of the OMA, that was employed to monitor the probe
beam. Therefore, the magnitude of the gain coeflicient is
inferred from the effective path length discussed above and
the relative magnitude of the observed enhancement, taking
into account the interaction of the probe beam with the BiF
transitions. The efficiency of this interaction is roughly given
by the ratio of the Doppler width of the BiF transitions to the
width of the convolved laser mode and target transition.
Based on Hansch's data,'' and the characteristics of our
¢talon, we expect a probe linewidth (for a single mode) of
0.03-0.06 cm . Since the Doppler width of the BiF transi-
tions at the temperature of our experiment is approximately
0.05cm ', theefficiency factor is in the range of 60%-90%.

The gain experiment was performed by first setting a

2807 J Appl Phys., Vol. 69, No. 5, 1 March 1981

long-time delay between the CO, and dye laser and using an
excessof BICCH, ), in the reactor to generate a large absorp-
tion signal that could be used for final tuning of the laser
without the benefit of signal averaging. Once the laser was
tuned to the target transitions (in absorption), the
Bi(CH ), flow was reset to optimize the gain and the time
delay was adjusted so that the dye laser photons were inject-
ed into the reactor cavity in near temporal coincidence with
the peak of the BiF (4) time profile. Data was then collected
in both a signal and baseline mode. The baseline data was
obtained by blocking the CQ, laser beam to turn off the
chemistry in the reactor and establish the mode to mode
pattern of the unperturbed dye laser probe. With the excep-
tion of the deliberately aligned mode, infrequent (acciden-
tal) near resonances between the dye laser and nearby BiF
transitions, and a strong absorption hine'? at 472.2 nm [due
to the presence of Bi(’D) as an intermediate species™ | the
signal/baseline intensity ratio of each individual mode was
close to unity for all the étalon modes in the output of the dye
laser. There was, however, an observable trend due to the
presence of undissociated FN. (in the baseline experiment),
which progressively inereased the intensity of the signa;
modes (in relation to the corresponding baseline data) as the
wavelength decreased. Th's effect, which did not depend on
the tuning of the ¢talon, is due to a weak continuum absorp-
tion'' by FN, that is increasing towards a maximum at 425
nm. The resultant deviation was a weak (near-linear) func-
tion of wavelength that produced a net 109 change in the
sighal/baschine ratio over approximately 20 free spectral
ranges. Conscequently, there was negligible ( <0.5%) effect
on the relative signal/baseline intensity ratios between any
two adjacent modes. Since this absorption is very weak at
471 nm, and the FN, is largely dissociated® by the time the
concentration of the BiFF (A4) state peaks, the signal absorp-
tion (due to residual azide) is conservauvely estimated at
Jess than S 10 */em.

llI. RESULTS

The experimental method was initially developed by
measurements conducted onoverlapping /R transitionsin
the v =0 to " = 0 band (near 437 nm) at peak NF(ud)
concentrations of 6 X 10"*/em’. Under these conditions gain
1s not expected and was not observed; however, relatively
large absorption signals were detected which facilitated test-
ing of the apparatus. Verification experiments were em-
ployed, as detailed below, to insure that the measurements
are valid and not the result of experimental artfacts. The
sensitivity of the reactor cavity to weak internal absorbers
was verified by using a fast silicon photodiode and oscillo-
scape to monitor the exponential decay of the cavity emis-
sion following pulsed dye laser excitation. In these experi-
ments the CO, laser was initially blocked and a
FN,/SF,/He gas mixture was admitted to the reactor. Us-
ing the known extinction coeflicient'' of FN,, a sufficient
amoun; of the gas was added to the reactor to approxtinately
halve the decay time. Upon obscrving that the decay time
was indeed halved, the CO, laser was then unblocked (to
dissociate the FN, ) and the decay time was found to return

D J Benard and B K Winker 2807

. ~—



to itsoriginal value. Upon addition of Bi(CH, ), to the reac-
tor, we also confirmed (by tuning the étalon) that the fea-
tures being probed in absorption were narrow in comparison
to a free spectral range. Further, the correct rotational spac-
ing between adjacent pairs of Bil* rotational lines was con-
firmed and the lines appeared (to within __0.5cm ') of the
predicted absolute wavelengths. We also observed that the
magnitude of the absorption signals were reduced in other
portionsof the band where the Pand R lines are well separat-
ed, and the signals were found to disappcar entirely at wave-
lengths just below the bandhead as expected. The signals also
disappeared if the dye laser was fired ahead of the CO, lascy
in time, and the absorption signals increased with increasing
delay of the dye laser in relation to the CQ, laser. No signals
were obtained if BI(CH, )}, was eliminated from the reactor,
and use of larger Bi{CH, ), concentrations increased the
magnitude of the measured absorption. Consequently, we
can be assured that the observed signals are due only to the
presence of BiF molecules in the reactor.

The results shown in Table [ were obtainedonthe v’ = 1
to v” = 4 transition, with a peak NF(a) concentration of
3x 10'*/cm*anda Bi(CH, ), flow that waschosentoyicld a
peak BiF (4-X) emission intensity approaching 60% of opti-
mal. The donor concentration was reduced to prevent exces-
sive formation of the BiF (X)) ground state since addition of
Bi(CH, ), eventually saturates® the peak yield of BiF(A4).
Thedye laser was also fired approximately 100-200 ns ahead
of the peak of the BiF (A4) time profile and data was collected
in 128 shot averages that were typically reproducible (for
any one mode) to within 1%-295 of the peak intensity regis-
tered on the OMA. The experiment was repeated eight
times, each consecutive run consisting of a signal and base-
line average, without significant anomalies. The data repre-
sented in Table I corresponds to the largest gain signal that
was achieved (by appropriate adjustment of the CO, laser
energy and reactor stoichiometry/pressure), and measura-
ble gain was found on each of the eight runs in this <equence.
The spectroscopic data used in Table I are from an atlas of
the BiF transitions compiled by Jones® and, as shown in the
table, alignment of the étalon to the degenerate £(43) and
R(70) transitions results in mistuning crrors (A4 ~ ') that
are typically 5-10 Doppler widths for the twe adjacent
modes. Correspondingly, there is little difference in the sig-
nal and baseline data for the reference modes that register at

OMA pixel numbers 490 and 510. The aligned mode at pixel
number 500, however, shows a 109 enhancement over the
corresponding baseline data. This result demonstrates opti-
cal amplification of the probe beam by the chemical medium
with a signal-to-noise ratio greater than S to 1. The corre-
sponding (two-line) gain cocflicient 1
3.6 4: 1.0 10 "~ “/em, depending primatily on the coupling
efliciency. Based on an effective cross section of
8x 10" '"/cm?, which is derived from the known radiative
rate® and Franck-Condon factors” by assuming rotational
equilibrium, negligible hyperfine splitting, and a Honl-l.on-
don factor of 0.5 (for high J values), an inversion density of
4.5 + 1.3x 10" /cm’is inferred for the v’ = 1 tov” = 4 tran-
sition. Since this value agrees favorably with the measured
peak value of the BiF(4, v' = 1) concentration, which is
approximately 4.2 4+ 1.0 10'*/cm’, we can infer (by com-
parison) that the concentration of the terminal BiF(X,
v" = 4) state is negligible and thai a strong (N, /N, > 2)
.nversion is present.

The magnitude of the gain signal was observed to rough-
ly track the peak concentration of the BiF(4) state, which
increased with increasing CO. laser energy (temperature)
over a limited range. This dependence provides additional
evidence that a strong inversion is present, since a weak
(N, ~ )Y inversion would be adversely affected by increas-
ing thermal population of the terminal v” = 4 state. Since
the gain cross sections decrease at higher temperature. due
to increased Doppler hnewidth and rotational dilution, the
improvement in gain is due to enhancement of the BiF(A)
population. Also since prior work™ has shown that the yield
of NF(a) is saturated (versus CO, laser energy), while the
imtial dissociation of Bi(CH, }, is both thermally activated
and slower than the rate of NF(a) self-annihilation™"* (for
initial FN, concentrations greater than approximately 0.1
Torr), we attribute the increased BiF(A4) population at
higher temperature to more rapid (and hence more com-
plete) dissociation of the donor molecule, resulting in larger
concentrations of active Bi species by the ime of peak inver-
sion.

(V. DISCUSSION

In the case of the O, (a'A)-/ * system, lasing was ob-
tained within a year of the first demonstration of optical

TABLE 1. Comparison of étalon/BiF (A-X, v' = 1 10 v™ = 4) wavenumbers and related signal/daseline intensities u the vionity of 471 nm.

Pixel Line hu Etalon

Difference

A4 ! Signal
(cm ") {em ") fem ") (busgline) (%)

R(68) 21222.436 4 0432

510 P(41) 21222.270 21222.004 4 0.260 166 1 16%) + 0.6
R(69) 21 220.691 - 1.313
P(a2) 21 220.598 1 1.692
R(70) 21 218.906 21 218.906 0.000

300 P(43) 21 218.906 21 218.906 000 176 (160) + 100
P(44) 21 217.136 - 1.760
R(71) 21217146 + 1.33%

490 P(4s) 21215 391 21 215 808 - 0417 175 (175) + 1.7
K(72) 21 215.280 - 0.528
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gain.'>' Based on the present result, efforts now under way
to demonstrate lasing in BiF are expected to be successful.
The demonstration of optical gain at 471 nm in a reacting
medium also establishes the feasibility of other new chemical
lasers that may operate at visible and near ultraviolet wave-
lengths. The low-gain coefficients, which are inherent to
chemically pumped-diatomic-short wavelength emitters,
will pose significant problems in the area of resonator design;
and a number of additional challenges (specific to the
NF/BIF system) will have to be addressed before such a
laser can be operated efficiently. These difficulties include
identification of a more efficient means to thermally initiate
reaction than by use of a CQO, laser and extraction of optical
power on the us time scale tefore the excited state concentra-
tions can decay significantly. The principal losses in the
NF/BiF system include spontaneous radiation® of the
BiF (A) state, self-annihilation'* of the NF(a) radicals and
quenching'’ due to the addition of Bi(CH, ),. Further re-
search to identify alternatives to BiF that can generate high-
er gain coefficients from lower concentrations of NF(a)
over longer periods of time is therefore definitely warranted.
Recent discoveries'® of mechanisms involving NF(a) and
NCl(a) obtained from FN, and CIN;, which pump interha-
fogens (such as IF), may be of interest in this regard, how-
ever, since these molecules have longer radiative lifetimes'
and larger cross sections than BiF. Also, the Franck~Con-
don factors® in these molecules help to sustain inversion by
favoring transitions that terminate at higher vibrational en-
ergy levels of the ground state than in BiF. Consequently, the
ability to generate a sufficient quantity of metastable species
(to invert BiF) suggests that other (more efficient) chemi-
cal lasers can also be developed by exploring the appropriate
transfer mechanisms to allow excitation of superior emitting
species.
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Thrr-4old oscillation of an NF(a'A)/BiF visible wavelength chemical laser

D. J. Benard

Rockwell International S-ience Center, Thousand Oaks, California 91358

(Received 22 February 1993; accepted for publication 7 May 1993)

A novel shock tube reactor was used to pulse heat a gaseous mixture of He, FN,, and Bi(CH,;),
along a 40 cm optical path between two highly reflective mirrors. Production of NF(a'A) by
dissociaticn of the azide was found to occur in a “delayed avalanche’ approximately 50 us after
shock reflection, and weak lasing at 470 nm was observed that is assignable to electronic

transitions in the BiF(4-X, Av=3) band.

1. INTRODUCTION

Since demonstration of the near-infrared (electronic
transition) oxygen—-iodine chemical laser' in the late 1970s,
efforts to develop an alternative reaction system that oper-
ates at a visible wavelength have met with little success.
Because efficient production of optically active species in
direct reactions is forbidden by spin-selection rules, elec-
tronic transition laser concepts typically involve a “chem-
ical generator” to produce a metastable (energy-storage)
species, which, in turn, transfers its excitation to a suitable
“emitter.” Use of NF(a'A) as the metsstable in visible
wavelength laser schemes is favored by the high electronic
energy content (1.4 eV), low self-annihilation rate,? in
comparison with higher energy (N,;) triplet metastables,’
and availability of twc efficient pumping reactions
[F+N,;~NF(a'A)+N, and {4 NF,-+NF(a'A) +HF)},
which can be used for chemical generation.* In the early
1980s, Herbelin® discovered that addition of Ri(CHj,), to
NF(a'A) yields the diatcmic BiF emitter, which is rapidly
pumped (k~4x 10~ cm?/s) to the radiating A4 state by
energy transfer and energy pooling reactions. Heidner’ also
recently determined the radiative rate of the BiF(A-X)
transition to be 4=7X 10%/s. Production of a strong (ab-
solute) inversion therefore requires NF(a'A) concentra-
tions well in excess of 4/k~2X10'%/cm’. In this case,
optimum gain is generated on vibrational transitions with
Av=0. Partial inversions, on transitions with Av>0, can
also be obtained at somewhat lower concentrations of
NF(a'A), depending on temperature, if the pressure is
high enough to maintain thermalized vibrational distribu-
tions. The highest Av transitions, however, have dimin-
ished gain cross sections due to declining Franck—Condon
factors.® Consequently, at temperatures from 1200-1800
K; the Av=3 band is optimal for gain generation and re-
quires [NF(a'4)]~3x 10'"®/cm® to support a strong (par-
tial) inversion. During most of the 1980s, however, the
known NF(a'A) generator concepts were not easily scaled
to the required metastable ccncentration becausc of inher-
ent limitations associated with initiation by slow mixing
and parasitic side reactions.

A supcsior chemical sourre of NF(a'A), based on
rapid thermai dissociation of FN;, was discovered during
the late 1980s in our laboratory.""0 This premixed and
chemically pristine generator scheme avercame he diff-
culties cited above and achieved record NF(a'A) concen-
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trations. Subsequently, Benard and Winker'' were able to
demonstrate optical gain on a selected BiF(A-X) transi-
tion in the 1 -4 band by using a pulsed CO, laser to rap-
idly heat a mixture of He, SF,, FNj, and Bi(CH,), inside
a subthreshold cavity that was probed by a dye laser. Un-
fortunately, the achievable gain coefficients were very
small, because addition of Bi(CH,),, and hence inversion
density, are both limited by rapid quenching'? due to the
methyl radicals. The amplification obtained using the or-
ganometallic donor, however, was still adequate to support
a lasing demonstration, and the high vapor pressure of
Bi(CH,); represents a significant experimental conve-
nience. The CO, laser heating method, on the other hand,
is both highly inefficient and impractical as a means to
generate a large gain length. Therefore, the present work
relies on shock heating, since the gasdynamic approach is
more capable of supporting a laboratory demonstration of
spontaneous lasing. The experiments were performed using
the tabletop scale shock tube reactor described below.

li. EXPERIMENT
A. Shock tube

The reactor was constructed of welded stainless steel
plates, with an internal 50 cm X 1.25 ¢cm rectangular cross
section and with a net length in the flow direction of 48 cm.
As shown in Fig. 1, the shock tube was continuously evac-
uated through a line of small holes in the top plate running
parallel to and 5 cm upstream of the wall at the driven end
of the reactor. Surge tanks containing He, Hy, 20% F, in
He and 3% FN, in He were each slowly filled to regulated
pressures fiom on-line storage tanks or generators. The 3 1
tank containing the FN, was teflon lined and cooled to
—15°C by an external heat exchanger. A slow flow of He
was also butbled through liquid Bi(CHj;); at the bottom of
a surge tank that was chilled to temperatures in the range
of —15°C to —~45°C using a variable external stream of
cooled nitrogen. With the surge tanks fully charged and
the shock tube evacuated, electronically controlled sole-
noid valves were opened for ~0.8 s, allowing all pases to
rush into the reactor. The flow of each gas was indi tdually
controlled either by a critical flow orifice or an a- justable
necdle valve. The H, and F; flows were mixed (on the fly)
with a variable flow of He and a small but continuous flow
of O, inside a 3/8 in. 0.d. X 20 ft long coiled copper tube,
which exhausted to a manifold in the back wall of the
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FIG. 1. Side view of the shock tube reactor.

shock tube. The mixed gases were then injected into the
reactor through a series of small orifices in the back wall of
the driver section. The O, flow was adjusted to the mini-
mum value, which prevented spontaneous ignition of the
H, and F, flows upon contact. Finally, the FN, and
Bi(CHj;); gas streams were each scparately admitted to the
shock tube through two similar manifolds, above and be-
low the channel, adjacent to the end wall of the driven
section.

The optical ports consisted of two aligned 1-cm-diam
holes in the sidewalls of the reactor that were located tan-
gent to the end wall along the midline of the channel in the
dniven section. These ports were purged by a slow coatin-
uous flow of He that was increased tenfold while the reac-
tants were being admitted to the shock tube. The pressure
i the reactor during the gas charging cperation was mea-
sured by a capacitance manometer and an electronic peak
detection circuit. The peak pressures of the individual gas
components, when admitted to the shock tube one at a
time, are given in Table I for a nominal condition. The
total peak pressure in the shock tube when all gases were
admitted simultaneously was approximately SO Torr, prior
to shock initiation.

The driver section of the shock tube extended from the
back wall a distance of 16 cm and within this section the
top plate of the reactor was replaced by a fiberglass panel,
which mounted a hexagonally close packed array of 1392
resistively loaded pin cathodes that each discharged across
the channel to ground. Each cathode pin was connected to
a 330 2/2 W/5% carbon resistor that was potted in epoxy
and connected in turn to all the other resistors via a copper
foil. A 10 madc/30 KV power pack was used to charge a
low-inductance G.5 ufd energy storage capacitor through a
high impedance current limiting resistor. The capacitor

TABLE 1. Preignition pressures of reagents used in the shock tube
reaclor.

Driver (Torr) Laser (Torr)
20% F,* 8.7 31.0% FN,' 220
H, 4.5 0.4% Bi(CH,)* 17.0
0, 0.8 He (purge, low) 0.2
Hcb 0-38 He (purge, high) 20
*Diluted in He.

S(M~3to M~2, respectively).
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FIG. 2. Calculated time profile of the driver gas temperature.

was discharged to the copper foil through a triggered hy-
drogen spark gap, which was electronically fired at the end
of the gas charging period. The function of the pulsed dis-
charge in the driver section was to volume initiate the
H,+F, chain reaction and rapidly increase the gas tem-
perature. Figure 2 presents modeling results of the driver
gas temperature versus time for a typical shock tute
condition."” The calculation was performed using « HF
chemical laser rate package/kinetics code and the results
show that peak temperatures of 4000-5000 K, depending
on He diluent, are achievable in less than 10 us. No dia-
phragm was required to generate a shock because the
driver gas could not expand effectively on this short time
scale. Therefore, with density fixed by inertia, the pressure
of the gas in the driver section was suddenly increased by
the H,+F, reaction in relation to the pressure of the
(cooler) gas in the driven section.

As shown in the wave diagram, Fig. 3, the resultant
spatial discontinuity in pressure launches a compression
shock with a Mach number (M ~2.5) toward the end wall
and a diffuse rarefaction wave backward into the driver,
both waves starting from the downstream edge of the dis-
charge at time zero. For the sake of simplicity only the
leading edge of the rarefaction wave is shown in this figure.
The rarefaction reflects off the back wall of the driver and
then begins to overtake the compression shock from be-
hind. The compression shock moves into the driven gas,

T T L T T

%0} Swatic Test Reg.on (Behing Rafl Shock / 1500 K)\

Contect
Surface

TIME (uS)

DiSTANCE (CM)

FIG. 3. Wave diagram showing propagation of disturbances in the shock
tube reactor.
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leaving the contact surface, which separates the driver and
driven gas, following behind. The length of the shock tube
was selected so that the inc.dent compression shock arrived
at the end wall of the driven section [where the FN; and
Bi(CH,); were injected] ahead of the rarefaction wave.
The passage of a shock compresses, heats, and accelerates
the gas in the direction of shock motion. Therefore, when
the incident shock reflected off the end wall (*), a region of
static gas was created (adjacent to the wall) that had been
heated and compressed twice, and accelerated twice in op-
posing directions. This condition was subsequently main-
tained until the rarefaction arrived, and the gas began to
cool as it expanded back toward the driver. A more ana-
lytical presentation of shock tube theory by Kantrowitz'
shows that at M =25, the temperaturc of the reflected
shock region is ~1500 K, while the corresponding gas
density is increased by roughly a factor of S over its pre-
shock condition. The shock tube was designed to operate in
the range of M ~2 to M ~3 and achieve temperature/
density conditions (behind the reflected shock) that ap-
proximated the CO; lacer heated experiment, where optical
gain was previously demonstrated. The intermediate tem-
peratures behind the incident shock, however, were too low
to promote rapid reaction of the FN; and Bi(CH,);.

The arrival of the incident shock at the end wall of the
reactor was sensed by five uniformly spaced, high-speed
(PZT) piezoelectric transducers mounted across the shock
tube. The signals from any three of the PZT monitors were
used to tnigger electronic threshold circuits that generated
standard square pulses of differing amplitudes, which were
summed and displayed on a storage scope with a delayed
time base that was triggered by the capacitor discharge.
The recorded “‘staircase™ patterns were monitored to en-
sure that the incident shock was both flat and parallel to
the back wall of the reactor. Shocks that were synchro-
nized to =2 us over 40 cm (in the optical direction) were
obtained with care by symmetrically feeding the high volt-
age capacitor.to both the right and left sides of the copper
foil in the driver section, by controlling the flow of H,+F,
into the right versus left side of the driver manifold, and by
inserting tapered fioerglass liners along the reactor walls on
either side of the shock channel. Feeding the capacitor
discharge to the copper foil in the center of the channel
resulted in less intense discharges on either side of the
driver due to varying (electrical) inductances in the dis-
charge current loops. Consequently the chemical “induc-
tion time” of the H,+F, reaction was increased on the
sides of the driver relative to the center, which resulted in
launching a transversely arched shock wave. Adjusting the
H.+F, flow to favor the right or left side of the driver was
effective in correcting any transverse “tilt” in the shock,
and the tapered liners compensated for curvature due to
viscous drag by increasing the pressvre behind the incident
wave in the vicinity of each sidewall. Angled liners with
tapers of 7° to 15° (decreasing channel area in the direction
of flow) were effective if the slope was chosen to conserve
the area behind the shock, and it the taper was begun at a
point on the sidewall, where a line to the center of the end
wall was also at the Mach angle.
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B. Chemistry

The FN; used in this work was generated on line in a
half-liter column of 0.25 in. diam stainless steel balls by the
ambient temperature reaction'® of 5% HN, with 10% F,
(both in He diluent) at a total pressure of 350 Torr. The F,
flow was controlled by an electronic mass flow meter and
was set to yield a HN; to F, molar stoichiometry of 2/1.
The ~3.5 sce/s (total) gas flow was passed through a
tefion filter, and approximately 50 ft of standard ; in. o.d.
stainless steel and teflon tubing to a 6 cm optical cell,
where its transmission at 425 nm was measured to deter-
mine the FN; concentration using the absorbance data of
Gholivand.'® The FN, flow then passed through a 100 um
diam critical flow orifice before entering the surge tank.
When the pressure in the surge tank reached 172 Torr, the
shock tube was fired automatically, and, following each
shot, the tank pressure recovered slowly from approxi-
mately 95 Torr. The continuous flow of FN, and He into
the reservoir caused the shock tube to fire at a rate of
approximately one shot every five minutes. All of the other
surge tanks held enough gas for three to ten shots each and
were fully recharged within 1-2 min after each firing.

The HN, (used to form the FN;) was generated in
batch mode by reacting 30 g of powdered NaN; with 3] of
loosely packed stearic acid flakes'’ in a vacuum-sealed,
resistively heated and teflon-lined aluminum pot. With stir-
ring by a | rpm paddle and heating to ~225 °F, the NaN;
reacted to completion in approximately 45 min, if the re-
actants were initially well mixed before heat was applied.
The first and last “thirds™ of the HN; that evolved were
discarded to vacuum, while the middle “third” was col-
lected into a pre-evacuated 40 I stainless steel tank. Care
was taken not to accumulate more than 100 Torr of HN; in
this reservoir to avoid hazardous condensation. When the
azide generation was complete, He was added to the HN,
tank to a total pressure of 25 psig. The yield of HN; was
subsequently verified by its known ultraviolet
absorbance,‘8 and did not measurably decay after storage
in the tank for several weeks. During operation of the
shock tube the azide flow was controlled by an electromc
pressure regulator and the HN; tank bled down at approx-
imately 1 psig per hour.

Great care was exercised at all times to avoid personal
exposure to any of the azides, F, or Bi(CH,);, because of
toxicity, and no cold traps that might condense or detonate
the gaseous azides were used.

C. Optical

The diagnostics used with the shock tube included a
GaAs photomultiplier tube (PMT) with selected interfer-
ence filters and a wideband preamplifier to record time
profiles on the storage scope and a time gated optical mul-
tichannel analyzer (OMA) for spectral analysis. These de-
tectiun systems were used. with either quartz windows or
maximum reflectance dielectric mirrors (450490 nm), in
place over the optical ports. One mirror was flat and the
otber mirror had a 100 ¢m concave radius of curvature.
The mirrors, spaced 60 cm apart, were aligned by colli-
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FIG. 4. Gasdynamic effeci of h=at release caused by dissociation of FNj.

mated radiation from a 476 nm Ar™ laser, and measure-
ments were taken of both single mirror and multimode
cavity throughputs, using calibrated optical power meters
and detectors, to determine the refiectance and transmis-
sion cocfficients. Each mirror reflected 99.9%, in agree-
ment with the manufacturer’s specifications, and lransmlt-
ted ~4 ppm of the incident radiation. Therefore ~ 107" of
the incident radiation was diffusely scattered due to surface
roughness.

. RESULTS
A. Gasdynamic

The end wall pressures sensed by the PZT monitors
were significantly affected by the heat release, which ac-
companied dissociation of the FN; molecules. As shown in
Fig. 4, with M ~2 and no azide present, the end wall pres-
sure jumped suddenly upor reflection of the incident shock
(*) and then held steady for ~ 50 us until the rarefaction
arrived, after which the pressure bsgan to decay srnoothly.
With nominal FN, present in the reactor, the orompt jump
in pressure increased about 20%, showing that some of the
azide was dissociated in the immediate vicinity of the
shock. ‘This reaction was not self-sustaining, nowever, be-
cause subsequently the pressure held constant. At about
the same time when pressure begun to decrease, the pres-
sure with FN, present increased again, until it was more
than twice the pressure that was originally maintained
without azide in the reactor. The temporal coincidence
between arrival of the rarefaction and the onset of second-
ary heat release is cnly accidental, however, as it is unlikely
that the rarefaction triggers any new chemistry. The rela-
tive magnitudes of the pressure differences therefore dem-
onstrate that a much larger fraction of the FNj; is con-
sumed by the lelayed dissociation reaction than by the
prompt chemistry. Also, the delayed reaction appears to be
self-sustaining and the heat release a more gradual process,
suggesting that chemical energy was temporarily stored in
intermediate metastable states.

2903

J. Appl. Phys., Vol. 74, No. 4, 15 August 1993

B. Mectastables

With FNj, present, and Bi(CH;}; replaced by He, the
faint chemiluminescence from the shock tube was rose col-
ored, and identical time profiles were ottained at wave-
lengths of 590, 660, and 770 nm using the PMT detector.
These wavelengths correspond to the Av=4, 3, and 2 tran-
sitions, respectively, of the Ny(B-4) band system, 9 as
subsequently confirmed by the OMA. The N,( B) chemilu-
minescence is most likely due to energy pooling3 between
N, (A) metastables that are formed in the decomposition of
two or more FN; molecules. The mechanism of N,(4)
formation, however, is uncertain. The time profile of the
N,( B-A) emission consisted of two overlapping pulses
with relatively sharp leading edges that were separated by
typically SO us. The leading pulse was temporally coinci-
dent with the arrival and reflection of the incident shock,
while the second or delayed pulse was coincident with the
onset of the delayed FN, dissociation monitored by the
PZT signals. Since the intensity of the Jdelayed pulse (rel-
ative to the prompt pulse) was optimized at lower Mach
numbers, all subsequent data was therefore taken at M ~2.

The 874 nm chemiluminescence was due to a combi-
nation of N,(B-4, Av=1) and NF(a-X) emission." By
comparing the 874 nm time profiles to the N,(B-4, Av
=2-4) time profiles, the intensity of the second or delayed
pulse (at 874 nm) was found to be enhanced relative to the
shorter wavelength data. This result indicated that
N,(4,B) was produced in the prompt pulse, while both
N.(4,B) and NF(a'A) were produced in the dclayed
pulse Since the NF emission is very sttiongly forbxdden
compa.ed to the rat&s of N,(A4) energy poolmg or

N,( B-4) emission,”' the concentration of NF(a'A) in the
dclayed pulse was much larger than the concentration of
N, (4, B) in either pulse. This result is consistent with lim-
ited dissociation of FNj in the prompt pu‘se, as well as the
much slower self-annihilaticn rate of NF(a'A} compared
to metastable N,.

C. BiF emission

Addition of Bi(CH,); to the shock tube with FN;
present yielded intense blue chemiluminescence, with both
initial and delayed pulses in temporal synchronization with
the N, and NF pulses described above. The emission spec-
tra on either the prompt or delayed pulse consisted of
BiF(4-X) bands®*'" from 425 to 475 nm and an atomic
line?? of Bi at 472 nm. The Bi-atom emission was enhanced
relative to the molecular BiF chemiluminescence at high
Bi(CH,), additions, and was suppressed at the lowest
Bi(CHj,), mole fraction. Moreover, as shown in Fig. 5, the
yiela of BiF emission on the promp? pulse declined, while
the intensity of the same emission on the delayed pulse was
enhanced, as an addition of Bi(CH,); was increased by
warming the organometallic liquid reservoir. Post-shock
Bi(CH,), concentrations in the optical region of the reac-
tor were estimated from the known vapor pressure curve??
of the organometallic liguid, the measured temperature
and pressure of its surge tank, the data in Table I, and
shock tube theory'* anchored to PZT time prc‘iles. With
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FIG. 5. Effect of donor concentration on initial (O) and delayed (X))
chemiluminescence.

{FN;]~ 10'7/cm® behind the reflected shock, optimum
emission on the delayed pulse occurred in the vicinity of
[Bi(CH;),] ~10'%/.m?, assuming that none of the donor
species was lost due to prior reaction or dissociation. The
simplest interpretation of the chemiluminescence data,
however, is that the initial pulse was due to excitaticn of
active Bi/BiF, derived from Bi(CH,);, by a relatively
smal! concentration of N,(A4), while the delayed pulse was
due to a much larger concentration of NF(a'A) acting on
a significantly attenuated conceniraiion of Bi/BiF, duc to
intervening reactions that consumed the active emitters be-
tween the prompt and delayed pulses. In this case, increas-
ing the donor concentration in effect “swamps’ the N;(A)
during the initial pulse, while the delayed pulse is
“starved” for active emitters, consistent with the observed
trends in the data.

D. Cavity emission

Figures 6 and 7 compare the emission spectra and time
profiles (at 470 nm) from shock excitation of FNj and
Bi(CHj;);, both with and without an optical cavity in-
stalled, under the conditions that generated optimum de-
layed BiF (4-X) chemiluminescence. As can be seen, only
the delayed pulse escapes from the optical cavity. This
result was anticipated on the basis of the preceding analy-
sis, since a small concentration of N,{A) acting ¢n a large
concentration of Bi(CHj), is unlikely to sustain a popula-
tion inversion. Therefore, photons generated in the prompt
pulse (*) were reabsorbed inside the op:ical cavity before
escaping through the n:aximum reflectance dielectric mir-
rors. On the other hand, the delayed pulse, which is due to
a much larger concentration of NF(a'A) acting on a lean
concentration of emitters, was able to sustain a population
inversion. Since ir this case stimulated emission occurs
faster than absorption, the generated radiation continues to
bounce back and forth inside the optical cavity (while in-
creasing ir intensity) until escaping at the mirrors, either
by transmission or surface scattering. Based on the mea-
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FIG. 6. Time profiles of chemiluminescence (lower) and cavity emission
(upper).

sured mirror transmission and cavity output, the peak in-
tracavity power (at 470 nm) was approximately 180 mW
on the delayed pulse. The total stimulated emission power
(due to both mirro1 transmission and scatter) was there-
fore approximately a third of a milliwatt.

The emission spectra with and without an opiical cav-
ity were recorded at diffcrent resolutions, as can be seen by
comparing the Bi-atom lineshape in Fig. 7 to the Hg-atom

INTENSITY —

—Bi (‘pm - YOMI

-— BiF (A-X) _—
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Av=0 ‘—l_] |r—|\— AV =43
vzt —
PR
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FIG. 7. Spectra of chemiluminescence (lower) and cavity emission
(upper).
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emission lineshape that was obtained from a discharge
lamp in place of the cavity emission. Within the reflectance
band of ihe mirrors, all the BiF(A-X) bands in the cavity
output were suppressed, except the Av=13 band. The vibra-
tional transitions within this band, including 03, 14,
and 2—5, are not resolved. The 0—3 subband, however,
has a small Franck-Condon® factor and, therefore, a low
gain cross section. The 1 —4 subband, on the other hand,
has a larger gain cross section as well as larg=r inversion
density than any of the higher subbands in the Av=3 se-
quence, if the vibrationa] distributions are thermal. There-
fore the cavity output is most likely derived from the
BiF(A-X,1-4) transition, which, coincidentally, is the
band that demonstrated optical amplification in prior gain
measurements.'! The absence of any significant emission
from the Av=2 or Av-=4 bauds in the cavity output sug-
gests that lasing has indeed commenced; however, the an-
parent structure of the 470 nm cavity output (compared to
the Hg-atom lineshape) suggests that lasing may not be
restricted to a single wavelength. Therefore stimulated
emission may also be occurring on other Av=3 subbands,
particularly if the vibrational distributions in the BiF(4)
state are nonthermal. Lasing apparently does not occur on
transitions of the BiF(4-X) band system if Av <3, because
the inversion relies on a Bolzmann factor (associated with
the ground state vibrational distribution) that favors
higher values of Av. Lasing is also not seen for &v>3,
because, as Av increases, the Franck—Condon factors for
transitions out of v’ =0 decrease. Therefore, cither the ii-
version densities or the cross sections are diminished and,
as a result, there is too little optical gain to overcome the
cavity loss at the mirrors.

V. DISCUSSION
A. Threshold osciilation

In a puls=d low-gain laser :he output may typically be
controlled by the *kinetics of cavity buildup from initial
spontaneous chemilumiaescence to the (10°-10° W/cm?)
saturation intensity®® that causes stimulated emission at
rates comparable to the spontaneous decay. Typically, this
buildup spans eight to nine orders of magnitude in inten-
sity. If the mirrors are lossless and the gain (y) is constant
from mirror to mirror, as well as across the cavity aper-
ture, intracavity intensity initially grows as exp(yct),
where ¢ is the speed of light and ¢ is time. The exponential
trend, of course, is modified as the laser begins ‘o approach
saturation. Based on he prior gain mcasurement,
y~3x10"%cmis generated'! by the reaction of FN; with
Bi(CH,),. This figure, however, must be discounted in the
present experiment for mirror losses as well as nonconstant
gain in both the optical and flow directions. The actual
working gain length in the reactor is ~40 cm rather than
50 cm because of the tapered walls used to correct shock
curvature. Con~equently, gain only exists over two-thirds
of the distance from mirror to m rror. In the flow direction,
a delayed reaction wave foliows ~50 us behind the re-
flected shiock at a velocity of ~0.8 mm/us and based on
prior time resolved chemiluminescence studies,?® the width
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of the reaction (or gain) zone is ~2 us. The transit time
(1) of the reaction wave across the I cm aperture is there-
fore approximately 12.5 us and the gain zone only fills
167% of the working region of the optical cavity. Finally,
subtracting the distributed 0.19% loss at cach mirror (over
60 cm) yields 7~ 1.5% 107 3/cm for the average gain over
threshold and exp(yct) ~850 for the expected cavity
buildup ratio. These results are relatively insensitive to
shock curvature, if the deviations from flatness are small
compared to tus transit time of the reaction wave through
the caviwy, because the spatially averaged gain is not sig-
nificantly affected in this casc. Since the estimated buildup
ratio is much less than 10%, the laser cannot achieve satu-
ration or extract power efficiently. Increasing the value of ¥
by roughly a factor of 3 to 4, however, would allow much
larger saturated outputs to be obtained.

The amount of light initially in the cavity at the start of
the buildup process can be estimated from a number of
factors, including prior chemiluminescence data,?* which
gives [RiF(4)]~5x 10" cm?, active volume ~ 5 cm?, pho-
ton energy=4.2x10"" Watts, BiF(4) radiative
rate==7X 10%/s, Franck-Condon factor® for the 1-4
transition =0.149, fraction of BiF(A) in the v’ =1 cnergy
level ~24% for a thermal distribution at 1200 K with 384
cm ™! vibrational spacing,® fraction of the rotational lines
in the “‘center” of the Maxwell-Boltzmann distnibution
~3, probability of emission into a cavity mode ~2X 1077
(based on resonator theory?®), and ca= y Q~ 500. Multi-
plying these factors yields approximately 0.13 mW, which
is the intracavity power that can be supported on lasable
transitions in steady state by the peak concentration of
BiF(4), if there is neither gain nor loss in the medium. Use
of a steady-state estimate for the initial light in the cavity is
valid because the ~2 us photon lifetime of the empty res-
onator is small compared to the time over which the cavity
builds up due to the presence of gain. Multiplying the es-
timated initial intensity by the estimated cavity buildup
ratio yields an anticipated intracavity power of ~110 mW,
which compares favorably with the observed value of 180
mW. While these results are only approximate, the analysis
shows that the observed cavity output is of an appropriate
magnitude for unsaturated lasing or threshold oscillation.

B. Delayed avalanche

Another interesting aspect of the shock tube chemistry
is the delayed appearance of NF(a'A), which has also been
observed in prior experiments,'® where FN; was dissoci-
ated by contact with vibrationally excited HF molecules.
Since the BiF(4) state also tracked the NF(a'A) concen-
tration in previous studies,’ the data in Fig. 6 supgests that
delayed appcarance of the metastables has a sharp leading
edge characteristic of an avalanche. A hypothetical mech-
anism that might account for this phenomenon is based on
the following four chemical reactions:

5+ FN,~NF(a'a), (1
NF(a'A)+Q-4, {2)
NE(a'A) + NF(a'A) -~ N,(high »), (3)
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Here A is used to represent heat, Q is a generalized
quencher, and only the active products arc shown in each
case. The ‘“delay and switch” characteristics of the
NF(a'A) generator derive from the nonlinear coupling
and positive feedback processes inherent to this mechanism
as follows. Reaction (1), thermal dissociation of FN,, is
essentially a very slow process that serves only to initiate
production of NF(a'A). At low metastable concentration,
first-order quenching®’ of NF(a'A) by other species, Re-
action (2), dominates over second-order self-annihilation,
rcaction (3). The feedback to reaction (1) is therefore
essentially thermal, and hence subject to significant dilu-
tion by the He buffer gas. Consequently, reactions (1) and
(2) do not satisfy the *“loop gain greater than unity” cri-
terion, and the NF(a'A) concentration builds up only very
slowly. Eventually, as the NF(a'A) concentration in-
creases, a point is reached where reaction (3) begins to
compete with reaction (2), and the feedback then shifts
from a thermal to a vibrational mode. Reaction (3) is
highly exothermic?® and may yield N, products in states of
vibrational excitation up to v~20 that are not diluted by
contact with He buffer gas. Further, only two vibrational
quanta of N, are required in reaction (4) to overcome the
0.5 eV barrier'%? to dissociation of the azide. Therefore
each self-annihilation event can subsequently generate sev-
eral new moiecules of NF(a'A). Consequently, once 1eac-
tion (3) is activated, the *loop gain™ quickly becomes
large compared to unity, and reactions (3) and (4) con-
stitute a branched chain that drives swiftly to completion.
This mechanism, although physically appealing and con-
sistent with the data, must remain speculative, however,
until the products of reaction (3) are verified and reaction
(4) is studied in isolation. The rate of removal of NF(a'A)
by reaction (3) is known to be approximately 3% 10"
cm’/s, based on work by Setser,? as well as our own prior
observations,'? but the products have not been determined
experimentally.

Regardless of the mechanism, the appearance of
NF(a'A) in what amounts to a *‘delayed avalanche,”
nonetheless aids the design of continuous flow supersonic
lasers by allowing premixed chemistry to occur in conven-
tional nozzles. In this concep, secondary FNj is injected
into a hot flow of primary gas from a precombustor (or
heat exchanger) just upstream of the nozzle throat to ini-
tiate the dissociation process. Donors such as Bi(CH;),
can also be injected at the same point and functions, such
as mixing, donor chemistry, and gas expansion/cooling are
accomplished in route during the delay period. The subse-
quent premixed lasing chemistry is then triggered farther
downstream by the NF(a'A) avalanche in cold supersonic
flow where optical qual‘ty and gain cross sections arc both
maximized. This concept is valuable because elimination of
slow mixing is critical in NF(a'A) powered lasers (such as
BiF), since large metastable concentrations that decay rap-
idly due to self-annihilation are needed to support inver-
sion.
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C. Conclusions

In summary, shock induced dissociation of FN, yields
metastable NF(a'A) after a 50 ps delay, and weak lasing
at 470 nm has been achieved in the shock initiated chem-
ical reaction between FN; and Bi(CH;)y. The principal
factors limiting the laser output were the low gain coeffi-
cient and short gain duration, which prevented building up
intracavity intensity to saturate thke inverted medium.
These conditions, in turn, derive from rapid quenching'*?’
associated with the use of an organometallic donor. Con-
sequently, replacement of Bi(CH,), by an alternnte BiF
precursor could improve both the gain cocfficient as well as
gain duration, and thereby significantly increase power ex-
traction efficiency. Efforts are also underway to identify
higher gain emitters’® and variations to the shock tube
cxperiment, which might lead to much larger (saturated)
outputs. While the rate of cavity buildup is not as impor-
tant a factor in continuous wave lasers, there is still a
critical need to replace Bi(CHj3) 4 by a more suitable doner
to generate larger gain coeflicients and promote more effi-
cient utilization of NF(a'a), since, with limited BiF con-
centration, most of the metastabies are lost to sclf-
annihilation rather than the productive energy transfer and

lasing reactions.>?
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ABSTRACT

Gas phase reaction of BoHg with HN3 at 400°C yields tetraazidodiborane (TADB), which
subsequently dissociates into two diazidoborane molecules. Exposure of TADB to vibrationally
excited SFg generates free BH radicals that may be pumped by energy transfer from metastable
NF(alA) molecules, obtained by simultaneous dissociation of FN3. Even though BH radicals are
rapidly consumed, the transient yields approach 2% of initial donor concentration. The rate
constants for sequential excitation of the a3[] and A!11 states of BH by NF(alA) are estimated to be
~8 x .0-10:and ~ 3 x 10-1! cm3/s, respectively, and transient pe; 1 inversions with peak

optical gains of 10% /cm are developed on the BH(A — X) transition at ~. _ nm.
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INTRODUCTION

Resonant electronic energy transfer from chemically generated metastable species to
emitting atoms or molecules is the basis for a number of potential visible wavelength chemical laser
systems. Production of metastable O(alA) by the base-catalyzed reaction of Cly with HyO»,
followed by resonant transfer to I-atoms, produces an efficient laser at 1315 nm.! Similarly,
production? of metastable NF(alA) by dissociation of FN3, followed by energy transfer to (and
energy pooling with) BiF has led to recent demonstrations of both optical gain3 and unsaturated
lasing? at 471 nm. The BiF gain coefficients which have been achieved to date, however, are still
quite small due to rotational/vibrational dilution of the inversion density and quenching of the
electronically excited species® by the organometallic donor used for in-situ formation of BiF.
Consequently, there has been a strong motivation to identify alternative emitting molecules for

which these difficulties can be circumvented.

Metal hydrides are interesting transfer partners for NF(alA) because of the large
rotational/vibrational spacings which significantly reduce the dilution factor. Also, these transfer
partners are favored by availability of volatile inorgunic precursors which are less likely to act as
efficient quenchers. The BH radical, in particular, is interesting because of a double resonance
between its excited states and the 11,442 cm-! excitation of NF(alA), which permits efficient
pumping of an allowed transition at 433 nm. Referring to Fig. 1, the spectroscopic constants of the
X13+ and Al states of BH are well-known6, as is the (AgpH ~ 6 /us) radiative rate”. Recent
indepcnden; ab initio calculations by Michels8 and Saxon? have also located the potential minimum

of the metastable intermediate BH(a3[]) state at 11,000 £ 200 cin-! excitation relative to the X1Z+

ground state. Based on these results, the spin-allowed pumping reactions

BH(XIZ*) + NF(a!A) X BHGEM + NEK3E) (1)
BH(a3T) + NF(ala) X BH(AID + NFX3T) @)
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are each shown te be nearly resonant!0 and therefore potentially able to occur at gas kinetic rates.
Transfer between NF and BH is also favored by large thermal velocities due 0 a low reduced mass
factor, strong chemical bonding forces, and minimized reliance on specific internuclear motions
due 10 highly vertical potential energy surfaces in each of the diatomics.6.7.11 Consequently, the
interaction between NF(alA) and BH should be faster than the (~ 10-1! cm3/s) rate of energy
transfer from NF(b1Z+) to the heavier IF molecule, which involves weaker chemical forces and
greater dependence on internuclear scparation.!? Also, the generally high rates of BH(A!IT)
electronic quenching, measured by Douglass and Rice,!3 suggest that energy transfer processes

involving this species are likely to be rapid as well.

The degeneracy ratio for Reaction (1) is much larger than for Reaction (2). Consequently, it
is anticipated that k1 >> k2 and the overall rate of BH(A!T) production is therefore limited by k.
Inversion of the BH(A — .., Av = ) transitions, however, requires removal of the X!Z* state at a
rate faster than the radiative decay of the Al state. Therefore, with NF(alA) concentrations
> 1016 fcm3 obtainable by dissociation of FN3, inversion is expected if k; approaches the gas
kinetic limit. In this case, large gain cocfficients may be generated on the 433 nm (v' =0 to v" =0)
transition, provided adequate concentrations of the BH radical and NF(al'A) are cogenerated

without inducing excessive quenching of the excited specics.

Since the BH radical is highly energetic (AHf = + 105 kcal/mole),!4 its efficient production
tequires a precursor or donor molecule of significant chemical energy content, and removal of the
BH radical‘by highly exothermic chemical reactions is likely to occur rapidly. Consequently,
dissociation of the donor molecules must be done both in situ and in temporal synchronization
with production of the metastables. The donor must therefore be capable of coexisting with FN3
(in a premixed state) for periods long enough to transpori the gases through a suitable reactor. In
this paper, we report our observations on the synthesis of an improved donor molecule,
tetraazidodiborane, and the kinetics of its dissociation into BH as well as the subsequent interaction

of BH with vibrationally excited SF¢ and metastable NF(alA).
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EXPERIMENTAL

As in previous experiments24, gaseous HN3 was generated in batch mode by the reaction
of powdered NaN2 with excess stearic acid between 100-120 °C. The azide product was diluted to
5% in He and stored in a stainless steel tank for later use. Gaseous FN3 (~3% in He) was then
generated on-line at 25°C and 350 Torr total pressure by titrating the HN3/He flow with a
secondary flow of 10% F3 in Ile from a commercially available gas cylinder. The FN3 flow was
expanded across a pinhole orifice and mixed with continuous flows of SF¢ and donor molecules
(diluted in He) at a system pressure of 100 Torr. The combined flows were directed via teflon
tubing to a windowed stainless steel reaction cell where the gas stream was excited at the rate of
0.5 pps by (0.5 - 2.0 Joule) pulses of 10.6 u radiation from a CO2/TEA laser. The beam was
softly focused to a 1cm x lcm cross sectional area at the center of the reaction cell, which
exhausted continuously to vacuum. Within the reactor, Skg molecules become vibrationally :xcited
(after absorption of laser photons) and contribute to subsequent dissociation cf both FN3 and
donor molecules by energy transfer. The CO, laser was operated at constant output energy, | ut the
beam was attenuated by passage through a variat ‘¢ pressure SFg absorption cell before entering
and exiting the reactor through NaCl windows, and terminating on a pulse calorimeter. The

intensity ime profile of the laser was also monitored by a fast Ge detector.

The donor molecules were formed on-line by continuously passing a mixture of HN3 and
B2Hg, both diluted in inert gas, through a 400°C capillary oven (residence time ~ 10 ms) that was
closely coupled to the subsequent reaction cell. The rapidly cooled effluent from the capillary oven
could also be diverted to a low residence time (10 cm long) absorption cell with NaCl windows
that was positioned inside an FT-IR instrument for analysis of the product stream. Typical
(unreacted) mole fractions in the reactor were 0.7% FN3, 4.5% SFg, 0.06% BaHg, 0.25% HN3
and balance inert gas, approximately half of which was used to purge the windows. All gas flows
were electronically measured and controlled, and previous work? revealed tnat peak |NF(a'A)j is
~70% of the initial FN3 concentration within 1-2 us following the laser pulse, after which the
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metastable deczy is dominated by self-annihilation!> at a rate of approximately 3 x 10°12 cm3fs.

Chemilvminescence from the reartor was monitored at 874 nm to track the NF(alA)

-
i

produced by CO3 laser excitation of the S¥¢/ N3/ inert gas mixture. The gas flow, laser bcam
and direction of optical detection were along three mutually orthogonal axes passing through the
center of the reactor. The chemiluminescence was transmitted through an interference filter and
detected by a silicon photodiode. When a donor specics was added to the flow, BH(A - X)
emission at 433 nm was similarly monitored using a second interference filter and either the
photodiode or a 1P28 photomultiplier tube (PMT). A spectrometer was also employed to ensure
that no overlapping emiss:ons from other species occurred within the bandwidth of either filter.
The wavelength dependence of the silicon photodiode’s quantum efficiency was provided by the
manufacturer (EG & G), and the detector was mounted on a rigid stand which maintained its
spatial relationship to the reacting (emitting) voiume to insure reproducibility and comparability of
the data. Since both the NF(a — X) and SH(A — X) emission bands are confined to very narrow

spectroscopic regions,!0 the transmission factors for the corresponding filters were easily

determined by use of a commercial spectrophotometer.

Light from a resonance lamp!6 was also focussed into the reacting volume and re-imaged at
the PMT detector which was filtered to respond to the BH(A - X) emission. The ~ 5 cm long by
1cm ID lamp was energized by applying a pulsed discliarge © 10 Torr of 70% Ne and 30% He
gas that was passed through a column of §iO and de.arorane (B i314) at ambient temperature.
Two electrical drivers for the lamp were available. The first produced a constant current (5 ampere)
hollow-cathode discharge of 150 jis duration, that was electronically initiated approximately 100
us in advance of the CO; laser. Therefore, during the time of rcaction following the laser pulse, the
lamp intensity was essentially constant. A second, much more intense lamp driver, produced an
apyroximately squarc (135 ampere / 15 us) pulsed coaxial discharge which could also be
synchronized with the chemiluminescence from the reactor. The opcration of each lamp was

stabilized by drawing a continuous current of ~ 1 ma, cither between the main electrodes in the
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hollow cathode lamp or between the cathode and a secondary pin anode in the coaxial lamp. To
separate the 433 nm chemiluminescence (originating in the reactor) from the probing 433 nm
radiation (originating in the lamp), data from the PMT was electronically directed to Channel A on
even numbered shots (Channel B grounded) and to Channel B on odd numbered shots (Channel A
grounded). The lamp was then fired on even numbered shots only, and data corresponding io
Channel A minus Channel B was averaged in the oscilloscope over a large (even) number of laser
pulses so that the chemiluminescence contribution was cancelled. The amplifier gains on Channels
A and B were carefully balanced to within 1% and care was taken to ensure that neither channel

was saturated. Consequently, the lamp diagnostic was sensitive to the difference 1n (degeneracy

weighted) populations between the Al[T and X1Z+ states of BH.
THEGRETICAL

Wiberg and Michaud!7 have shown that HN3 and ByHg react in ether by abstracting Hj to

form azidoborenes. The corresponding gas phase reaction could therefore proceed as

(graphic A) (3)

provided the reaction products are stable. Ab initio calculations!® were pesformed to explore the
possible existence and stability of the tetraazidodiborane (TADB) structure suggested in
Reaction (3). Our calculations indicate the likely existence of a vibraticnally stable D structure for
TADB. The RHF/6-31G* optimized geometry for TADB is shown in Table 1, and the calculated
vibrational frequencies and intensities, which can be used to characterize experimental absorption
bands, are given in Table 2. SCF calculations are well-known to yield vibrational frequencies
which are overestimated. The frequencies listed in Table 2 should therefore be multiplied by a
uniform scaling factor of 0.8929 for comparison with experimental data. This correction is most
accurate for the high frequency bands where a variance of 5-10% is anticipated. Aiso, at this level
of calculation, the intensity results are qualitative at best. The results obtained are, nonetheless,

adequate for identification of product molecules. Calculated heats of reaction and heats of
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formation are reported in Table 3. Thes: data include scaled vibrational zero-point corrections
obtained from calculated vibrational frequencies. The MP2/6-31+G*//RHF/6-31G* heat of
formation for TADB, given in Table 3, indicates that Reaction (3) is exothermic by
73.2 kcal/mole. In a fashion similar to BHg, the TADB molecule can also disscciate upon

heating, yielding diazidoborane (DAB):

(graphic B) @

Ab initio calculations cf DAB indicate a vibrationally stable Cay structure as shown in Tables 1 and
2. The calculated energies in Table 3 indicate that Reaction (4) is exothermic by about

9.8 kcal/mole.

The above findings suggest that TADB is a patential (nascent) product of reacting gaseous
HN3 with ByHg, Since TADB is thermodynainically unstable with respect to dissociation into BAB
molecules, it is not expected to persist for long penods, except pOssibly at cryogenic tem peratures.

Therefore, reaction time and temperature may be critical factors influencing the yield of TADB.

Similar to the halogen azides, DAB can eliminate a terminal N3 group. At the RHF/6-31G*

level of theory, the reaction

(graphic C) (5)

has a barnier of 17.9 kcal/mole, slightly greater than the 13.6 kcal/mole (expt) and
10.8 kcal/mole (calc) values2.18 found for FN3. The molecular fragments resulting from DAB,
upon N3 elimination, may then undergo a conformational change by migration of the ione N-atom
away from the azide group, ar.d insertion into the H-B bond to form planar HNBN3. Calculations
at the RHI/6-31G* level of theory, shown in Tables 1 and 2, indicate that this compound is
vibrationally stable. The overall reacton (DAB — HNBN3 -+ N») is exothermic by 41.1 kcal/mole,
as calculated from the data in Table 3. Once formed, the HNBN> .nolecule is not expected to yield
a significant quantity of BH radicals upon further fragmentation.
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RESULTS
Donor Chemistry

On-line mixing of HN3 and B;He, upstream of the czpillary oven and FT-IR absorption
cell, revealed no reaction at ambient temperature as shown by the upper trace in Fig. 2, where the
observed bands are all assignable to rcactants.!9:20 The middle trace was obtained with HN3 in
excess and the oven temperature at 400°C. Rapid cooling of the gas (from the capillary oven) as
well as fast transport through the FT-IR cell was necessary to record this data, which shows that
BoHg has reacted completely and the intermediate product is lacking a vibration at ~ 2600 cm-1.
This frequency can be assigned 10 a free B-H stretch by analogy to the corresponding modes21.22
in HBFj (2619 cm-1), HBCly (2625 cm’!) and HBBry (2600 cm-!). The dihaloboranes are
comparable to azidoboranes, since the N3 radical is a pseudo-halogen. The lower trace in Fig. 2
was obtained by continued heating of the intermediate product at 400°C in a second oven of much
longer residence time. This final product is characterized by a B-H stretch, and the major
absorption bands are reasonably correlated with the frequencies of the four strongest bands of
DAB, as shown in Table 2. A static charge of DAB was trapped in the FT-IR cell (at ambient
temperature) and its decay was monitored over the course of a day. The measured attenuation (~5%
/1) was in fair agreement with the analogous decay of CIN3, which has a similar barrier to

dissociation.18

The intermediate product, obtained by reaction of HN3 and BoHg, is thought to be TADB

based on its decomposition into DAB, as well as the lack of a free B-H stretch in the corresponding
FT-IR data. Since the two H-atoms in TADB are bridge bonded, as in BoHg, this donor molecule
does not show a characteristic absorption at ~ 2600 cm-l. Our theoretical investigation also
demonstrated that both DAB and TADB are sufficiently energetic to yield BH + N2 products.
Consequently, these donors are preferable to BoHg, at least on the basis of thermodynamics. The
bridge bonds in TADB, however, are likely to increasc the kinctic probability of azide-azide
annihilatior. (leading to BH + N2 fragments) relative to DAB, by hindering the migration process
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which allows formation of non-productive HNBN3 molecules.

To evaluate these potential donors, equimolar concentrations of DAB, TADB ana uarcacted
B,Hg were each separateiy mixed with SFg/ FN3/ inert gas and exposed to pulsed C'O; laser
radiation, while monitoring productior: of BH(A — X) chemiluminescence. As expected, the yields
of BHI(A!) from ByHg and DAB were comparable, while the yield of BH(A!IT) from TADB was
enhanced by nearly an order of magritude under optimized conditions, which corresponded to a
stoichiometry of aporoximately 4 parts HN3 to | part BoHg into the heated capillary oven.
Therefore, with the exception of the gain measuremerts, all subsequent experiments were
performed using the intermediate (short-time) product of the thermally activated reaction of HN3

with BoHg as the donor of choice.
Reaction Mechanism

Figure 3 shows data collected using the {(constant intensity) lamp diagnostic with inert gas,
SFy and TADB only in the reactor. All three traces show an electrical noise spike at ime zero from
the CO; laser discharge, and the electronic signal processing for each of the traces was identical.
The lower trace, however, was collected with the lamp blocked (to test the chemiluminescence
cancellation) while the uppermost trace was collected with the laser blocked (1o test constancy of
the lamp output). The peak intensity of the uncancelled BH(A — X) chemiluminescence (not shown
in Fig. 3), due to weak transfer from vibrationally excited SFg molecules, was about 25% of the
lamp signal. The intermediate trace in Fig. 3 therefere reflects absorption of lamp radiation by
ground staté BH(X1Z*) radicals. This signal also approximately measures the total concentration
of BH radicals, since (in the absence of FN3) no NF(alA) is formed, and we may therefore assume
the concentration of both BH(a31T) and BH(A!TT) to be negligible. The rise a~d fall times of the
BH(X13*) concentration are apr Jximately 0.3 and 2.2 ps, respectively, and the peak yield of
BH(X1¥+) was estimated at approximately 2% cf the ByHg used to generate the TADB. This result
is based on an active 1 cm optical path length and an averaged cross section of ~ 3 x 1014 cm?,
which assumes the lamp and reaction cell are each characterized by rotational/translational
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temperatures of 600°C. Since these temperatures are uncertain within a factor of two, the cstimated
yield may in fact vary between 50 and 200% of the quoted value. The vibrational temperatures
produced by CO2 laser excitation of SFg are higher;23 however, the error due to population of
v' > 0 levels in the AT state is small due to the large (2367 cm*!) vibrational spacing6:10 of the
BH radical, as confirmed by measuring relative intensities of the 0-0 and 1-1 bands. Finally, since
heating of BoHg catalyzes formation of higher weight boranes? and the TADB mzy precipitate out
of the flow due to polymerization (2 white deposit forms between the oven and reactor), the quoted
yield figure is actually a lower limit for the concentration ratio of peak BH to active TADB in tl.e

flow.

The rates of rise and fall of the BH(X!$:*) time profile correspond to the time constants for
dissociation of the TADB and subsequent removal of the BH radials. The.data in Fig. 3 alone,
however, do not determine which process corresponds to the rise and which to the fall of the
BH(X13*) time profile, except that the faster of the two determines the rate of rise and the slower
the rate of fall. This uncertainty can be resolved in two ways. First, by comparing the laser
intensity and BH(X!I+) time profiles in the absence of FN3, as given in Fig. 4(a), it is found that
both decays occur on a similar time scale. This result suggests that BH(X!Z*) is destroyed more
rapidly than it is generated, so that a steady-state relationship between [BEX(X1E*)] and the laser-
driven rate of formation is established. In this case, the rate of rise of BH(X!Z*) is linked to the
time constant for removal, while the rate of fall reflects the time constant for dissociation of TADB,
as influenced by the time profile of the CO3 laser intensity. This assignment can be further verified,
as shown iri'Fig. 4(b), which compares two [BH(X!Z+)] time profiles (still in the absence of FN3)
at different CO; laser energies. Here, the rate of dissociation of the donor is altered significantly
(via the laser intensity) while the rate of BH(X!X+) removal remains approximately fixed. Since
the time profiles show a near-constant rise time, but widely-varied decay raies, the above
assignment is proved to be correct. Also, as expected in the steady state limit, increasing laser
intensity enhances the yield of vibrationally excited SFg, and therefore also the rate of donor
dissociation as well as the peak yield of BH(X1E*). If, on the other hand, the rate of rise were due
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to the formation step, the yield of BH radicals would saturate, and become nearly independent of
laser power, since dissociation of the deonor would complete before significant loss due to the
slower removal process. The data in Figs. 3 and 4, therefore, establish that BH(X!T*) is
consumed approximately seven times faster than it is generated. Consequently, if the removal
process were eliminated, the concentration yield of BH(X!E*) wouid rise from 2 2% to match that

actual branching ratio from TADB to BHX1Z*), which 15 > 14%

Since the densities of boron-containing molecules and F-atoms (from multiphoton
dissociation23:<6 of the SFg) are too low to account for the observed fast removal process, even at
gas kinetic rates, it follows (by elimination) that SFg molecules are responsible for consuming the
BH radicals. A likely mechanism for this reaction is abstraction of F-atoms, which are more tightly
bonded to boron than sulfur.14 Measurements by Rice,2” however, indicate a low rate of reaction
between BH and SFg at 300°K. Consequently, the high temperatures and vibrational excitations
(associated with CO» laser pumping ) appear to play a role in surmounting an activation barrier f

the removal process.

Figure 5(a) shows the time profile of NF(alA) in the absence of any BH donor, and

Fig. 5(b) compares the time profiles of BH(AI[T) with FN3 present and two different

concentrations of TADB donor. Note that the BH(A!IT) signal decays more rapidly than the

NF(alA) time profile. This difference is due to removal of BH radicals discussed above, as well as
to possible removal of NF(alA) catalyzed by addition of the donor. Since the BH(A!II)
concentration scales in proportion to the donor concentration and neither the rate of rise nor the rate
of fall are aftected when the donor concentration is altered, it follows that varying the concentration
of TADB (under these conditions) does not appreciably change either the peak yield of BH(X!Z+)
per donor molecule or the NF(alA) time profile. Therefore, significant removal of BH(X1Z+) by
boron-contairing molecules is ruled out (as expected), and the donor molecule as well as its

byproducts do not appear to be highly efficient quenchers of NF(alA).
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Figure 6 compares the measured time profile of BH(A![T), with FN3 present, to the
calculated product of the BH(X!Z*) and NF(alA) time profiles, from Figs. 3 and 5, respectively.
Since BH(AI) decays radiatively in 160 ns, its concentration is in steady-state with its
precursors, namely BH(X!Z*) and NF(alA), on longer time scales. Therefore, the measured
BH(A!T) time profile should proportionately track the calculated-product time profile, unless NF
cither removes BH(X13+) chemically, or NF(alA) assists the dissociation of TADB. Since the
actual yield of BH(A!I[T) exceeds the calculated yield at long times, NF(alA) aids dissociation of
the donor, although this secondary effect is of little consequence at early times. Chemical removal
of BH by NF apparently does not proceed at a significant rate because the potential reactions are
either four-centered (1o form BN + HF), tri-molecular (to form FNBH), or endothermic (to form

atomic + triatomic products).14
Pump Rate

When FN3 was admitted to the reaction cell, in addition to TADB and SFg, the yield of
BH(ANT) increased by approximately two orders of magnitude. Heating of the FN3 flow to
~100°C, in route between the generator and the point of SFe/donor addition, also eliminated this
BH(A — X) chemiluminescence. Since the azide is thermally decomposed to N2F> and Ny under
these conditions,28 the anticipated role of NIF(alA) as a pumping species is verified and other
ground-state chemiluminescence mechanisms are ruled out. The rate constanit kp may therefore be

extracted from the data shown in Fig. 6 by combining the steady state relation

k2 [NF(a!A)] [BH] ~ Ay [BH(A'T)] ©®)

at early time with the intensity relations

SH = C Fpy Dpu Gpu A [BH(AID) (7
SNE = C FNF DNF GH ANk [NF(alA)) (®)
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to yield the expression

k2"[BH SBH) (FBHH Hg::) ©)

where SgH/SNF is the recorded emission signal ratio at 433 and 874 nm, and the teitms F, D and G

are the corresponding filter transmission, detector quantum yield and electronic amplification (gain)
factors, respectively. As used here, C is a common geometric collection facta: und (BH] represents
the total concentration of boron hydnde radicals, since with kj >> k3 the majority of the population
will be in the a3[] state when high densities of NF(alA) are present. Also, quenching of the A!TT
state is ignored in this analysis due to its fast radiative decay. Using ANp = 0.2 /s for the radiative
rate of the NF(a — X) transition,2% and peak [BH] from the absorption measurement, Equation (9)

yields k3 ~ 3 x 10-11 cm3/s.
Population Inversion

Due to the high yield of BH(A — X) emission that was achieved with FN3 present in the
reactor. the constant intensity lamp diagnostic could not be used to monitor transmission at 433 nm
because the probing radiation was swamped by intense chemiluminescence. Therefore, the high
intensity coaxial lamp was employed to monitor the reacting medium, using an (OD = 2) neutral
density filter in series with the interference filter to prevent detector saturation. Since small
differences in signal intensity were critical in these experiments, the data was collected in 128 shot
averages to suppress statistical fluctuation, and unreacted BoHg was used as the donor in place of
the more efficient TADB precursor to suppress instabilities in the reactor arising from growth of
polymer films. No significant reaction between FN3 and B2Hg (prior to the laser pulsc) was
evident under the conditions of the experiment, and the reduced donor efficiency could be partially

compensated by approximately tripling the concentration of BHg that was added to the reactor

flow, since the B2Hg did not quench the NF(alA) appreciably.

The upper/dashed trace in Fig. 7 shows the time profile of the lamp intensity as measured
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by the difference between Channels A and B with the laser beam blocked from entering the reactor.
The lower/dashed trace is the uncanceled chemiluminescence from the reactor (Channel B only)
and the lower/solid trace is the canceled chemiluminescence signal (Channel A minus Channel B)
taken under identical conditions with the lamp optically blocked. The upper/solid trace in Fig. 7 is
the data coliected (Channel A minus Channel B) with both the lamp and laser coupled into t! :
reaction cell and, as previously, all traces show electrical noise spikes at time zero due to the CO;
laser discharge. These data demonstrate positive optical gains of up to ~ 10% /cm for the first
~ 1.5 ps of the chemiluminescence pulse, since the monitored signal (with both the lamp and laser
active) exceeds the intensity of the lamp signal alone by a margin that s toc wide to explain by
either fluctuations in the data or by imbalance of the chemiluminescence signals in Channels A and
B of the oscilloscope. At longer times, the medium regains transparency due to the removal of BH
radicals, as expected. The data were reproducible, and the appearance of transient optical gain was
eliminated when FN3 was not admitted to the reactor. Consequently, an absolute population
inversion of the BH(A - X) transition was obtained; and the system will likely operate as a laser.
These results are significant because the optical gain coefficient generated by the NF/BH system is
large in comparison to the (~ 3 x 104 /cm) gain factor that was obtained3 by interaction of NF(alA)

with RiF,
DISCUSSION

A simple model of the NF/BH transfer-pooling system is based on the following three
physical approximations. First, since the removal rate of BH is slower than the radiative rate, total
BH concentration at the chemiluminescence peak is unaffected by the presence of NF(alA), which
serves only to alter the distribution between the X1¥+, a3IT1 and A1 states. Second, neither
BH(a3[1) nor BH(A!IT) are quenched significantly, because the former is metastable (low
quenching cross section) and the latter decays optically at a very high rate. Consequently, the BH
kinetics are dominated by the radiative decay and interaction with NF(alA). Pumping of NF(X3%")

by either the a3[1 or Al[] states of BH, the reverse of Reactions (1) and (2), are negligible due to
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the fast removal30 of NF(X3x-), as well as the fast radiative decay of BH(A![T) and the 9 to 1
degeneracy ratio of Reaction (1) which strongly favors production of BH(a3[1) over NF(alA).
Third, steady-state relations apply to all three BH states at the peak of the chemiluminescence time
profile. The BH(A![T) concentration is in steady-state (by definition), and since this state follows

the product of the BH(a3[I) concentration, and a more slowly varying NF(alA) time profile, the

ad[T state is also approximately peaked. Finally, applying conservation of total BH density, it

follows that the X13* ground state is simultaneously minimized. Consequently, at the peak of the

chemiluminescence time profile the energy transfer system is governed by the relations

[BH] = [BHX "] + [RH(a3[D)] + [(BH(A!ID)] (10)

Apy [BH(AD) = k1 [NF(alA))[BH(X1E%)] = ka [NF(alA))[BH@ID]. (1)
It is useful to define an inversion parameter
y = ([(BH(AID) - 2 [(BH(X!Z*)]) / (BH] (12)

where the factor of two accounts for the different degeneracies of the upper and lower states of the

potential BH(A — X) laser transition. Solving equations (10 - 12) simultaneously yields

ki/kp=Q+y)/(x-y(1+x))

x =k [NF(alA)} / Apn. (14)

The above relztions are essentially an “equation of state” for the NF/BH system which relates the
metastable concentration 0 the unsaturated optical transmission properties (at 433nm) through the
dimensionless parameters x and y, respectively. From the prior intensity data
(k2 ~3 x 1071 cm3/s, [NF(alA)] ~ 1.5 x 1016 /cm3) and Ay ~ 6 x 106 /s, the value of x is

small compared to unity. Without use of this approximation, however, one may still require y > 0
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for positive gain in Equations (13) and (14), which yields
ki [NF(@!4)] 2 2 Apy (15)

after suitable algebraic manipulations. Equation (15) is the condition for inversion to occur at the
peak of the BH(A 1) time profile and may be employed to evaluate k) as 2 8 x 1010 cm3ys,
given the data above. The corresponding cross section (~ 100 A2) is consistent with the very

favorable dynamics of the energy transfer process as detailed in the introduction.

CONCLUSIONS

The rate constants for excitation of BH by energy transfer from NF(alA) are conducive to
formation of a population inversion with high optical gain on the 433 nm (A — X) transition at
achievable metastable concentrations. The intermediate product, tetraazidodicorane, formed in the
thermally-activated reaction of HN3 and ByHg, is shown 1o be a superior donor of free BH
radicals, which are rapidly consumed by the vibrationally excited SFe molecules that are used (in
the current experiments) to trigger dissociation of the metastable precursor and donor species.
Clearly, more work is needed to establish optimal conditions for synthesis and transport of the
TADB donor, since high concentrations of BH are necessary to efficiently extract the metastable
energy in competition with the loss due to self-annihilation. Also, more scalable methods to initiate
dissociation of the BH donor and FN3 need to be applied to optimize the performance of the laser

system.
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Fig. 1

Fig. 2

Fig. 4

Fig. 5

Fig. 7

Table 1

Table 2

Table 3

CAPTIONS

Excitation of BH(A - X) chemiluminescence by NF(alA) energy pooling mechanism.
The potential curves for the BH(A![1) and BH(X!X*} states are from Ref. 6 by
Stwalley and Luh.

Infrared absorption spectra of a reacting hydrogen azide and diborane gas mixture.

Time profiles of 433 nm signals due to transmissioa of resonance lamp through the

laser driven reactor in the absence of FNa.

Comparison of smoothed BH(X!XY*) and 1aser intensity time profiles (a), and

BH(X1Z+) at two different laser energies (b), in the absence of FN3.

Time profiles of NF(alA) in the absence of donor (a), a2nd BH(A') at two levels of

donor concentration (b).

Comparison of measured BA(AIM time profile with the calculated product time profile

of NF(alA) and BH(XITH).

Time profiles of 433 nm signals from transmission of the resonance lamp through the

laser-dniven reactor with FN3j present.

Calculated RHi*/6-31G* grometries (angstroms and degrees)

4

Calculated RHF/6-31G* vibrational frequencies (cm-1) and intensiues (knmy/rxole).

Caiculated energies (hartrees) and thermochemistry (kcal/mole).
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Table 1
Calculated RHF/6-31G* Geometries (angstroms and dcgrees)

l TADB (D7) DAB (Cay) HNBNj3 (Cy)
B-B 1.821 H-B 1.179 H-N 0.980
H-B 1.332 B-N; 1.439 N-B 1.225
B-N1 1.464 N)-N3 1.237 B-N; 1.409
Ni1-N2 1.230 N3-N3 1.995 N1-N2 1.233
N2-N3 1.697 H-B-N; 115.4 N2-N3 1.064
H-B-N) 103.5 B-N1-N2 123.6 H-N-B 180.0
B-N|-Nj 118.8 Ni-N3-N3 173.1 N-B-H, 177.4
N}-N2-N3 174.7 B-N;-N»a 120.1
H-B-Nj-Nj -168.2 N1-N2-N3 173.9
B-N;-Nj-N3 -179.5 N-B-Ni-Na 180.0

—————
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Table 2
Calculated RHF/6-31G* Vibrational Frequencies (cm-1) and Intensities (km/mole)

DAB

A 2845(162), 2588(924), 1401(556), 919(16), 824(81), 506(10), 122(0)
A2 674(0), 60(0)

B, 952(59), 686(63), 311(3)

B2 2532(194), 1435(900), 1279(13), 1043(27), 693(1), 181(0)

TADB

A 2580(0), 2260(0), 1442(0), 1103(0), 835(0), 674(0), 532(0), 262(0), 186(0), 70{0),
42(0)

B) %533(633), 2003(106), 1442(262), 1158(18), 730(47), 668(33), 497(25), 315(1), 155(3),
4(1)

B2 2537(440), 1744(4), 1450(843), 1312(385), 1080(90), 724(1), 667(8), 453(0), 181(0),
110(1), 33(0)

B3 2560(2145), 1831(2335), 1357(3117), 1160(391), 877(639), 800(368), 668(%0),
485(15), 134(10), 48(2)

HNBNj3

A’ 4146(336), 2592(728), 2178(882), 1432(300), 900(30), 695(11), 559(154), 517(19),
153(0)

A’ 651(19), 490(0), 435(210)
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TADB

Level of Theory
RHF/6-31G*
MP2/6-31G*//RHF/6-31G*
MP2/6-31+G*//RHF/6-31G*
DAB

Level of Theory
RHF/6-31G*
MP2/6-31G*//RHF/6-31G*
MP2/6-31+G*//RHF/6-31G*

HNBN;

Level of Theory
RHF/6-31G*
MP2/6-31G*//RHF/6-31G*
MP2/6-31+G*//RHF/6-31G*

Table 3
Calculated Energies (Hartrees) and Thermochemistry (kcal/mole)

E
-703.68903
-705.83842
-705.87845

E
-351 86757
-352.92725
-352-94539

E
-243.01229
-243.73651
-243.75290
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AH [Eq.(3)]
-333
-75.0
-713.2

AH/[Eq.(4)]
-31.0
-12.2

-9.8

AH,[Eq.(5)]
-57.6
-38.0
-41.1

AHy
266.2
2245
226.3

AHy
117.6
106.2
108.3

AH
40.4
60.0
56.0
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A Chemically-Pumped Visible-Wavelength Laser with High Optical Gain

D.J. Benard and E. Boehmer

Rockwell International Science Center

Thousand Oaks, CA 91358

ABSTRACT

Excitation of a mixture of FN3, BoHg, SFg and He by a pulsed CO; laser generates a
transient gain medium capable of supporting laser oscillation at 433 nm in an optical cavity with

threshold gain of 2.5% / cm.
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INTRODUCTION

Previous studies! have shown that large concentrations of the 1.4 eV metastable species,
NF(alA), can be efficicntly generated by rapid dissociation of the energetic FN3 molzcule. Also,
energy transfer? from NF(a!A) to ground state BH radicals pumps the allowed BH(A-X) transition

at 433 nm by the rapid (resonant) pooling reactions:
NF(alA) + BH(X!Z) — NF(X3Z) + BH(a3n) (1)
NF(alA) + BH(a3n) = NF(X3%) + BH(Aln) 2)

The FN3 is produced by first reacting solid NaN3 with cxcess stearic acid at ~ 100°C to generate
HN3, and then reacting the gascous azide product with F; diluted in He. The FN3 is subsequently
dissociated by mixing with SF¢ and exposure to 10.6 p radiation from a pulsed CO; laser. The
infrared photons are resonantly absorbed by the SFg molecules, which become vibrationally
excited, and collisional transfer of this excitation to the FN3 causes dissociation to occur on the ps
time scale.! If BoHg is also present as a donor, a small yield of BH radicals is co-generated. Since
the NF(alA) and BH radicals are liberated under premixed conditions, the rate of formation of the
emitting BH(A!n) state is limited only by Reactions (1) and (2). Encouraged by recent
measurements2 of high optical gain (~ 10%/cm) in this transient chemical system, we have
attempted to demonstrate laser oscillation in an optical cavity with a relatively large threshold gain

to validate our previous conclusions.

The NF/BH laser concept (described above) is interesting in relation to other visible
wavelength chemical laser systems, such as NF/BiF, which operate in a similar manner, because
the achievable gain coefficients are substantially larger. In prior work, we obtained a gain
coefricient of ~ 3 x 10-4/cm at 471 nm in the NF/BiF system.? While a detailed analysis of the

NF/BiF and NF/BH systems is beyond the scope of tnis paper, the following approximate
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comparison may nonetheless be useful. The peak NF(alA) concentrations and limiting pump rates
in the two svstems are nearly identical. The density of active emitter molecules in the BH system,
however, is about an order of magnitude larger than i the BiF system, owing to 1cduced
quenching by the precursor.23 This ditference approximately cancels the larger radiative rate of
BH (~ 6 vs 0.7 /us in BiF) resulting in comparable inversion densitics. The difference in gain
therefore primarily reflects terms which influence the cross section, such as the radiative rates
already mentioned, the Franck-Condon factors (0.99 for the v' = 0 to v* = O transition in BH vs
0.15 for the v' = 1 to v" = 4 transition in BiF), and the rotational spacings (~ 12 vs 0.23 cm’!)
which account for a seven-fold reduction of the number of transitions excited within the thermal
manifold of BH. Other less critical factors influencing the cross section such as wavelength are
nearly equal, while the Doppler widths (favoring BiF) anu the vibrational distributions (favoring

BH) tend to approximately cancel.34

The principal difficulty in the NF/BH laser concept stems from reliance on high
concentrations of NF(alA) to maintain an absolute populatic:: inversion against the fast radiative
decay. These high metastable densities increase the rate of NF(a!A) self-annihilation’ and thereby
limit the time available for Reactions (1) and (2) to transfer energy to the emitting transition.
Efficient power extraction is therefore critic ally dependent on achieving an adequaie concentration
of BH radicals. In general, this is a difficult (but not impossible) criterion to satisfy. For the
present experiments, however, we have chosen to use BoHg as a convenient BH precursor, even
though the low yield of emitting molecules precludes efficient power extraction. Reliance on SFe
as a sensitizer for the CO5 laser also results in rapid scavenging of the BH radicals that are
released.2 An altemate approach that eliminates this difficulty is use of gas-dynamic shock heating
to dissociate the reagents in lieu of CO3 laser excitation. Although feasible, this approach is much
more complicated experimentally,® and the simpler CO; laser / SFg method of triggering the

reactions was preferred to demonstrate the high optical gain of the system.
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EXPERIMENTAL

The reagents (FN3, BaHg, SFe and He) were transported by 0.25 inch OD stainless steel
and teflon tubing at a total pressure (flow rate) of 100 Torr (15 scem) and were mixed on-the-fly
at or near the reactor inlet. The mole fractions were: FN3 ~ 1%, ByHg ~ 0.05%, SFg ~ 5% and
balance He of which approximately half was used for window purges. A schematic of the . cactor
is shown in Fig. 1. A stainless steel cube approximatcly 8 cm on a side was bored along three
mutually perpendicular axes to pass the gas flow, the CO; laser beam, and the axis of the optical
resonatcr hirough a common point. The gas flow exited the reactor via a sonic orifice in route tc a
vacuum punip, and the ~ 2 Joule /0.5 pps CO; laser beam was focused to ~ 1 ¢m dia. at the center
of the reactor (through a NaCl window) before exiting to a bcam dump and calorimeter. The optical
resonator was formed by using o-rings to seal two dielectric mirrors onto support tubes extending
from either side of the reactor. Both internal apertures and He purge flows were used to protect the
optical surfaces. The resonator cavity, tuned to 433 nm, consisted of a totally reflecting / flat
mirror and a 95% reflecting / concave (50 cm radius of curvature) mirror, spaced 26 cm apart
with the gain zone midway between them. The gain length, corresponding to the diameter of the
CO; laser beam, was ~ 1 cm. The calculated mode diameter in the gain zone is ~ 0.4 mm, and the
corresponding gain volume is therefore ~ 1.6 p¢. The limiting aperture in the resonator was 6 mm
in dia.; and assuming no other losses than mirror transmission, the threshold gain was
~2.5% / cm, about two orders of magnitude larger than the amplification achieved in the NF/BiF
system.3 Bofh mirrors were aligned to each other and to the limiting apertures by use of an external
He-Ne laser. The cavity emission was monitored through a fiber optic cable by an optical
multichannel analyzer (OMA) for spectral content, or by a 430 £ 5 nm filtered photomultiplier
tube for intensity time profile. A photographic camera was used to record the spatial distribution of

the output beam.
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RESULTS

When the rcactor was opcrated under nominal conditions, with the output mirror replaced
by a quartz window, intensc pulses of blue chemiluminescence filled the cavity aperture coincident
with each shot of the CO; lascr. Full-aperture chemiluminescence was also visible through the
output mirror; however, in this case a much brighter spot of bluc radiation, of ~ 1 mm diameter,
also appeared in the field of view. The “lasing™ spot was sensitive to mirror alignment and
exhibited threshold behavior upon varying the BaHg flow into the reactor (i.c., the
chemiluminescence persisted over a wider range of stoichiometry than the lasing action). The OMA
scan verified the cavity emission was at 433 nm, coincident with the v' =0 to v"* = 0 band of the

BH(A-X) transition.

The lasing spot was approximately isolated by a | mm dia. brass pinhole and the relative
intensity time profiie, shown in Fig. 2(a), was recorded by signal aveiaging on a digital
oscilloscope. The measured strength of the initial sharp lasing spike (~ 250 ns duration) was
subject to large (> twofold) fluctuations from shot to shot. This result is attributable to variations
in (e spatial profile of the CO3 laser beam, which induccd index gradients in the gain medium and
observable movement of the cavity mode. In the average over severai shots, thercfore, the lasing
signal was attcnuated by random vignetting of the cavity mode on the pinhole. The time
dependence of the cavity signal, however, is accurate. By comparison, the intensitv of the
chemiluminescence signal was nearly constant from shot to shot. Figurc 2(b) shows the
chemiluminésccnce time profile taken with a window in place of the output micror. The cavity and
chemiluminescence time profiles in Fig. 2 have bcen normalized at long times to allow
examination of the early time differences due to stimulated emission. The onset of cavity cmission
is delayed (relative to the chemiluminescence) and rises more steeply, but peaks later, than the
spontaneous emission time profilc. Consequently, there is time interval during which the cavity
output is growing while the chemiluminescence is decaying. The initial cavity output peak 1s also

narrower in time than the corresponding pulse of spontaneous chemiluminescence.
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Photographs of the aperture (in room light) and the laser beam (single shot) were taken
using a camera and lens that were fixed in relation to the reactor hardware. The negatives were
developed and rephotographed on a transmission microscope at fixed magnification to produce the
comparison images that arc shown in Fig. 3. Multiple exposurcs in which the number of shots
was adcquate to compensate the transiission of the output mirror were also recorded, and in these
cases, no evidence of full-aperture chemiluminescence was recorded on the film. Since the beamn is
smajl compared to the aperture, has well-defined cdges, and is more intense than

chemiluminescence, it is clearly the result of laser oscillation.
DISCUSSION

The peak energy sto.ed by NF(alA) in these experiments is about 5 J/€. With an active
volume of 1.6 u€ and a pulse width of 250 ns, maximum output at 100% cfficient power
extraction could be as high as 32 watts. Since BoHg was used in place of an efficient BH donor,
the output power was certainly much smaller. The goals of the present experir -nt, however, were
to establish lasing and to demonstrate high levels of optical gain, both of which have been
achjeved. In the near future, we expect to be able to increase the output significantly by utilizing
more efficient donors than BaHg, and increasing the active volume of the laser mode. On a longer
time scale, we envision supporting a CW laser demonstration in which shock recovery in a

supersonic flow is used to dissociate the FN3 and BH donor. In this case, outputs of up to

500 Watts/cm? of nozzle area are achicvable based on a sonic velocity of approximately 105 cm/s

(He @ 300 K), efficient power extraction, and equivalent S J/¢ energy storage in NF(alA).
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FIGURE CAPTIONS

Fig. 1  Schematic of the COg laser driven reactor and visible laser cavaty.
Fig. 2 Time profiles of 433 nm cavity emission (a) and chemiluminescence (b).

Fig. 3  Photographic comparisor of the cavity aperture and output beam.
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Investigation of the BH(a3I1) State in the Presence of

Metastable NF(alA)

E. Boehmer and D.J. Benard
Rockwell International Science Center
Thousand Oaks, CA 91358

Abstract

Recently both gain and lasing have been demonstrated in the NF(alA)/BH energy
transfer system. In this paper, measured emission and absorption time profiles are
presented for all key electronic BH states involved in the transfer mechanism. The highly
metastable BH(a3I1) state has for the first time been monitored directly by resonance
absorption using a spin-allowed transition to the b3Z- state. These measurements show, in
the absence of pump species NF(a), that both the BH(a) and BH(A!IT) concentrations are
negligible, and the total BH concentration is adequately reflected by the BH(X!Z) state.
Also under lasing conditions, with high densities of NF(a) present, the BH(a) state is
efficicntly populated by collisions with NF(a) and functions as a reservoir for most of the
total BH concentration. An effective absorption cross section of ~ 1.7 x 10-14 cm? has
been estimated for the BH(a — b) transition and the time profile of the total BH radical
concentration is controlled by a competition between the dissociation of its precursor and
rapid chemical removal. Finally, our experimental results are compared with a simple
kinetics model which assumes sequential excitation of the BH(a) and BH(A) states by
NF(a), leading to BH(A - X) emission and optical gain at 433 nm.
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Introduction

Resonant energy transfer from metastable NF(a!A) to BH radicals forms the basis
for a collisionally pumped high gain visible wavelengih chemical laser.!.2 The NF(a)/BH
energy transfer system is favored by high rates of energy transfer/pooling as well as the
large rotational parameter and vertical nature of the BH system, which minimizes dilution
of NF(a) pump energy among BH rotational and vibrational degrees of freedom. The key
processes 1n this lasing system are two spin-allowed pumping reactions followed by fast

radiative decay of the BH(A!IT) state via emission of 433 nm photons.

NF(alA) + BH(X!Z+) — BH(a3IT) + NF(X3%") )
NF(a'A) + BH(a3IT) — BH(A!II) + NF(X3%) (2)
BH(AI) —» BH(X!Z) + hv (433 nm) (3)

The energy transfer reaction (1) is close to resonance with excitation energies of
~ 11,442 cm! and ~ 11,000 cm! for NF(a) and the highly metastable BH(a3I) state,
respectively.3-6 The transfer rate was estimated in our previous study! and, as expected, is
clese to the gas kinetic limit with kj ~ 8 x 10-10 cm3/s. The energy pooling reaction (2) is
thoaght to be slower, with ko ~ 3 x 10-11 ¢cm3/s, because this process is slightly
endothermic and the degeneracy ratio for reaction (1) is much larger than for reaction (2).

The subsequent radiative decay of BH(A) is fast,6:7 with Agy ~ 6 x 106 /s,

The reaction scheme outlined above demonstrates that BH(a) is a key species in the
pumping system, but this critical state has not yet been probed directly. In our previous
work,! the role c¢f BH(a), both in the absence and presence of NF(a), was inferred from
observations of gain or absorption and chemiluminescence at 433 nm on the BH(A - X)
transition. These studies were based on a steady-state analysis, negligible quenching or

back reaction, and no significant population of the BH(a) state in the absence of NF(a). To
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confirm these assumptions, we present here results from direct absorption studics of the
BH(a) state, which use a spin-allowed transition to the higher lying b3X- state. The
measured BH(X, a, A) species concentrations and inversion densities as a function of time
are then compared to calculated results obtained from a kinetics code using reactions (1)~
(3). These studies profited considerably from recent progress in both experimental® and ab

initio® studies of the BH triplet system.
Experimental

A detailed description of the apparatus and technique for generation of NF(a) has
previously been published in this journall.9 and herein only details necessary to clarify the
experimental results and calculations will be mentioned. Metastable NF(a) and BH radicals
were generated by transient dissociation of FN3 and BaHg; typical precursor concentrations
were either zero or ~ 5 x 1016 /cm?, and either zero or ~ 3 x 1015 /cm3, respectively. The
dissociation reactions were activated by collisions with vibrationally hot SFe" molecules
produced by a pulsed CO2 laser, and translationally hot He atoms generated by SFg*
collisions with the bath gas. The chemiluminescence from the reactor was imaged onto the
entrance slit of a monochromator (AA = 4 nm FWHM), and then detected using a GaAs
photomultiplier tube. The generation and decay of the metastable and emitting species was
monitored via NF(a -— X) emission at 874 nm and BH(A — X) emission at 433 nm as a
function of time. Both of these emissions were confined to narrow spectral regions within
the resolution of the spectrometer. Absolute concentrations of both species were also
recovercd by photometry using calibrated filters and detectors as described in our previous

publications.!9 The peak NF(a) yield was ~ 3 x 1016 /cm3,

The time profiles of BH(X) and BH(a) were monitored by resonance absorption,
both with and without NF(a) metastables present in the reactor. The resonant probe light
was obtained from a pulsed 150 ps-long high-current discharge in 10 Torr of 70% Ne and

30% He gas that was passed through a column of SiO7 and decaborane (BjgHj4) at
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ambient temperature. The lamp was fired 50 ps prior to the CO7 laser and delivered
approximately constant intensity on the time scale of the reactive chemistry. The radiation
from the resonance lamp was focused into the reactive volume and reimaged at the entrance
slit of the monochromator. Assignrnent of the lamp emission was achieved by comparing
low resolution spectra with results from the literature.” The primary visible emitter was
BH(A) at 433 nm. Emissions observed from 369 to 372 nm were also assigned to the

BH(b — a) system in comparison with spectroscopic data published by Almy and

Horsfall!0 and recently confirmed by Brazier ct al.8

The NF(a)/BH chemiluminescence system did not measurably emit into the spectral
region of the BH(b — a) band. Thereforc, absorption of 370 nm lamp light by BH(a) in
the reactor could be observed without difficulty and was used to measure the concentration
of this intermediate state. Measurements at 433 nm with NF(a) present, however, were
sensitive to the difference between the degeneracy weighted BH(A) and BH(X)
concentrations. Consequently, the BH(X) concentration was measured without NF(a)
present in the reactor to insure that [BH(X)] » [BH(A)]. The 433 nm data were nonetheless
aliased oy a background (SFg* induced chemiluminescence) signal at the same wavelength,
which was about 25% of the lamp intensity. Therefore, to measure the BH(X) absorption
accurately, data from the PMT was analyzed using a two channel digital storage
oscilloscope as follows. The amplified signals were directed to Channel A on even
numbered CO» laser shots (Channel B grounded) and to Channel B on odd numbered shots
(Channel A grounded) while the lamp was fired on the even numbered shots only. The data
(Channel A minus Channel B) was then collected over a large (even) number of CO; laser
pulses so that the chemiluminescence contribution was canceled. The amplifier gains on
Channels A and B were carefully balanced to within 1%, and care was taken not to saturate

either channel.
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Results

Chemilumirescence time profiles were measured for NF(a) and BH(A), and
absorption time profiles were measured for both the A - X and b - a transitions of BH.
Peak amplitudes and rates of rise and fall are derived from the data and discussed bricfly

with respect to general observations made during previous studies.!

Emission Typical NF(a) and BH(A) chemiluminescence signals as a
func.ion of time are shown Fig. 1. Botl. .ignals are peaked at ~ 2 ps relative to the CO;
laser trigger. This delay is in part due to the laser itself as well as the subsequent chemical
reactions. The NF(a) decay, either in the absence or presence of BoHg, is dominated by
NF(a) self-annihilation at a rate of ~ 2.2 x 10-12 cm3/s as given by Setser.!! The BoHg and
its byproducts (other than BH) do not appear to be highly efficient quenchers of NF(a) as
shown by earlier investigations, wlich found a linear scaling relationship between the
chemiluminescence intensity and the initial donor concentration. Consequently, although
the energy transfer from NF(a) to BH radicals is rapid, the concentration of BH is too small
in these experiments for reactions (1) or (2) to compete with the loss of NF(a) due to self-
annihilation. Alternate (ground state) pump mechanisms leading to BH(A) can nonetheless
be excluded since the BH(A) chemiluminescence background was increased by ~ two

orders of magnitude upon addition of NF(a) to the reaction system.

Single exponential fits to the measured BH(A — X) chemiluminescence decay
curve yielded a fall constant of ~ 0.7 /us. The BH(A) signal also clearly decays more
rapidly than the NF(a) signal, which can be attributed to fast chemical removal of the BH
radicals. Our prior investigations! demonstrated that BH removal was independent of the
initial FN3 and B,Hg concentrations, and was therefore most likely due to reactions

involving the SFg sensitizer.
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Absorption Figure 2 shows representative BH(X - A) and BH(a - b)
absorption time profiles collected with the pulsed lamp diagnostic. The temporal jitter of
both the CO; laser and lamp discharge circuit is responsible for an uncertainty in reaction
time of £ 0.3 ys in these data. A rising and falling exponential fit to the 433 nm absor ption
time profile, taken without NF(a) present in the system, yielded rise and decay constants of
~ 1.2 and ~ 0.8 /us, respectively, for the BH(X) state. The measured rate of rise of the
BH(X) time profile reflects the rapid approach to a steady state relationship between BH
production and fast chemical removal, while the decay reflects the slower rate of BoHg
dissociation as influenced by the CO; laser intensity time profile.! The peak BH(X)
concentration (~ 0.5% of initial BoHg) is determined using Beer’s law in the limit of small
absorption, based on an optical path length of ~ 1 cm and an averaged or effective
absorption cross section of 6x ~ 3 x 10-14 cm?. The largest error in this calculation is due
to the assumption of ~ 600 ©C rotational/transiational temperatures in both the lamp and
reaction cell, which are uncertain within a factor of two. The vibrational temperatures
produced by the CO3 laser are clearly higher, but the BH(A!II, v' > 0) populations are
insignificant due to the large vibrational spacing (2367 cm-1)0.7 of this radical, as

confirmed by independent measurements of the 0-0 and 1-1 band intensities.

The presence of BH(a) was monitored both with and without NF(a) present in the
reactor. In the absence of NF(a), the BH(a) concentration was below the experimental
detection limit. The much larger absorption signal recovered in the presence of NF(a) is
shown in Fig. 2, with a statistically determined maximum fractional absorption (Alpax/lo)
at 370 nm of 0.23 + 0.05. These results demonstrate that pumping by NF(a) dominates
BH(a) production, and only negligible amounts of BH(a) are due to pumping by other
energetic species such as vibrationally hot SFg. Consequently, in the abscnce of NF(a) the
total concentration of BH radicals is measured accurately by the BH(X) state. The rates of

rise and decay of the BH(a) state were determined to be ~ 1.2 and ~ 0.5 /us, respectively.
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Discussion

BH(a) State Theoretical estimates by Yarkony ct al.b show comparable
radiative rates for the A - X and b - a transitions in BH. Consequently, the yicld of BH(a)
in the presence of NF(a) is shown to be substantial by the data in Fig. Z, since the
absorption cross sections scale in proportion tc the A-coefficients. Since the BH(a), BH(X)
and BH(A) time profiles also approximately track each other it then follows that all three
BH states are dominated by reactions (1)-(3). In this case, the approximate relations
[BH(a)] ~ (ki/kz) [BH(X)] and [BH(A)] ~ (k2/Apn) [NF(a)] [BH(a)] can be derived by
applying the steady state approximations (d[BH(A)}/dt and d[BH(a)}/dt = 0). Favorable
comparisons between these steady state estimates and the mecasured BH(a) and BH(A) time

profiles are shown in Figs. 3 and 4, respectively.

Kinetic Model  The purpose of this calculation is to remove the steady state
approximations and to evaluate the adequacy of reactions (1)~(3) as a valid description of
the NF(a)/BH energy transfer system. The calculation will first be anchored to the observed
NF(a) concentration time profile ir the absence of BH and the observed BH(X) time profile

1a the absence of NF(a).

Dissociation . N1 to NF(a) and N3 has a barrier? of E, ~ 4800 cm-. An estimate
of the dissociation rate,? as a function of temperature (T) and the concentration of collision

partners [M] is given by
d[FN3)/dt = - ks exp(-Ea/RT) [M] [FN3] (4)

where kg = 1.0 x 10-11 cm3/s. The NF(a) time profile is described by equation (5), where
FNj dissociation (with unit branching ratio) and the self-annihilation process between (wo

NF(a) metastables (k, = 2.2 x 10-12 ¢m3/s) are the only significant contributing factors.
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Quenching of NF(a) by FN3 is ncgligible since thesc species do not overlap for a

significant period of time.
d[NF(a))/dt = - d[FN3)/dt - k, [NF(a))2 (5)

Heat generation in this reaction system is initiated by pulsed COy laser production of
vibrationally hot SFg, which in turn heats the bath gas due to rapid V-T relaxation.!2.13

Terms that contribute to the temperature time profile are given by the equation
dT/dt = {o [SFg) I(t) + Qg d[FN3)/dt + k, [NF(2)]2 Qa} / C (6)

where the SFg absorption cross section for 10.64 um light can be estimated according to
Lenzi et al. (G ~ 4.6 x 10-19 cm?)!2 and I(1) represents the experimentally determined CO;
laser energy time profile. The terms Qq ~ 12,000 cm! and Q, ~ 50,000 cm! correspond to
heat released by the I'N3 dissociation and NF(a) sclf-annihilation processes, respectively,
and C is the heat capacity of the gas. Figure 5 presents a comparison between the measured
NF(a) chemiluminescence time profile and a satisfactory fit to a computer solution of
equations (4)—(6) in which the critical parameters of the model (k,, Ea) were varied only

slightly (+ 10%) from their independently established values.

The B,Hg dissociation is likely to be a two—step process leading initially to BH3,
which subsequently dissociates to BH and Hy.13.14 The kinetics of BzHe dissociation in
the presence of a pulsed CO> laser field, vibrationally hot SF and translationally hot He is
complex, and a satisfactory model is beyond the scope of this paper. Consequently, the
total BH radical concentration time profile data (see Fig. 2, open circles) was fit to a double
exponential function of time, [BH(t)], as shown in Fig. 6. The fit parameters (a, b, ¢) were
then frozen and held constant in all subsequent calculations. The resulting conservation

relation

[BH(1)] = {a exp(-bt) - exp(-ct)} = [BH(A)] + [BH(a)] + [BH(X)] (N
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was subsequently ccmbined with the rate equations for the BH(a) and BH(A) states
d[BH(a)V/dt = k| [BH(X)] [NF(a)] - k2 [BH(a)] [NF(a)] (8)
d[BH(A))/dt = kz [BH(a)] [NF(a)] - AgH [BH(A)] )]

corresponding to reactions (1)-(3) to yield a kinetic model for the time dependence of all

three BH states.

Modeling of the coupled NF(a)/BH system can then be performed by simultancous
computer integration of equations (4)-(9) with knowledge of the initial experimental
parameters, provided the presence of NF(a) does not affect [BH(1)], since it has previously
been established that BH radicals, as well as the associated donors and byproducts, do not
influence the NF(a) concentration. A prior comparison,l however, of the BH(A)
chemiluminescence time profile with the calculated product of the measured NF(a) time
profile and the measured BH(X) time profile (without NF(a) present) demonstrated that
NF(a) does not impact the production of BH radicals significantly except at long reaction
times, well after the peak chemiluminescence. The correlation of this model with the

coupled NF(a)/BH data therefore depends primarily on the ratc parameters k; and k2.

Figure 7 shows the results of a fully coupled NF(a)/BH calculation, based on the
original estimates for k; and kp (from our prior work)! using no other variable rate
parameters except those that were fixed by correlation of the model to the uncoupled NF(a)
and BH(X) time profile data. In this case, most of the BH concentration is resident in the
intermediate a3I1 state. Figures 8 and 9, respectively, present a comparison of the measured
433 nm chemiluminescence and 370 nm absorption data (both with NF(a) present) vs the
corresponding calculated time profiles. The BH(A) concentrations in Fig. 8 are based on
absolute photometry using the data in Fig. 1 and the known value of the transition rate, 14
while the BH(a) concentrations in Fig. 9 are derived from the data in Fig. 2 (closed circles)

using Oap ~ 1.7 x 1014 cm? as a fitting parameter. Figure 10 compares the calculated
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inversion density on the BH(A - X) transition with the previously measured experimental
gain time profile, which 1s converted to equivalent concentration data by dividing out a best
fit stimulated emission cross section. Use of an alternative high-intensity (short-pulse)
resonance lamp in the gain experiment (to overcome the intense 433 nm
chemiluminescence)! unfortunately precludes an absolute comparison with this gain model,
since the effective cross scctions arc sensitive to rotational/vibrational temperatures which
vary widely in these radiation sources. The temporal correlation of the experimental data to
the model calculations in Figs. 8 - 10, however, clearly demonstrates that the previously
estimated values of k| and kj are satisfactory, and moreover that interactions of BH(a) and
BH(A), with species other than NE(a), is insignificant compared to the rates of metastable
induced transfer/pooling or radiatic » on the A - X transition. Therefore, all the

approximations used and results obtained in our previous analysis have been verified.

Summary

For the first time relative concentration time profiles were measured for all three key
electronic states in the NF{a)/BH system. The highly metastable BH(a) state was directly
monitored by resonance absorption, and an effective absorption cross section for the
BH(a — b) transition was estimated as 1.7 x 10-14 ¢cm?. In the absence of NF(a), the
BH(a) and BH(A) densities were both negligible, and the tot.l BH population was
estimated adequately by measurcments of the BH(X) concentration. With NF(a) present,
the BH(a) state concentration was controlled by collisions with the metastable pump species
and this state functions as a reservoir for most of the total BH population. The measured
time evolution of the relative BH(X, a, A) concentrations (as well as inversion density) was
adequately reproduced by a simple kinetics model based on a two-step cyclic pumping
mechanisin to populate the BH(A) state by energy pooling through the BH(a) intcrmediate
state, followed tv radiative decay at 433 nm to the BH(X) ground statc. Details regarding

the production and decay of the net BH population, however, remain to be determined.
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Fig. 1 NF(a) and BH(A) chemiluminescence signals as a function of time after the COy
laser trigger. The NF(a) intensity time profile was adjusted to appear on the same

ordinate scale as the BH(A) intensity time profile.

12
J12814D/dlc




Relative Transmission ——

S

I I l | I
0 1 2 3 4 5

Time /us ——

Fig. 2 Typical unscaled experimental absorption time profiles at 433 nm (open circles,

NF(a) = 0) and 370 nm (filled circles, peak {NF(a)] ~ 3 x 1010 /cm3).
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Fig. 3 Normalized BH(a) populations as a function of time. Experimental values are
represented by open circles. The solid line shows the BH(a) population calculated

using a steady state approximation.
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Fig. 4 Normalized BH(A) populations as a function of time. The measured BH(A)
population is represented by open circles. The solid line indicates the BH(A)

population calculated using a steady state approximation.
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Fig. 5 NF(a) time profiles in the absence of ByHg. The experimental values are

represented by open circles and the solid line is from a kinetics model.
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Fig. 6 BH(X) time profiles in the absence of NF(a). The experimental values are
represented by open circles and the solid line is a fit to a rising and falling

exponential.
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Fig. 7 Calculated BH concentrations in the presence of pump specics NF(a) obtained by

a kinetics code based on reactions (1)-(3).
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Fig. 8 Comparison of measured (open circles) and calculated (solid line) BH(A) time

profiles.
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Fig. 9 Comparison of measured (open circles) and calculated (solid line) BH(a) time

profiles.
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Fig. 10 Comparison of measured! (open circles) and calculated (solid line) BH(A - X)

inversior -~ -~sities as a function of time.
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Abstract

The energy transfer reaction of NE-(alA) with IF(X!Z+, v*) was studied at total system
pressures of 25 Torr. Metastable NF(a) was generated by quantitative thermally induced FNj
dissociation, and IF(X, v") was produced in the fast reaction of F-atoms with I or CF3l. The
F-atom concentration generated by IR multiphoton dissociation of SFg was 21 x 1014/cm3.
Under experimental conditions optimized for maximum IF[B3I1(0*)] yield, peak NF(a) density
was determined to be 3+2 x 1015/cm3. The corresponding peak IF(B) concentration was
2+1x1011/cm3, and the crncentration ratio [IF(B)]/[NF(a)] was independent of the I-atom
source used. The emissions of other excited species (NF(b) and Iy 2) were swongly coupled and
due largely to impurities in the FN3 flow, which could be removed by a dry ice trap. A
vibrational temperature of 1200 + 100 K for the IF(B) state was determined from its emission
spectrum, and the IF(B) kinetic lifetime was calculated from time-resolved fluorescence decay
profiles that were also independent of the I-atom source. Reactant gases such as HN3, FN3 and
vibrationally hot SF¢ did not affect the kinetic lifetime of IF(B); but for SFg concentrations > 5 x
1015/cm3, IF(X, v" = 0) removal was observed. Losses of IF(B) due to thermal dissociation and
reaction with NF(a) or its byproducts therefore appear to be negligible. The relative ground state
populations of IF(X, v" = 0-2) were measured and were thermal at T = 2000 £ 100 K for both I
and CF3l precursors; IF(X, v" > 2) was not observed due to experimental limitations. The results
support a mechanism involving efficient E-V transfer from NF(a) to IF(X), generating a steady
state IF(X, v" 2 10) population independent of the IF source used. This mechanism allows for
more than one photon per IF prodaced (IF recycling) and consequently yields a larger specific
energy than the mechanism that is operative at low NF(a) densities. Since large IF(X)
concentrations can be generated, the feasibility of a vibrationally assisted IF(X) transfer laser

depends principally on management of the IF(X, v") distribution under high particle density
conditions.
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1. Introduction

Due to potential application in chemical laser schemes, resonant energy transfer reactions
between a metastable molecule and an emitting species have been an active area of research. The
chemical oxygen iodine laser (COIL) is an efficient near-infrared laser based on resonant energy
transfer. The required large O3(alA) concentrations are produced in the base catalyzed reaction
of Cly with H7O2, followed by energy transfer to lasant species Iy, which subsequently emits
light at 1315 nm.1-6 Gain and unsaturated lasing in the visible spectral range have also been
demonstrated recently for two NF(alA) pumped systems.”-10 Metastable NF(a) is isoelectronic to
O2(a) and can be generated efficiently in the gas phase by rapid thermally induced quantitative
dissociation of FN3 at concentrations up to 3 x 1016 /cm3.11.12 These metastable densities are
comparable to the Oz(a) concentrations used in COIL devices. As part of a continuing effort in
the identification of suitable energy-transfer partners for both O2(a) and NF(a), several candidate
emitters have been investigated intensely. Studies of the collisional and radiative dynamics of the

1F(B) state have shown this emitter 10 be an cspecially promising visible chemical laser
candidate.13-20

An optically pumped IF(B — X) laser has been demonstrated by Davis.2!-23 The viability
of the IF system as a visible wavelength chemically pumped laser candidate has been shown by
several studies involving collisional resonant energy transfer between the IF(X) and metastables
such as Oy(a), N2(A), NF(b) and NF(a).24-38 Especially interesting are low pressure (0.1-3 Torr)
results for Oz(a) and NF(a) as IF(X) pump specics since, in these cases, the metastable
concentrations can be scaled up to the levels needed for an operational device. The NF(a)

densities used in the IF(X) studies to date, however, are much smaller than current generation
capabilities.39

Pumping of IF(X) to the B-state by these metastables is attributed to a two-step (energy
pooling) mechanism because the electronic excitation energy of either Oz(a) or NF(a) is
insufficient for a direct one-step process.243% However, low pressure studies also demonstrated
that when IF(X) is vibrationally excited to levels v" 2 10, direct one-step collisional excitation
can be achieved, as illustrated in Fig. 1.39 The IF(B) yield also improved dramatically when

pumped by O,(a) or NF(a), if IF(X, v") was quantitatively produced in the fast reaction of
F-atoms with molecular iodine.24.39
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F+I, - IFX,v") +1 ki1 =4.1x10-10cm3y/s (1)

This reaction efficiently yields nascent IF(X) at high vibrational energy levels (v* 2 10) and only
a negligible fraction of Iy7,.40-42

Based on the experimental findings obtained under low pressure conditions, a
vibrationally assisted transfer laser concept that relies on resonant energy transfer from NF(a) to
vibrationally excited IF(X) has been proposed.3? The first step of the suggested mechanism is the
production of hot IF(X, v" = 10) by reaction (1). These molecules subsequently collide with
metastable NF(a) to form electronically excited IF(B), which reverts to the ground state by
radiative decay.3?

IF(X, v" 2 10) + NF(a) — IF(B) + NF(X) kp=2-3x10"12cmd/s (2)
IF(B, v' = 0) = IF(X, v" = 5) + hv (625 nm) kr ~ 0.14 /us (3)

Inversion in the system is possible because the Franck-Condon faciors of the IF(B — X)
transition43 favor radiation from v' = 0 in the B state to vibrationally excited v" ~ 5 energy levels
of the ground state that are not significantly populated under thermal conditions 4443

Previous studies39 have demonstrated linear scaling of the IF(B) yield with NF(a)
concentration np to 1 x 1011/cm3. In this paper we report an investigation of the vibrationally
assisted pumping scheme in the presence of much larger ransient NF(a) concentrations that were
obtained by pulsed CO; laser dissociation of FN3 in the presence of He buffer gas and SFg
sensitizer. To assess the feasibility of a vibrationally assisted NF/IF transfer laser and the validity
of the proposed pump mechanism for higr pressure conditions (25 Torr), parameters that relate
to the pump rate such as the [IF(B)]/[NF(a)] concentration ratio were measured. Due to the high
frequency of collisions in this environment, nonradiative IF(B) decay processes may also
successfully compete against reaction (3). These losses include quenching by reagents or by-
products, energy pooling with NF(a), and thermal excitation into IF(B, v') states above the
predissociation limit.16 The effect of reactants HN3, FN3 and vibrationally hot SFg on the IF(B)
kinetic lifetime (T ~ 7 ps)16-18 was consequently studied by time-resolved puised LIF
measurements, which also determined the vibrational distribution of the v =0, 1, 2 levels of the
IF ground state.
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The proposcd laser concept also hinges on scaling the IF(X, v" 2 10) concentration.
Measurements using both vibrationally hot and cold sources of IF(X) gave insight into the degree
of thermalization prior to reaction with NF(a). Vibrationally hot IF(X) was obtained using

reaction (1), and cold IF(X) was produced in the fast quantitative reaction of CF3l with F-
atoms_46-47

F+ChRI S IFX,v"<5) +1 kg =1.5x 10-10¢cm3/s 4)

If the IF(X, v") nascent vibrational distribution produced via reactior. (1) is sufficiently
thermalized prior t¢ reaction with NF(2), the IF(B) yield at constant metastable concentration is
expected to be independent of the I-atoms source used. Finally, at higher metastable
concentrations, the pumping mechanism may change, since the dynamics of IF(B) formation
may be dominaied by collisions with NF(a) and other energetic species, such as I}, NF(b) or
vibrationally hot SFg, 1ather than by collisions with the He bath gas. The presence of these
energetic spectes was therefore monitored by their emissions, and the contributions to production
of IF(B) were evaluated.

2. Experimental Section

Hydrogen azide was prepared by the reaction of NaN3 with excess stearic acid at a
temperature of 100-120°C.11.12 The azide product was diluted to 5% in He and stored in a
stainless steel tank for later use. The FN3 (~ 3% in He, 3.5 scc/s total flow) was then generated
on-line by the reaction of HN3 with ~ 10% F3 in He at 25°C and 350 Torr total pressure. The
FNj3 flow was either directly expanded across a 100 um dia. pinhole orifice and subscquently
mixed with a continuos flow of SF¢ and other reactants (CF3l or I, both diluted in He), or first
passed through a dry ice-cooled trap to remove impurities. Iodine was introduced by passing
metered ampunts of He carrier gas through a room temperature I3 saturator. The mole fraction of
I in the effluent was determined from the known vapor pressure curve.48 The combined flows
were directed via teflon tubing to a windowed stainless steel reaction cell, and all flows were
controlled via Tylan electronic mass flow meters. The gas stream was then excited by 10.64 pm
radiation from a pulsed CO2/TEA laser (repetition rate ~ 0.5 Hz), which was focused to a 1 cm?
cross sectional area at the center of the reaction cell and terminated on a pulse calorimeter. The
sidearms of the reactor that conducted the CO3 laser beam were purged with He, and all gases
exited via a sonic orifice to vacuum. The CO laser was operated at constant output energy, and
variable attenuators were placed between the laser and reaction cell to adjust ihe fluence.
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The CO2 laser was used to produce vibrationally excited SFe molecules as well as
F-atoms by IR multiphoton dissociation.4® Vibrationally hot SFg contributes to the thermally
induced dissociation of FN3, which is used to generate NF(a). The yield of metastables was
monitored by the intensity of NF(a — X) chemiluminescence at 874 nm30 that was transmitted
through an interference filter and measured by a calibrated silicon photudiode or a GaAs
photomultiplier tube (PMT). The transient signals from the detectors were passed through a
calibrated wide bandwidth preamplifier and averaged on a digital oscilloscope that was
synchronized to the CO; laser. Peak NF(a) concentrations were determined by absolute
photometry based on knowledge of the A-coefficient,5! collection geometry and measured filter
transmission factors. The total number of F-atoms generated by SFg multiphoton dissociation
was determined by titration with Ha, or alternately, by titration with 1. The vibrationally hot HF
titration product was observed by its (3-0) overtone emission.52

F+Hy; - HF(v)+ H (5)

The F-atoms produced by dissociation of SF¢ also reacted with I3 according to reaction (1) to
yield IF(X) and I-atoms. In the presence of excess I-atoms the following additional processes
occur:53-55

I3 + NF(2) - NF(X) + 112 ke~ 1.8 x 10-11 cm3/s (6)
1172 + NF(a) — NF(Q) + I3p2 k7=5.7 x 10-11 cm3y/s ¢))
NE(b) — NF(X) + hv (528 nm) kg = 44/s (8)

The NF(b) emission at 528 nm,0 and the IF(B) emission at 583 nm,50 were each filtered by a
monochromator and detected using a PMT, as functions of the I; concentration. The endpoint of
the titration was determined by the onset of strong additional NF(b) emission over the
background NF(b) radiation due to a minor (1%) FN3 dissociation channel.11:.12 The ti‘ration
using I yielded results that were in good agreement with the previous titration using Hy.

The reactor conditions were optimized for IF(B) production by varying the total reactor

pressure, CO3 laser fluence, and concentrations of FN3, SFg and I. Optimal IF(B) generation
was obtained at 3.2 J/cm? laser fluence, and a total system pressure of 25 Torr, using
approximately 200~300 mTorr of FN3, 250 mTorr SFg and 10-50 mTorr I, with balance He.
The peak NF(a) and F-atom concentrations measured by absolute photometry and Hj titration,
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respectively, were 3 £ 2 x 1015 /cm3 and 2 £ 1 x 10!4 /cm3. These results were limited by the
experimental capabilities of our apparatus and should not be considered as the ultimate scaling
limits of the chemical system.

2.1 Chemiluminescence

The presence of emitting species in the (490-700 nm) spectral region of interest for IF(B)
was monitored with an optical multichannel analyzer (OMA). Alternatively, the IF(B)
chemiluminescence was dispersed by a monochromator and then detected by a PMT for
monitoning Av = 1 and 2 transitions out of v' = 0 and 1 at 565, 570, 583 and 589 nm. A typical
emission spectrum taken with the OMA is shown in Fig. 2. The dashed line represents the OMA
spectral response curve, determined by use of a standard quartz halogen lamp that is traceable to
the National Institute of Standards and Technology (Eppley, EV-82). The left edge of the
spectrum shows the sharp edge of the NF(b — X) emission; with the trap in the FN3 line, IF(B)
and NF(b) are the only significant emitters in the spectral range of 4090-700 nm. Below 520 nm,
no signals were observed within the sensitivity limits of the OMA. Consequenily, for all
subsequent IF(B) measurements, the NF(b) emission was filtered out by & long pass (Oricl
51302) fiiter. The NF(a — X) emission at 874 nm was also isolated by a calibrated narrow band
interference filter. The total NF(a) and IF(B) emissions were then measured relative to each other
using a single calibrated Si photodiode. The quantum efficiency of the photodiode and the IF(B
— X) radiative rate were approximately constant over the spectral range of the IF(B) emission.43
Therefore, the IF(B) measurement was independent of the vibrational distribution. The emission
signals obtained were corrected for electronic amplification, photodiode spectral response
(EG&G, SGD-444) and filter transmission. The peak (optimized) IF(B) concentration obtained
by absolute photometry was 2+ 1 x 1011 /cm3.

The emission of both NF(b) and Iy depended strongly on the Iz and CFil
concentrations, due to reactions (6) and (7). The excited I12 atoms were detected by tucir
emission at 1315 nm using an interference filter and a liquid nitrogen cooled intrinsic Ge
detector. The 112 emission intensity was monitored as a function of SFg concentration, laser
energy and total system pressure, both with and without the cold trap or the FN3 line. These
measurements demonstrated that impurities entrained in the FN3 flow were responsible for ~75%
of the 112 emission. All subsequent measurements using FNa were therefore conducted with the
dry ice trap activated.

6
C12739D/ejw




SC83037.FR

Intense BH(A — X) chemiluminescence centered around ~ 433 nm due t¢ addition of
trace amounts of BoHg used to measure the system temperature. As long as only trace amounts of
the donor are added, no significant perturbation of the gas temperature or the reaction system
occurs. The BH(X) was electronically excited in collisions with NF(a), as described
previously,9:10 and the relative BH(A — X) (v, v") = (0, 0) and (1, 1) chemiluminescene was
detected with the OMA. Since radiative lifetimes (Apy ~ 6 /us) and Franck-Condon factors (~ 1)
for the specrally resolved Av = 0 transitions are essentially identical, the system temperature of
1600 £ 100 K could be derived readily from the intensity ratio with knowledge36.57 of the
vibrational spacing w, = 2251.0 cm-l.

2.2 Laser Induced Fluorescence

The IF(X) ground state was monitored by LIF using a high-pressure nitrogen-pumped
grating-tuned dye laser that was electronically delayed with respect to the CO; laser. The
nitrogen laser had a 0.8 ns pulse width and a 1.2 mJ output energy, which was adequate for
investgations of the IF(B) lifetime as a function of total system pressure, CO; laser energy and
reactant concentrations. Coumarin 490 and 520 dyes in methanol were used to achieve tunable
output from 49C ‘0 520 nm. The output bandwidth was analyzed via a monochromator and found
to be A £ 3 nm (FWHM) and the center wavelength was tunable with an accuracy of + 1 nm. The
relative (averaged) output power of the dye laser was measured with a photodiode for each
excitation wavelength.

The dye laser ouiput (probe light) was coupled into the reaction chamber through a quanz
window and was propagated perpendicular to both the CO7 laser path and the axis of optical
detection. The beam was focused to a 2 mm dia. spot in the middle of the reaction zone defined
by the gas flows and the cross section of the CO; laser beam. The probe light was blocked from
the PMT détector by a long pass filter, which cut off all radiation at or below the NF(b — X)
transition. Optimization of the initial alignment was aclieved by detection of an intense LIF
signal38 due to I, in the wavelength range 490-520 nm. Dusing dye laser alignment, the CO7
laser was blocked so that no F-atoms were produced. When the CO3 laser was unblocked, the
LI¥ signal from 1, disappeared completely, and the laser induced emission signal from IF was
0. rved on top of the background chemiluminescence. The signal ratio between LIF and
chemiluminescence was improved significantly by imaging the volume excited by the dye laser
onto a slit mask covering the photosensitive area of the PMT, to selectively reduce the
chemiluminescence emitted by the larger reactive volume. Without FN3 present, the probe laser
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was typically delayed 5-70 ps with respect to the CO3 laser, which assured complete Iy
dissociation 2nd gave insight into changes of the chemical environment with time. However,
with FN3 present in the system, the LIF probe had to be delayed > 30 ps to detect the LIF signal
over the chemiluminescence. The LIF signal from v"' =0, 1, 2 to v' = 3 was recorded with a
digital storage oscilloscope and averaged over typically 22 shots. LIF signals from v" > 2 could
not be detected above the random fluctuations in the chemiluminescence signals. The signals
obtained were corrected for relative changes in laser energy and Franck-Condon factors?3 for the
transitions probed, to determine relative IF(X, v") concentrations.

3. Results

3.1 Chemiluminescence

The time decay behavior of IF(B) v' = 0 and 1 is shown in Fig. 3. i aese vibrational states
decay at the same rate independent of the 1-atom source used. Vibrational temperatures for the
IF(B) state were derived from the (B — X) emission spectrum observed with the OMA. A
representative chemiluminescence emission spectrum is shown in Fig. 2. Corrections with
respect to OMA spectral response and transitions strengths were applied. Values for the
transition strengths were taken from Piper and Marinelli.#3 The vibrational temperature measured
using I as precursor was 1200 + 100 K, and substitution of I with CF3I produced a slightly
colder distribution with a characteristic temperature of 1000 = 100 K. This result is surprising,
since the IF(B) state is expected to be essentially rotationally and vibrationally thermalized under
the experimental conditions used.!3

After assuring that no other emitters present in the system contaminate the IF(B—X)
spectrum as discussed above, the total IF emission was measured relative to the total NF(a)
emission. Since the IF(B) concertration in the absence of FN3 was negligible, implying no
significant pump sources other than NF(a), the steady state relationship

kp [NF(a)] [IF(X, v")] ~ [(IF(B)] 11! )
can be used at the peak of the IF(B) time profile and combined with the intensity relationships
SiF = C Fir Dir Grr Arr (IF(B)) (10)

SNF = C FNF DNF GNE ANF [NF(a)] (11)

8
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10 determine the value of kp. Here C is a common geometric collection factor, TfF is the net
kinetic lifetime of IF(B), A[g ~ 1.4 x 105 /s16-18 and ANg ~ 0.2 /s.5! The factors F, D and G are
corrections with respect to filter transmission, spectral response of the detector and amplification.
Representative relative IF(B) and NF(a) signals after correction for these factors are shown in
Fig. 4. Combining equations (9) through (11), where INE and Ijf are the relative photon emission
rate yields

(II:F) - (S‘F ) (FNF) (II’)NF) (f}“[‘:) (A“[’:)

(12)
I “

kp= (—=) (ur[FX, v'2 1)L (13)
INF

The measured value (Ir/INg) was 40 £ 3. Since the IF(B) concentrations obtained were
independent of the I-atom source used, the IF(X) nascent vibrational distribution obtained from
reaction (1) may be thermalized prior to reaction with NF(a). In this case, the concentration of
IF(X, v" 2 10) can be inferred from the vibrational temperature of the ground state and the total
IF(X) concentration, measured by the initial yield of F-atoms with excess Iz or CF3I present.

3.2 LaserInduced Fluorescence

After experimentally ensuring that the pumped transitions were not saturated, the
recorded LIF signals were used to measure the net kinetic IF(B) lifetime, derived from the time
decay behavior, as well as the vibrational distribution of the IF(X) ground state, reflected by the
corresponding relative amplitudes. The rise time of the signals measured, however, is determined
only by the time constant of the amplifier used. The LIF studies were performed as a function of
total system pressure, CO2 laser fluence, and varied concentrations of SFg, HN3 and FN3. The
results of these measurements were also independent of the I-atom source used.

3.2.1 Decay Kinetics of IF(B)

Variations of the total system pressure between 25 and 50 Torr, laser power, and SF¢
concentration had little effect oa the time decay behavior of IF(B). In Figs. 5 and 6,
representative LIF signals are shown as a function of time after pulsed dye laser excitation for
different CO3 laser fluences ai'd SFg concentrations, respectively. Neither HN3 nor FN3 was
added to the system for these measurements. The measured decay curves can be represented by a

9
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single exponential fit with T =2 % 0.5 ps. Subsequently, HN3 and FN3 were added to the system,
and no impact on the kinetic lifetime of IF(B) could be observed. In Fig. 7 the experimentally
obtained signals are represented by open and dark circles, while the single exponential fits are
represented by solid lines. Experimental results lead to the reasonable assumption that none of
the gases present in the reaction cell has 2 dominant impact on the IF(B) kinetic lifetime.

3.2.2 Concentration Scaling of IF(X)

The increase or loss of population in the vibrational IF(X) states probed by LIF is
reflected in the amplitude changes of the LIF signal. While total system pressure (25 and
50 Torr) did not affect the IF(X, v") states probed, changes with CO3 laser fluence (24 J/cm?)
can be observed as shown in Fig. 5. The COj laser controls the production of F-atoms by IR
multiphoton dissociaidon of SFe, and the IF(X) generation is strongly coupled to this process. A
minimum laser energy of 2 J/cm? is necessary to achieve a measurable yield of F-atoms, but
above 3 J/cm? the F-atom concentration saturates within the experimental limits of observation.
The cffect of varicd SFg concentrations on the amplitude of the LIF signal can be seen in Fig. 6.
A minimum SFg concentration of at least 2 x 1015 /cm3 is needed to give rise to a significant
pool of F-atoms; however, above a SFg concentration of 4.5 x 1015 /cm3 the LIF signal
amplitude decreases sharply.49 This can be attributed to conditions less favorable for
multiphoton dissociation, since collisional pooling of SFg becomes more important;59.60
however, this result does not exclude IF(X) losses due to reaction with hot SFg. Changes in the
vibrational distribution due to pumping reactions may also contribute to the amplitude variations
of single vibrational energy levels. Amplitude changes of the LIF signal were also observed
whern HN3 or FN3 were added io the system, and the consequences of this observation is
aiscussed below.

3.2.3 Vibrationa! Temperature of IF(X)

Relative IF(X) vibrational populations for v" = 0, 1, 2 were obtained using both I and
CF3l as the I-atom source. All of the measured relative LIF signals were corrected for both laser
intensities and Franck-Condon factors.43 The IF(X, v"' =0, 1, 2) populations obtained for CF3l
were thermal and could be well fit to a vibrational temperature of 2000 £ 100 K, as shown in Fig.
8. Deviations between the calculated and measured data were within * 15% at both ¥" =1 and 2

when normalized at v = 0. The corresponding LIF signals from IF(X) obtained when using I as
the I-atom source could also be assigned a temperature of 2000 £ 100 K, although this result is
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very likely not an adequate description of the actual vibrational distribution. The measured
relative vibrational populations in this case deviated from a Boltzmann curve by + 28 % atv" =1
and - 39 % at v" = 2. These results are consistent with prior suggestions that the measured
vibrational energy levels of the IF ground state are approximately thermalized; however, they do
not allow for a conclusive statement about the state of the total IF(X, v") distribution, since
v" > 2 levels could not be probed, and a nonthermal distribution could be present if the IF(X, v"
2 10) concentration was dominated by a pumping mechanism that was independent of the I-atom
source.

4. Discussion

4.1 IF(B) Losses

The vibrational temperature of the IF(B) state Tyjp ~ 1200 K was cqldcr than the system
temperature of 1600 + 100 K that was measured by using the BH(A - X) emission. This result
can possibly be explained by predissociation of the IF(B) state v' > 8,16 which results in

vibrational energy loss at elevated temperatures. The measured kinetic decay rate of the IF(B)
state (" = 4 x 105 /s) is about a factor three higher than the radiative decay rate measured by

Davis,3? and represents the sum over radiative and collisional loss processes according to

T=Af +kq[M] (14)

Using equation (14) yields a collisional Joss rate of 2.6 x 105/s, which includes electronic
quenching of IF(B) and losses due to reaction and pumping above the predissociation limit. As a
first approximation, a small average bimolecular collisional 1F(B) loss rate of kq ~ 3 x 10-13
cm3/s can be derived, using the total particle density of [M] = 8 x 1017 /cm3, since individual
contributions are not easily traced. A reasonable assumption is that He, N2 and cold SFg
contribute very little to the collisional decay,!3 while the role of other recactants especially
vibrationally hot SFg is less clear.

4.2 IF(B) Pump Mechanism

The results presented here show the IF(B) yield to be independent of the I-atom source
used. In addition, the relative vibrational distributions obtained for v" = 0, 1, 2 were
approximately thermalized. Consistent with these results is the assumption that the IF(X) nascent
vibrational distribution has thermalized prior to reaction with NF(a). If the relative vibrational
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distribution of v = 0, 1, 2 is an adequate representation of the IF(X) state up to v" ~ 20, a
Boltzmann distribution (T = 2000 K) can be used to derive the thermal IF(X, v" 2 10) population,
assuming that the total IF(X) concentration is given by the density of F-atoms, as measured by
titration. With the vibrational energies given by Marinelli and Piper,43 this procedure yields
(IFCX, v" = 10)] ~ 3 x 1012 /cm3, and a pump rate constant kp = 1 x 10°11 cm3/s can then be
calculated from equation (13) in Section 3.1 using the relative If/INF emission ratio of ~ 40 and
the measured kinetic decay rate for IF(B) of 4 x 103 /s. This result for kp is a factor of four larger
than the value of measured by Davis (2-3 x 10-12 cm3/s) in low density experiments,39 and
represents only a lower limit since the total IF concentration is likely to be smaller than the
original F-aiom concentration, due to reactive loss processes indicated by the effects of SFg and
FN3 on the LIF signal amplitudes. The experimental parameter with the largest error in this
calculation is the original F-atom concentration of 2 £ 1 x 1014 /cm3, obtained with the two
titration methods described above. The combined experimental errors, including variations in
vibrational IF(X) temperature and kinetic IF(B) lifetime, however, are still not sufficient to
account for the discrepancy in the values for k.

The thermal or close to thermal appearance of IF(X) v" =0, 1, 2 alone does not exclude a
non thermal population for v" 2 10, and the lack of difference between I3 and CF3l precursors
can be explained by means other than thermalization. Assuming a thermal IF(X) state is not an
adequate representation, we used the previously measured IF(X) pump rate of 2-3 x 10-12
cm3¥/s,39 and rearranged equation (13)

[OECX, v" 2 10)] = (- (tpkp)! (13)
INF

to derive the IF(X, v" 2 10) concentration. A value of 1.2 x 1013 /em3 is obtained this way, which
is a facter of four larger than the thermal concentration of 3 x 1012 /cm3. The interpretation of
our expcnmcmal results therefore does not strictly require a thermalized IF(X) population, but
can be supported by a mechanism that is independent from the I-atom source used. Consistent

with this picture is an alternative mechanism based on a fast E-V transfer from NF(2) to IF
inferred by Setser.55

IF(X) + NF(a) — IF(X, v" 2 10) + NE(X) kis =1 x 10-10 cm3/s (15)

Under high NF(a) density conditions, vibrational pumping may be followed by efficient
electronic excitation in a second collision with NF(a) to yield IF(B), as in reaction (2). Only
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under experimental conditions where large particle densities of NF(a) can be maintained and the
He buffer gas to metastable ratio is relatively small (< 102), however, is vibrational pumping by
NF(a) able to compete with V-T relaxation, resulting in a significant non thermal steady state
vibrational distribution of the IF(X) state. If IF is not rapidly removed by other species, then in
this case recycling is possible, allowing for more than one photon per IF molecule produced by
reactions (1) or (4). Vibrational excitation of the IF(X, v" 2 10) levels by NF(a) is also consistent
with the measured vibrational ground state temperature of T = 2000 * 100 K, which is 400 K
above the system temperature.

These results are very different from those obtained in a low density environment, with a
much higher ratio of buffer gas to metastable species (= 194). Under thesc conditions, the E-V
pump rate is not sufficient to compete against fast V-T relaxation; and consequently,
enhancements of the IF(B) yield can be achieved only with the original nascent IF(X)
distribution obtained in reaction (1). In addition, only one photon per IF molecule is possible, in
this case, which has important consequences conceming the specific energy of a laser device.

5. Conclusions

The effect of high NF(a) densities on the IF(B) state and the pump mechanism were
investigated. Although a modest decrease in the IF(B) kinetc lifetime was observed, it is not due
to NF(a) or its reaction byproducts, and therefore no related scaling problems are anticipated.
Measurements of the IF(B)/NF(a) ratio and the relative IF(X) ground state populations for v* =0,
1, 2 support cither a larger pump rate for the reaction of NF(a) with IF(X, v" 2 10) or a change of
mechanism involving a source for vibrationally excited IF that is independent of the I-atom
precursor such as fast E-V transfer from NF(a). In the latter case, a steady state concentration of
IF(X, v" 2 10) results, and recycling of the IF emitters may lead to generation of more than one
photon per donor molecule. Further experiments are needed to clarify the mechanism under high
density conditions by probing these energy levels. An additional concem, still to be addressed, is
whether V-T relaxation from the pumped IF(X, v 2 10) levels to the lower v" ~ 5 states will
degrade the potential for population inversion of the IF(B — X, 0-5) lascr transition. Since large
IF(X) densities can be generated,61 the feasibility of a vibrationally assisted transfer laser also

depends critically on appropriate management of the IF((X) vibrational distribution under high
particle density conditions.
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Fig. 1 Schematic energy diagram for IF and a possible NF(a) pumped transition (X, v" = 14 —

B,v'=0).
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Fig. 2 IF(B) emission spectrum (520 to 640 nm). The dashed line represents the OMA relative
spectral response. Transitions from IF(B, v’ = () into IF(X, v" = 1, 2, 3, 4, 5) are indicated

by arrows.

19
C12739D/ejw




SC83037.FR

T I |

] IF(B -X) (+', v'") ]
g — (0, 32)
z O, === (1. 4) —
g [ ]
= ) .
S ;
£ 20 2 |
g
= A

0 i
0 50 100 150

time /Us

Fig. 3 TF(B) emission signal for IF(B — X) (v', v"") = (0, 3) (solid line) and (1, 4) (dashed line),
as a function of time after the CO; laser trigger. The signals were not corrected for
differences in transition probabilities.
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Fig. 41F(B) and NF(a) relative emission signals. The signals were corrected for filter
transmission, detector spectral response anc electronic amplification. Note that the IF(B)
relative intensity is shown on the left-hand ordinate; the NF(a) relative emission intensity
on the right-hand ordinate.
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Fig. 5 IF LIF signa! as a function of time after the LIF probe pulse for three different CO7 laser
fluences. A minimum laser fluence of 2 J/em? is required to produce F-atoms by
multiphoton dissociation of SFg.
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Fig. 6 IF LIF signal as a function of time after the LIF probe pulse at four different SFg
concentrations. For SFg concentrations > 4 x 1013/cm3 conditions for SFg multiphoton
dissociation deteriorate rapidly.
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Fig. 7 IF LIF signal as a function of time after the LIFF probe in the presence of SFg only and
with/without HN3 and FN3. The solid lines indicate the exponential fit to the
experimental decay curve; a lifetime T of ~ 2 {1s was obtained this way.
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Fig. 8 Relative LIF emissions from IF(B, v’ = 3) into IF(X, v" = 0, 1, 2) using CF3l as I-atom
source. The signals are corrected for dye laser energy and Franck-Condon factors.
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