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ABSTRACT :

""—“77 2
/L “‘»:
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Chemically generated Oz(alAg) was used to excite MELalA) to
NF(b1Zt) in a vacuum flow system, NF(a) being produced by the reaction
of discharge-generated D atoms with NF, radicals., Maximum concentra-
tions of the NF a and b states were 5 x 10% ;nd 14x-4012‘cl=5’§espec—

tively. The latter value is too low to support a blue-green laser

based on_ﬂE(b1£+).r e (4 f‘ur Cat

—

-7 NG C s

A complex kinetic model was developed involving 14 known elemen-
tary reactions. Using our experimental conditions as input, the cou-

pled rate equations from this model were numerically integrated to

yield rate constants for the forward and reverse Oz(a) +

(6.7 and 1.3 x 10~1% cm3 molecule™ 'l respectively), and for the

Quenching of NF(a) and NF(b) by H}Q vapour (4 and 5 x 10=13-g mole- '
4*<m e, DEe Datia

N oatre . ¢ te
s j,‘(l r‘oﬁ!‘ll te “, /L/'ff?

cule~t 5=t respectively).

The kinetic model shows that a very fast reaction

NF(b) is required in order to achieve a population inversion between
NF(b) and the ground state NF(X). Excited atomic iodine; Ifznfl, <
appears to be a better candidate than Oz(alAg) for generating high
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RESUME

Du 0,(alAg) généré chimiquement a &té& utilisé pour exciter le
NF(ald) 2 NF(blZ*) dans un systdme d'&coulement sous vide. Du NF(a) a
alors &té formé par la réaction engendrée par une décharge d'atomes D
avec des radicaux NF,. Les concentrations maximales de NF déterminées
dans les &tats a et b sont respectivement 5 x 101% et 7 x 1012 cm—3,
Cette derni2re concentration est trop faible pour supporter une action
laser basée sur 1le NF(b12+) dans la région bleu-vert.

Un modéle cinétique complexe a &té développé impliquant

14 réactions &lémentaires connues. En utilisant nos valeurs expérimen
tales, les &quations de vitesse couplées ont &té intégrées numérique-
ment afin de fournir les constantes de vitesse de la réaction Oz(a) +
NF(a) dans les deux directions (6.7 x 10™!* et 1.3 x 10~!* cm3 molé-
cule~! -1 pour la réaction inverse). Les constantes de vitesse de la
désactivation de NF(a) et NF(b) par H,0 ont aussi &té calculées (4 et

5 x 10713 cm3 molécule~! s~! respectivement).

Le mod&le cinétique montre qu'il faudrait une excitation tras
rapide de NF(a) & NF(b) afin de réaliser une inversion de population
entre NF(b) et 1'&tat fondamental NF(X). L'iode atomique excité I(ZPk)
semble &tre un meilleur candidat que le Oz(alAg) pour générer de fortes
densités de NF(b).
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1.0 INTRODUCTION

The second electronically excited state of nitrogen fluoride
emits spontaneously in a band around 529 nm: the 0-0 band of the
blet - X3~ system. This emission is in the blue-green region of the
spectrum, which is suitable for transmission through ocean water. The
development of lasers in this wavelength region is of interest to DND
for use in airborne bathymetry and the detection of submarines, torpe-

does, and mines.

A gain medium for a laser based on gaseous nitrogen fluoride
would require NF(b!Z*) in concentrations greater than any ground state
NF(X3£‘) that is present, and sufficiently high to ensure reasonable
gain over a practical path length. We have estimated (Ref. 1) that for
a 5% gain over 2 m, a number density difference between the two states
of greater than 1015 molecules cm™3 would be necessary. This high
concentration requirement is largely due to the long radiative lifetime
(23 ms; Ref. 2) of NF(blzZ¥).

It has been shown (Refs. 3-9) that NF is produced almost exclu-
sively in the first electronically excited state (alA) by the gas phase
reaction of hydrogen or deuterium atoms with the difluoroamino radical
NF,. Maximum concentrations in the region of 1015 cm~3 have been
reported (Ref. 7), where a high-voltage electrical discharge was used
to produce D or H by first generating F atoms in a mixture of SF¢ and

D2 or Hz.

NF(alA) may be further excited to the blzt state by a reaction
with singlet delta oxygen (Refs. 2, 6, 10):

NF(ala) + 0,(alag) + NF(bITH) + 0 (x35g)

+ 415 em~ !
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5 This is an electronic energy-pooling process, similar to that in ff
f; Oz(alAg) itself. The second-order rate constant has not previously E?
E: been well established, although the process was believed to be rather t
i; slow (~ 1071 cm3 molecule ~! s™!; Ref. 4). This rate, the reverse ;:
Jf reaction rate, and the relevant quenching rates of the excited a and b v
. states of NF are crucial in determining the feasibility of reaction [1} )
if to drive an NF(b) laser, and are discussed in detail in Chapters 3.0 i}
-:“ and 4.0. L
With the development of the chemical oxygen—-iodine laser, an ?J
entirely chemical method for generating highly concentrated Oz(a‘Ag) 2&
was introduced (Refs. 11-15). Number densities in excess of 101¢ cm™3 ?i
are readily attainable. e
) We have built a chemical oxygen generator at DREV. 1Its con- iﬂ
ifl struction, operation and output have been described elsewhere iﬁ
- (Ref. 16). For the flow systems described in this report, the gener- ad
< ator supplied about 25% Oz(alAg) in a total 0, pressure of about 1 torr k?
,53 to a downstream reaction cavity. E%
. This report (Chapter 2.0) describes the generation and measure- :—i
;é ment of NF(b) by the reaction of chemically produced 0,(a) with NF(a). ;i
ﬁ:: The latter was formed in gas mixtures subjected to either high-voltage ;f
: or microwave discharge initiation. In both cases, the discharge energy S%
SE produced F atoms to initiate the reactions: hﬁ

F+D, »DF+0D [2]

D + NF, + DF + NF(als) [3]

D, was used rather than H, for two reasons. Firstly, we wished

to study the generation of NF(b) from reaction [1] without interference

from the vibrational-electronic energy transfer that can occur in the

presence of vibrationally excited HF (Refs. 4, 6, 7, 17):
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HF(v > 2) + NF(ala) + HF(v - 2) + NF(blIt) [4]

This occurs because there is a close matching between the ener-
gles of two vibrational quanta in HF and the NF a-b electronic transi-
tion (00 band). The green NF(b) emission is observed in discharge-
initiated HZINFz mixtures, whereas with D, it is not, because the DF
vibrational spacings are different. Secondly, in the presence of
excess ground state HF, the reverse of reaction [4] could lead to a
rapid quenching of NF(b).

In Chapter 3.0, a kinetic model is presented that involves 14
known elementary reactions, and the coupled differential equations
defining the time evolution of the species concentrations are inte-
grated numerically from the initial conditions of our experiments. By
comparing calculated measurements with experimental ones for NF(b,a)
and 0,(a) concentrations, we infer rate constants for reaction [1] and
the quenching of the a and b states of NF by water vapour, which is

present in the flow from the Oz(a) generator.

This work was performed at DREV between June 1981 and March 1983
under PCN 33H07, Research on Chemically Excited Lasers.

2.0 EXPERIMENTAL

2.1 Apparatus and Reagents

Reference 16 describes the vacuum flow system used to generate
0,(a). The heterogeneous gas-liquid phase reaction involves bubbling
C%, through a cooled aqueous alkaline solution of hydrogen peroxide.

The overall reaction is the following:

Ci, + 20H + H,0, +2 CL + 20,0 + 0,(alsg)  [5]
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i The oxygen that leaves the liquid is close to 100X in the 1p

state, and the chlorine conversion efficiency is also almost 100%. 1In
the flow from the liquid surface to a downstream reaction cavity, the

major decay mechanisms are energy pooling (cf. reaction [1]):
20,(alag) + 0,(X327g) + 0,(blI*g) [6]

wall collisions, and quenching by solution vapour and entrained drop-
lets (Ref. 16). Radiative losses (Refs. 18, 19) are insignificant in
the time domain (< 0.5 s) for transport in our system. At the reaction

chamber, about 257 of the oxygen is in the 02(1A) state.

Our results show (Section 2.3) that water vapour is a signifi-
cant quencher of the excited states of NF. However, its removal pres-
ents other problems: cold traps may become blocked with ice, and at
coolant temperatures lower than -80°C, significant deactivation of
Oz(a) could occur (Ref. 14). Ethanol/dry ice is a suitable coolant for

a trap between the generator and reaction zone.

Tetrafluorohydrazine (Air Products Inc.) was used, without

further purification, as a source of NF,. It readily dissociates when

’,

warmed:

vou e me N Y
c_a 1 T, z
AP

NoF, I 2NF, (7] o

=
For example, mixtures at pressures up to 0.5 torr are greater than 807 gFﬂ
NF, at 100°C. The extent of dissociation increases with increasing E;E
AR
temperature and decreasing pressure (Ref. 20). The equilibrium [7] is {53
reached rapidly (Refs. 21, 22) within the flow times expected here. ‘.i
b =
¥ ]
>, S
. Figure 1 shows the two reaction vessels that we have used for o
?ﬂ the discharge~initiated generation of NF. The upper diagram shows a :%S
“s Pyrex reactor that had four microwave cavities attached to separate i:;
% 13-mm inlet tubes. These inlets converged to a single outlet orifice {:E
& e
-3
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F?/He

M

!

NzFb Fy_ /He

[~}
)
-—
=y

0,(3) —p Pump

+ Argon

<
~N

High Voltage Supply

—— -

L
0, (a) —» // ——p Pump
+ SF¢ /

L[] p

=

FIGURE 1 - Microwave and high-voltage discharge reaction vessels
(M - microwave cavity; P - pressure gauge)
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at the centre of a cross. The microwave generators were operated at
2450 MHz and 100 W, with <5 W reflected power. D,, NoF, and 0, were
premixed in a 2.5-cm-diameter section about 15 cm before the main reac-
tion zone, which was in a 5-cm-diameter tube immediately downstream of

the microwave discharged F, inlet.

The high-voltage discharge cell of Fig. 1 was made of Perspex
coated internally with Teflon. It was of rectangular cross section

(1 x 12 cm) and about 30 cm long. Removable Supracil II windows were

used to view the high-voltage discharge region. The electrodes were \
l1-cm-wide aluminum strips 10 cm in length, 9 cm of which were covered ;fi
with Teflon so that only the diagonally opposite ends remained exposed. :
Operating in the 20-25 kV range, a 500 pF capacitor produced a dis-

charge pulse of less than 2-ys duration. A uniform glow was obtained

over the entire ~ 10 cm3 volume of the discharge region, without

arcing, in SF /argon mixtures in the 5-15 torr pressure range. The ?ih
N,F, inlet was designed to provide a uniform gas flow across the cavi- ﬁl;i
ty. It was a 0.125-in diameter copper tube pierced with 20 holes of ::E
diameter ~ 0.5 mm. SF; was premixed with the C%, and passed through iﬁ3ﬁ

the Oz(alAg) generator solution. This did not affect the performance fi}ﬁ

of the generator (Ref. 16).

In both discharge systems, the N,F, inlets were wrapped with
heating tape capable of attaining 200°C. Pressures were measured with
capacitance manometers (MKS and Vacuum General) and mass flow rates

with Hastings and Vacuum General meters.

2.2 Concentration Estimates from Emission Measurements

-y
-
.y -, . ey
- . OO
. [P AT AR
N ’ K av
R P

Transitions to the NF ground state from the ala and b!lrt states .

1y
. fa

give spontaneous emission in bands around 874 nm and 529 nm respec- ;23?
tively. We have quantitatively measured the excited species using

narrow-band interference filters (10 nm FWHM, blocking < 10~ from UV
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combinations were calibrated absolutely using an NBS certified quartz-

iodine lamp. Detector voltages were measured with a digital volt-

meter.

The detailed calculation of species concentrations from absolute
emission measurements on an extended source has been described previ-
ously (Ref. 23). A focusing lens (f = 6.4 cm) and l-cm—-diameter circu-
lar aperture were used to define contributing volumes in the HV and

microwave vessels respectively. The calculations account in detail for

the extended nature of the emission by performing a numerical integra-
tion over the contributing volume. Apart from physical dimensions, the -
required input parameters are: the detector calibration constant at [713
the emission wavelength; the measured detector voltage; a transmission o]
factor for the interference filter (see Appendix A of Ref. 16); and the 4
spontaneous emission radiative rate constant (Ks). With carefully ?{i;

measured distances and detector calibrations, the method can give ‘“:j

species concentrations within 20X error limits if Ke is known to within

10%2. This is the case for the alA and bltt states of NF (Refs. 2, 9).

Relative detector voltages from our experimental microwave discharge-

initiated NF emissions were recorded using a chopper/lock-in amplifier

setup, and placed on an absolute basis using the same digital voltmeter

that was used in the detector calibration. NF emissions from the HV

cell were recorded directly as voltages on an oscilloscope.

2.3 Results

The behaviour of a mixture of D, (or HZ) and N,F, is very sensi-

tive to the temperature and partial pressures of the components. In a

static system at 90°C, H, and N,F, form explosive mixtures (Ref. 24) in

molar ratios of 2:1, 1l:1 and 1:2 at total pressures of 6 torr. The

initiation step is thought to involve H, and NF,. This step is endo-

thermic, but subsequent reactions are highly exothermic. 1In flow sys-

tems, self-sustaining emissions from NF and excited N, have been

obgserved in discharge-initiated mixtures (Refs. 25, 26).




AL AL S el rrTy A e e
N ool ettt et )

vy
Y

Y

oty

PR

v

@ LA et

B

-y MR s s Jne et g -l il i A gt gl A R i 2l el Nl oo & canl /e A S A e £ e S R Su R UNC P e

UNCLASSIFIED
8

We have confirmed this flow system behaviour. Over a range of
pressures up to 6 torr, with molar ratios varying from 1:1 to 8:1
(DZ: NZF“), it is possible to generate a continuous intense yellow
emission at the gas inlets using microwave, Tesla coil, or pulsed high-
voltage initiation. This yellow light arises from the B3ﬂg-A32u system
of N, (Refs. 3, 8, 25). 1If the inlet tubes become hot (> ~ 100°C), the
reaction may occur without discharge initiation. At lower partial
pressures (~ 1 torr each), we have found it possible to suppress this
spontaneous D,/N,F, combustion with argon flowing at up to 1500 SCCM.
This is desirable because a much weaker green emission is observed with
Oz(a) if the DZ/NZFM combustion occurs before the F atom reaction zone
(Fig. 1). At pressures above about 1 torr each of D, and N,F,, the
combustion is difficult to prevent.

We have also observed a self-sustaining green emission from
NF(b) in discharge-initiated mixtures of D,, N,F, and Oz(a).

The following two subsections summarize our optimized experi-
mental conditions and measured NF (a and b) concentrations obtained in

the microwave and HV discharge vessels respectively.

2.3.1 Microwave Discharge Initiation

Up to 80% dissociation of F, can be achieved by microwave dis-
charge of a helium-diluted gas flow in the 1-2 torr pressure range
(Ref. 27). We have used a 2% F, in He mixture (Matheson Gas Products)
at pressures between 1 and 3 torr. Maximum F atom densities in the

region of 1015 em™3 could therefore be expected.

Optimumn partial pressures of the reacting gases are given in

column 2 of Table I. These were obtained by maximizing the detector

signal using a 529-mm interference filter, i.e. NF(b) emission.
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TABLE 1

Optimized partial pressures

Partial Pressure (torr)
Gas
Microwave | High Voltage
2ZF, in He 2.40 -
SF¢ - 8.50
D, 0.30 1.20
NF, 0.25 0.40
0, 0.90 1.10
H,0 (a) 0.90-1.20 1.40
H0 (b) 0.4-0.5 -

(a) no cold trap; (b) dry ice/ethanol trap

The pressure listed for NF, is the change observed when the N,F,
flow was turned on and off: at 100°C, the approximate cavity tempera-
ture, a measured total pressure of 0.25 torr in a NZF,’/NF2 mixture is
90% NF, (Ref. 20). Similarly, the 0, pressure 1s the change measured
when the C%, flow through the generator was turned on and off. About
25% of this total 0, was Oz(alAg), i.e. a density of ~ 6 x 1015 cm~ 3 at
100°C. Table 1 also shows the H,0 vapour pressures measured in the
cavity with and without a dry ice/ethanol coolant in the trap at the
outlet of the 0, generator. The lower pressures in each case were
obtained with the generator solution at -14°C. During the reaction
with C%,, the solution warmed to ~ -10°C, for which the upper values of

H,0 pressure are applicable.

With the partial pressures given in column 2 of Table I and no

cold trap, we measured NF concentrations in five separate experiments.

Our values lay in the ranges:
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[NF(b)] = (2.6 - 4.0)x1012 cm™3

(8]

[NF(a)] = (1.5 - 3.5)x101* cm™3
with [H,0] ~ 1 torr.
The factor of 100 between the concentrations of the two species

is quite consistent. In Chapter 3.0, this is shown to be a key rela-

tionship in our estimate of the rate of reaction [1].

The condition of the Pyrex glassware is important. The upper
values of the ranges in [8] were obtained when the reactor walls and F Qj
atom inlet tubes had been freshly rinsed with a 10X aqueous solution of fii
HF, and dried by pumping down to ~ 0.0l torr. 3

When H, was used in place of D,, an approximately 192 reduction i;

in NF(b) emission was observed.

The removal of H,0 vapour from the 0, gas stream also has a
significant effect. A dry ice/ethanol cold trap reduced the H,0 pres-
sure from ~ 1 to 0.45 torr (Table I). This decrease results in a con-
sigstent increase in [NF(b)] by a factor of 1.7 (an average of 3 experi-
mental values: 1.75, 1.68, 1.58). A similar 1.5-fold increase in
[NF(a)] was recorded when H0 was reduced from 1 to 0.1 torr using

liquid nitrogen as trap coolant.
With an ethanol/dry ice trap, the maximum [NF(b)] recorded was:
[NF(b) Jmax = 6.7 x 1012 cm~3 (9]

with [H,0] ~ 0.45 torr.
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We have also investigated the dependence of NF(b) emission
intensity on the gas mixture used in the discharge. Small amounts of
NF3 or SF; were premixed with the 22 leﬂe stream in an attempt to
increase the F atom yield. NF(b) emission intensities simply decreased
vith increasing additive flow. Apparently, F, is more easily dissoci-
ated in a microwave discharge than NF3 or SF (the F-F bond strength is
less than that of N-F or S-~F in these molecules).

Pure N, was also discharged in an attempt to replace reactions
[2] and [3] by the single step:

N+ NF, + 2NF (als) [10]

In this experiment, neither D, nor leﬂe was employed. However, much
less NF(b) was produced (< 10!! ca~3).

F, diluted in helium was the most effective mixture for the
microwave discharge-initiated production of NF(b).

There was clear evidence that the concentration of NF(b)
depended on the density of F atoms introduced into the reaction mix-
ture. When the power to each of the four microwave cavities was turned
off sequentially, we observed a proportionate reduction in NF(b) emis-
sion in the region immediately after the F, inlet; i.e. a detector
voltage of 1.00 with 4 operating discharges would be reduced to about
0.75, 0.50 and 0.25 with 3, 2 and 1 discharges respectively.

There was also evidence of a direct reaction between D, and NF,
when the flow system had become quite hot (~ 80°C). Reference 24 postu-
lates this endothermic reaction as the initiator in the explosive reac-
tion between D, or H, and N,F,. When all four discharges were turned
off, there remained a continuous self-sustained green emission through-
out the flow system, but with low intensity (NF(b) ~ 10!l cm~3).
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a We also observed weak green emission (NF(b) < 10!l cm'3) when F

; atoms were in the presence of D, and NF, alone, i.e. in the absence of
0,(alag).
.

2.3.2 High-Voltage Discharge Initiation

With the high-voltage (HV) discharge conditions described in
Section 2.1, we recorded NF(b) emission from the cell of Fig. 1 as
voltage traces on an oscilloscope, the x-axis being time from the HV
trigger pulse. Thus we were able to follow the time evolution of the
NF(b) concentration from an essentially instantaneous atom—producing

initiation step.

We obtained maximum NF(b) densities similar to those of the
microwave discharge experiments. The gas pressures listed in column 3
of Table I produced

[NF(b)] max = 2.7 x 1012 cn~3 [11]

with [HZO] ~ 1.4 torr (no trap coolant).

Figure 2 shows experimental points, drawn as circles, taken from

a typical oscilloscope trace. The solid line through these points is a

theoretical curve generated by the model described in Chapter 3.0. It
is significant that the approximate rise time (< 100 us) of the experi-
mental NF(b) signal is reproduced by the kinetic model. s
A series of HV-discharge experiments showed no measurable NF(b) ;;
emission in the absence of Oz(alAg), indicating that reaction [1] was fi
% indeed the mechanism for NF(b) generation. ;?
- i
:}; We were unable to increase NF(b) emission by increasing the ;a
o discharge energy (500, 1000, and 1500 pF capacitors) and increasing the ij

SFg partial pressure, because the discharge began to arc. Similarly, LJ
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FIGURE 2 - NF(b) from high-voltage discharge

variation of the gas pressures and components (NF3 was used in place of

N,F,, and H, replaced D2) led to no increase in NF(b) emission.

3.0 KINETIC MODELLING

3.1 Generation of NF(alA)

The complex reaction system initiated by H or D atoms in the
presence of NF, has been extensively studied (Refs. 3-10, 17, 24-28).
Table II shows the known elementary reaction steps, i.e. with no inter-

mediate products, that are fast enough to be of consequence in our

generation of NF(a).
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Reactions (i) and (ii1) are the well-known atom reactions in
DZ/F2 mixtures. With F atoms being produced in our experimental dis-
charge schemes, reaction (i) is the initiation step for the entire
system. Reaction (iii) is the principal generator of NF(a), and the
quenching processes (vii) to (ix) are the main channels for 1its
removal. Reaction (x), a rapid bimolecular disproportionation, leads
to a sustained generation of NF(a) by recycling F atoms through reac-

tion (1), and is a mechanism for the removal of ground state NF.

TABLE I

Generation of NF(ala)

Reaction Product Rate Constant Reference
(cm3 molecule‘ls‘l) No.

(1) F+ D, DF + D k, = 1.4x10" 1! 29,30

(11) D+ F, DF + F k, = 2.0x10"12 31

(111) D + NF, DF + NF(a) kg = 1.2x10711 28

(1v) D + NF(a) DF + N k, = 2.0x10"13 8,25

(v) N + NF(a) N,+F kg = 3.0x10” 11 8

(vi) N + NF, 2NF (a) kg = 3.0x107 12 25,28 :

Quenching: .

(vii) NF(a) + NF, NF(X) + NF, | k, = 2.1x10"12 28

(viii) NF(a) + DF NF(X) + DF kg ~ 1x10™ 13 6,28

(1x) NF(a) + H,0 NF(X) + H,0 [ kg = 3.7x107 13 This work

Disproportionation:

(x) 2NF(X) N, + 2F ko =7-0x10" 11 25
R
o3
o
'

]
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Of the rate constants given in Table II, only that for the
quenching of NF(a) by H 0 (kg) has not been measured elsewhere. The
quenching rate due to DF (ks) was assumed similar to those for HF, HCR
and HBr (Refs. 6, 28). This is discussed further in Section 3.3. We
have estimated the H,0 quenching rate from our measurements of [NF(a) ]
generated in different H,0 pressures (Subsection 2.3.1). The calcula-
tion is described in the next paragraph.

Among the initial reactants of Table II, i.e. F, D,, F, NF,,
and H,0, only the F atom concentration was not known from partial pres-
sure measurements. Given an initial guess for F and an H,0 quenching
constant kg, we have numerically solved the coupled first-order rate
equations for all the components of the system using our generalized
kinetics FORTRAN program (Ref. 32). In particular, time profiles of
[NF(a) ] have been generated for the period (2 ms) which we estimate our
detection system was viewing, i.e. time averaging, for the continuous
microwave discharge experiments. By varying initial [F] and kg itera-
tively, we were able to reproduce our experimental NF(a) concentrations
(averaged over 2 ms) measured in 1 and 0.1 torr of H,0 vapour.

Figure 3 shows the results of these calculations. The lower curve is
the time profile of [NF(a)] in 1 torr HZO, with an average value of

3.5 x 101" cm~3, while the upper curve shows a 1.5-fold increase in
average value with 0.1 torr H, 0 (cf. Subsection 2.3.1). These calcula-
tions indicate an initial [F] of 1.1 x 1015 cm™3, or about 40% dissoci-
ation of F, from the microwave discharge. The value of kg is given in

Table II. The two fit parameters are completely independent.

‘ The initial peaks in the curves of Fig. 3 demonstrate the rapid
initial generation of NF(a), followed by rapid quenching, and then

;? recycling by reaction (x) of Table II, which becomes significant as
5; [NF(X) ] grows.
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FIGURE 3 - Effect of H,0 on NF(a) generation
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3.2 Generation of NF(blIt)

» -

»

,.:: Table III shows the significant additional reactions that can ’4
5 occur when Oz(alAg) is introduced into the NF(a) generation scheme of j
- Table II. .
b S
A el
T Initial concentrations of 0,(a) were found to be ~ 25% of the j::j‘_:'
E’ total O, partial pressure at 1 torr (Refs. 16, 23), and so initial j
‘ 0,(X) was also known. With known quenching rates for NF(b) by reac- ;:;:Ij
-.jj, tions (xii1) and (xiii) (the DF rate was assumed to be slightly less ::j}_i;
than that of HF; see Section 3.3 for further discussion), we were able ‘.:}'_:
I to estimate k,, and k,, . The rate of the reverse of reaction (xi), _*"'“j
5 =
. ;12‘3
o
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k.,,» vas calculated to be 0.2 k;, at 100°C from the known

exothermicity of the forward reaction (415 cm'l), and this was included

in our iterative procedure.

TABLE III

Generation of NF(blI't)

Reaction Product Rate Constant Reference
(cn3 molecule~l s~1) No.
(xi) NF(a)+0,(a)| NF(b)+0,(X)| k;;=6.7x10714 This work
k-;,=1.3x107 1%
Quenching:
(x11) NF(b)+NF, | NF(X)+NF, k;,=3.1x10"12 28
(xi11) NF(b)+DF | NF(X)+DF k,~1x10712 6
(xiv) NF(b)+i,0 | NF(X)Hi,0 k,,=4.9x10"13 This work

NF(b) concentration profiles were generated for given values of
k;, and k,;, by numerical integration of the coupled rate equations for
all the reactions listed in Tables II and III. By iteration, we were
able to reproduce the time averaged experimental [NF(b)] values given
in Subsection 2.3.1 with H,0 partial pressures of 1.0 and 0.45 torr.
The parameter set determined in the NF(a) generation calculation
(Section 3.1) thus served as a starting point for this extension by
inclusion of the reactions in Table III.

Figure 4 shows the resulting curves for NF(b) generation in the
two H,0 pressures. The time averaged value of the lower curve is
4.0 x 1012 cn™3, while that of the upper curve 18 6.7 x 1012 em~3
(cf. [8] and [9] of Subsection 2.3.1).
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Figure 5 is a logarithmic plot of the time evolution of the
concentrations of all three NF states (X, a and b), under our condi-
tions of maximum [NF(b)], i.e. with 0.45 torr H,0. It clearly indi-
cates that there is no inversion of population of the b-state with
respect to the ground state, NF(X). Even with the rapid ground state

disproportionation (reaction (x) of Table II), the NF(X) concentration
exceeds that of NF(b) at all times.

Using our set of rate constants for the complete reaction
scheme, we were also able to reproduce the HV discharge curve for the
time evolution of NF(b) (Fig. 2). In this calculation, only the ini-
tial F concentration was varied, and a linear decay function was
included to allow for transport of the NF(b) from the viewing region by

gas flow. The transport function was

g(t) = 1 - vt/x [12]

where v is the average gas velocity, t is time, and x is the distance :
across the viewing aperture (1 cm). The calculated [NF(b)] values were ?f-?
then multiplied by g(t) to give effective observed concentrations. The ';}-
effect of transport is only significant in the tail of the pulsed —
signal (Fig. 2). The value of v was allowed to vary to give a least ?2§!
squares fit to the experimental points. The result indicated a gas Eftﬁ

e

HstOaR et

velocity of 780 cm 3'1, which was in excellent agreement with that

estimated for our measured pumping speed of 9.2 %. s~l and cross sec-
tion of 12 cm? (770 cm s‘l) in the HV discharge cavity. The calculated

curve shows a good agreement with the experimental rise time of

[Nr(D) ].
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3.3 Accuracy of Rate Constants

It should be noted that rate constants referred to in this sec-
tion have the units cm® molecule~! s~l. Our calculations of NF a and b
quenching rates by H,0, and the Oz(a)/NF(a) pooling rate, are subject
to considerable experimental error. The excited state species concen-
trations were measured to * 202, and partial pressures to between % 5
and 202 depending on the gas. The literature rate constants given in
Tables II and III are quoted at ~ 300 K, whereas our experimental
temperature varied between 300 and 400 K, which introduces an error
difficult to estimate. An upper limit for the accuracy of the rate
constants kg, k;; and k,, given in Tables II and III is therefore about
+ 50%.

Literature values for the quenching rates of NF(a,b) by DF are
not available. However, NF(a) quenching rates for HC2 and HBr are 0.43
and 1.3 x 10~13 respectively (Ref. 28), and the one for HF has an upper
limit of 1.7 x 10713 (Ref. 6). The calculation of [NF(a)] is not very
sensitive to the value used for the DF quenching rate (kg). We used a
value of 1.0 x 10~13 (Table II), but calculations using 1.5 and
0.5 x 10~13 showed variations in average [NF(a)] of only ¥# 4% respec-
tively. This low sensitivity is due to the fact that DF is a slower
quencher of NF(a) than both NF, and H,0 (Table II).

The quenching rate of NF(b) by HF is 1.7 x 10~12 (Ref. 6). From
our experimental observation (Subsection 2.3.1) that NF(b) emission was
reduced by 19Z when H, replaced D,, we infer that DF is a slower
quencher of NF(b) than HF. We used 1.0 x 10-12 for this DF quenching
rate (Table III). When the HF quenching rates of NF(a,b) were used,
our calculation reproduced the 192 reduction in average [NF(b)]
observed experimentally, indicating that our DF values are quite relia-
ble.
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We conclude that our values for the DF quenching rates of

NF(a,b) do not introduce a significant error.

3.4 Rapid Pumping of NF(ala) for blI* Population Inversion

Figure 5 shows that when Oz(alAg) is used to pump NF(alA) to
produce NF(b12+), only about 1% of the available NF(a) is found in the
b-state at any time. Furthermore, the method is incapable of producing
a blue-green laser gain medium since the density of the lower energy
state for the 529-mm transition, NF(X), always exceeds that of the
upper state, NF(b).

This occurs because the Oz(a) pumping process is slower than the
quenching processes (Table III). We have calculated that in order to
achieve b-state inversion, a pumping rate constant of > 10-11 cm3 mole-

cule™! 57! ig required.

Herbelin and co-workers (Ref. 33) have shown that excited atomic
iodine, I(ZPQ), can also pump NF(a) to the b-state:

NF(a) + 1(%,) » NF(D) + I(%3,,) [13]

and that the reaction is extremely rapid (rate comnstant > 10-10 ¢p3

molecule™! s~1).

To demonstrate the potential of reaction [13] to produce the
desired population inversion, we have introduced it into our kinetic
model as a replacement for the Oz(a) pumping reaction (xi) of Table
III. We took the forward rate to be 1 x 10~10 cm3 molecule™! s‘l, and
the reverse rate to be 0.6 times this at 100°C, based on an exothermi-
city of 133 cm~l. With reasonable initial concentrations of F and
1(21:!) atoms (2 x 10!5 cm~3), we obtained a maximum NF(b) density of
~6 x 101* cm~3. Figure 6 shows the resulting time profiles of the NF

states of interest.
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b, Further calculations with higher I( 2Pi) initial densities show

h’

X that NF(b) densities > 1015 cm™3 should be attainable, providing no

;‘ significant amounts of IF(x1*) are produced in the reaction: IF is a

X very rapid quencher of NF(b) (Ref. 34).
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4.0 CONCLUSIONS G
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respectively, and the energy pooling rate between NF(ala) and Oz(alAg)

is:
k= 6.7 x 10~ 14 [16]
with a reverse rate:

k_,=1.3x 10- 1% [17]

at about 100°C. The units for the rate constants are cm3 molecule~!

s~1, with approximate error limits * 50%.

The NF(a)/Oz(a) reaction is too slow to generate a population
inversion of NF(bl£+) with respect to the ground state. However, b-X
population inversion may be possible using the very rapid reaction
between NF(a) and 1(29!) Furthermore, if sufficiently high initial
concentrations of I(ZPQ) and F atoms (> 2 x 1015 cm 3) can be generated

in a pulsed technique, transient NF(b!I*) densities in excess of

1015 cm~3 may be produced within 50 us of the initiating pulse (see
Fig. 6). Such densities would be close to the threshold value required
for a blue-green laser at 529 nm operating over a reasonable path
length (2 m).
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