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SECTION I
INTRODUCTION

Among the many systems being investigated in the effort to develop a thermo-
chemically pumped electronic transition laser, the NF radical has shown high
promise. Herbelin (ref. 1) has shown that the reaction of NF, with hydrogen
atoms yields essentially 100 percent of the NF product in the alA state. The
reason he gives for this is that the reaction proceeds through a relatively long
lived HNF,('A) intermediate. Since the HF product is a singlet state by spin
correlation arguments, the NF product must also be a singlet state. Since the
ground state of NF is X3Z, the product must form in the lowest lying singlet
state which is the excited alA state. Therefore, a total initial inversion
exists on the alA » X33 transition at 874.2 nm. Herbelin* has presented an RKR
calculation on the NF system and generated the curves shown in figure 1. Note
that the transitions are vertical so that the (v',v" = 0,0) transition is expected
to be the strongest, a fact that Herbelin and Kwok (ref. 2) have proven experi-
mentally. Also of interest in this system is the NF(blA) system. If one can
efficiently produce this state (a point that we will discuss later), a more
attractive laser could result on the bl » X3 transition at 528.8 nm. Herbelin
and Kwok (ref. 2) havé done some preliminary experiments which indicate that if
the X3% ground state of NF is formed in their system it is well below detection
limited. Thus, this system is very attractive as a potential laser candidate.
Although much work has been accomplished in the evaluation of the NF system,
lasing has not yet been demonstrated. Additionally, the optimum hardware/nozzle
design has not yet been decided. Discussions on this point at the Air Force
Weapons Laboratory (AFWL)** resulted in the concept of applying the Rocketdyne's
tristream HF laser nozzle design (ref. 3) to the NF system, to test the feasi-
bility of a laser demonstration. This report describes the modeling to evaluate

X*Herbelin, J. M., Presentation of Technical Review to AFWL, November 1977.

**The original concept for the application of the tristream nozzle to the
NF chemical laser program arose from discussions principally between
Lt Col Carl Forbrich and Capt Paul Flynn, of AFWL.
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Figure 1. Potential energy diagram of the three lowest 1ying states of NF.
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the NF/tristream concept. In addition, the tristream nozzle hardware has been

b given to TRW under AFWL contract to develop an experimental data base on which

I . to anchor the modeling code. The results of that work will be reported in a
later AFWL technical report at the close of the contract.
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SECTION II
THEORETICAL MODEL

The main tool used to perform the theoretical analysis was the Advanced ,
Laser Flow Analysis (ALFA) code. This code was developed by Lockheed under 1
Air Force contract, and a complete description is given in reference 4.
Basically, ALFA has the capability to handle two-dimensional, viscous, reactive,
compressible, laminar or turbulent flows. It also has the capability of !
handling flow expansion either parallel or perpendicular to the mixing regions. %-

This gave us the ability to model the tristream where the expansion is f.
perpendicular to the reacting/mixing zones. The only modification required was |
that of the gain equation. The ALFA code assumed the lasing species is poly-
atomic and the transition to be vibronic, not electronic, in nature. Thus to
investigate the NF system, the code had to be modified. This was accomplished
by inserting the derived gain equation and by changing the heat of formation
of the electronic states to account for the energy gap between them. ;

The code can handle either laminar or turbulent (by the two-equation
turbulent kinetic energy model) mixing flowfields. A11 the calculations
presented were done using turbulent mixing and some were done (not presented)
using laminar (diffusional) mixing. At these pressures, one can assume that
the flow will become turbulent; therefore, for Rocketdyne to effectively model
the tristream (when used as a chemical laser), a turbulent mixing model was
employed (ref. 3). The laminar mixing peak gain results were typically
25 percent lower than the turbulent cases with longer gain lengths.

The initial lateral species profiles were uniform, with velocity and
temperature defects assumed near the element divisions. The lateral pressure
was assumed constant but calculated in the axial direction. This type of

model had sufficient detail in the mixing zones which would give us realistic
results as compared to a premixed or scheduled mixing model. .
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SECTION III

CHEMISTRY, KINETICS, AND HARDWARE

The initial chemistry of this system is essentially the same as that for
the HF laser. If one produces fluorine atoms, either in an arc as Herbelin
and Kwok (ref. 2) have done at Aerospace Corporation, or in a precombustor
HF "hot" reaction as Betts and Miller (ref. 5) have done at TRW, and react
them in a stoichiometric mix with hydrogen molecules, the ensuing HF "cold"
reaction will produce hydrogen atoms, heat, and vibrationally hot HF molecules.
The heat will thermaily dissociate NyF4, introduced through adjacent ports,
to form NF,, which will react with the hydrogen atoms to form the NF(ala).

Two secondary reactions are also of interest.

The results of Herbelin and Kwok (ref. 2) showed that the reaction of
HF(v+2) with NF(alA) pumps the NF(blZ) state with about 1 percent efficiency.
Introduction of HI with the hydrogen increases this pumping. The main
reactions are:

Hy + F, (excess) > HF + F M
F + Hy » HF(v) + H + A (2)
NoF4 + heat > 2NF, (3)
NF, + H > NF(ala) + HF (4)
NF(ala) + HF(v = 2) > NF(bl3) + HF(v = 0) (5)
Secondary reactions with HI are
HI + NF, > HF + NF + I (6)

et aiir+g (7
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HI + H > Ho(v = 2) + 1 (8)

HF(v = 2)(from cold reaction) + I » HF(v = 0) + I* (9)

Hp(v =2) + I > Hy(v =0) + I* (10)

I* + NF(ala) » I + NF(bl3) (11)

The groups at both Aerospace Corporation and TRW have shown that the
introduction of HI dramatically increases the NF(blX » X31) emission because
of reaction 11. The sequential reactions 8 and 10 are probably the most
efficient producers of I* (refs. 5 and 6). These basic reactions form the
basis for investigation of this system.

Table 1 shows the complete listing of reactions and their rates considered
in this study. The reaction rates were in some cases estimated and in most
cases measured and came principally from a compilation of rate data by Aerospace
Corporation (refs. 7 and 8). A steady state rate analysis yields the results

INF,1

o & -15200 (12)
= 8.2 x 1076 T3/2 exp ~R2&3°
NFal P —RT
and
[NF(ala)]
SS _ =3000 (13)
=1 x 1013 exp + 3.78 x 1011
INFZISS RT
+ 1.0 x 1013 exp -5%$9 :

Figures 2 and 3 show the results of plots of equations 12 and 13 with
temperature. An additional effect of temperature can be seen in the derived
gain cross section,

-1
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Figure 4 shows the variation of equation 14 with temperature. The gain
cross section increases with decreasing temperature due to diminishing rota-
tional dilution. Unfortunately, as figure 2 shows, the N,F4 does not disso-
ciate below 600 K under the conditions studied. Figure 3 shows a maximum in
the [NF(a'a)] at 500 K. Since the dissociation of N,F, is the necessary
first step, the temperature must be kept relatively high, which means that
conditions are off peak for NF(alA) production and the commensurate gain cross
section.

A schematic of the tristream concept is shown in figure 5; dimensional
details are given in reference 3. The tristream is mated to a precombustor
for production of the fluorine atom. The H, and N,F, are introduced in
parallel flow to the fluorine atoms. The N,F, flow is between the H, and
F flows so that diffusion of the initial reactants and subsequent heating
would more efficiently dissociate N,F,. The subsequent mixing and chemistry
have already been described. We defined an element length, Le’ as the distance
from the fluorine injector centerline to the hydrogen injector centerline,
since this is the repeating unit in the nozzle. Typical initial flow conditions
for the throat pressure of a 0.5 atm case were (from precombustor)

DF - 7.96 x 10-* moles sec-1, T = 1450 K
F - 7.96 x 10~* moles sec=!, T = 1450 K
He - 2.39 x 10-3 moles sec™®, T = 1450 K
H, - 1.25 x 10-3 moles sec~!, T = 300 K
NyFg = 1.89 x 10-3 moles sec™!, T = 300 K

When HI was introduced, it was with the hydrogen at a molar flow rate of
4.18 x 10-* sec-! at 300 K.
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Figure 4. Gain cross section (y(cm=!)/[NF(a'A)]) as a function of temperature.
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SECTION IV
RESULTS AND DISCUSSION

Table 2 is a listing of representative results of the conditions
calculated. For this calculation, the area was assumed to remain constant
after nozzle expansion. The last entry is with HI injected with H,. This
Towers the result because the H, is diluted. However, the injection of HI
does increase the ratio of [NF(b'Z)] to [NF(ala)] by about 50 percent. We
have not explicitly listed the peak gain for the NF(b!Z > X3I) transition.
However, the product of the Einstein "A" coefficient and the rotational
dilution factor is roughly two orders of magnitude greater for the
NF(b'Z) than for the NF(a!a); and since the NF(b'Z) concentration is
roughly two orders of magnitude less than the NF(alA), the gain on the two
systems is comparable. (The wavelength dependence lowers the NF(bZ) gain
by ~4.0.) Obviously the efficiency of pumping the NF(b'Z) state is of
critical importance, an issue which is still being addressed and has not
yet been resolved.

We found the NF(alA) gain to be an inverse function of the element
length (Le) as shown in figure 6. This is not at all surprising since the
mixing is more efficient for the smaller element lengths. This same result
was seen by Rocketdyne in the HF test of the tristream nozzie (ref. 3).

We also found that the gain was a direct function of the throat pressure
(figure 7), a result which is also not surprising. As the throat pressure
increases, so does the mass throughput. The resultant pressure and
temperature increase manifests itself in the kinetics, resulting in increased
gain.

It is also clear that as the element length decreases and/or the pressure
increases, the gain length decreases as the peak gain increases, thus
necessitating power extraction from a smaller volume. On a low gain system
such as this, the small gain volume may impose impossible conditions on the
mirrors due to excessive loading.

An interesting effect that was seen under conditions of the last
entry in table 2 was a shoulder on the leading edge of the gain curve
(figure 8). The effect was small and thought to be an artifact of the

18
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Figure 6. Gain profile as a function of distance from nozzle throat i
for two element lengths (Le).
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Figure 8.
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Gain profile as a function of distance from nozzle throat for
a case where the shoulder on the gain curve was apparent at
1 cm distance. Throat pressure was 2 atm.
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calculaticen. However, Miller and Betts* have seen the same effect with a
- different nozzle configuration, indicating that the effect is real. The
: apparent explanation came out of discussions of the effect between the authors
j and Betts and Miller. Reaction 22 in table 1 indicates the rate of N,F4y + M
reaction. If M is another N,F* molecule, then a small amount of the N,F,
is predissociated before injection. The ensuing chemistry of the NF, occurs
more rapidly than the initial N,F, dissociation in the nozzle. Once the
initial NF, is utilized, the gain drops while the bulk of the N,F, is
dissociated, giving rise to the dip in the curve.

Calculations were also performed with the expansion ratio of the
nozzle continuing out into the cavity. The reason for doing this is that
most of the constant cross section area runs indicated choking as the
temperature and pressure built up. The continuance of the expansion ratio
alleviated the problem. As expected, the gain length increased and the peak
gain decreased.

The main result of the calculation to date is that the tristream concept
is very promising; and if the experimental results of TRW verify our model,

calculations for scaling will begin. The tristream nozzle as it now exists
will not demonstrate lasing because of the short transverse path length

(5 cm). However, a longer path tristream nozzle of approximately 50 cm
should lase, if our model is correct.

*D. Miller, J. Betts, Presentation of Technical Progress to AFWL, April 1978.
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