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The measurement of positive small signal gain on the 1.315-yum spin orbit transition of
atomic iodine following energy transfer from chemically generated NCl(a' A) is reported.
Previous instances of gain produced by energy transfer from NCl(a' A) used dc discharges
to generate I and Cl atoms; this report describes recent progress toward a true chemical
laser device that uses a high-temperature chemical combustor and a supersonic reactor to
generate NCl(a' A). These improvements represent a significant step toward the
development and demonstration of a scalable All Gas-Phase Iodine Laser (AGIL}) device.

KEYWORDS: AGIL, All gas iodine laser, Chemical lasers. COIL

1. Introduction

The All Gas-Phase lodine Laser (AGIL)'7'%2326 ig a laser device and concept that
uses near-resonant energy transfer from an electronically excited molecule, NCl(a' A), to
ground-state atomic iodine to produce an inversion on the 1.3154-pm spin orbit transition
of iodine:

NCI(a' A) + I(*P3j2) — NCIX ) + ' (°Py 2). 0

AGIL is a potential all-gas-phase alternative to the chemical oxygen iodine laser (COIL),
which uses the energy transfer between electronically excited oxygen, O»(a' A), and atomic
iodine to produce I(*P; 5)*:

022" A) + 1(°P32) — 02> S7) + *(°P1 2). )
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It is possible to substitute NCI(a' A) for O,(a' A) because both molecules possess a
(pr*)? (pa*)° electronic configuration (and therefore have the same electronic states), are
metastable, and have large branching fractions for the near-resonant energy transfer to
atomic iodine. While COIL is a relatively cfficient laser (in terms of watts per kilogram and
compared to other high-energy laser technologies), it suffers from complicated engincering
challenges related to the use of two-phase chemistry in the production of Qs{a' A). The
reaction of molecular chlorine with an aqucous solution of basic hydrogen peroxide (BHP)
produces O, (a' A) with near-unit efficiency:

Clh + H205 4+ 20H™ — Oy(a'A) + 2H,0 + 2CI1-, (3)

but the use of the liquid-phase BHP and some unfavorable secondary chemistry [HoO
efficiently quenches I”(zPl‘,-g), O1(b! =), and interfcres with the I, dissociation process]
Icads to complex and severe problems for large-scale, high-energy devices, particularly those
that require mobility. AGIL is attractive because NCI(a' A) can be generated by reactions
that occur solely in the gas phase.

The history and development of COIL has been well documented by McDermott,>?
Heaven,'* and others.*” The first continuous-wave AGIL device, demonstrated by Henshaw
ct al. in 2000,'” was enabled and inspired by the work of many, including Benard et al.,>
Bower et al.,>*® Clyne et al..*~% Coombe et al.,'2133-36 Heaven et al.,1421:22 Henshaw
et al.,'>1% Herbelin et al.,'"® Manke ct al..*"* and Setser et al.!%19:20.30.31.39 Most recently,
multiwatt laser demonstrations were performed by the AGIL team at the Air Force Rescarch
Laboratory (AFRL)*?® with a 20-cm-wide subsonic reactor that used a series of four dc
discharges to produce the requisite F and Cl atoms. The highest gain and power measured on
the 20-cm device were 4.2 x [107* ecm~! and 31 W (Ref. 24). In addition to the AFRL work,
the Short Wavelength Chemical Laser Laboratory in Dalian, China, continues to pursue
AGIL technology.!!

Successful AGIL gain aud laser demonstrations have produced NCl(a' A) via a two-step

reaction of chlorine atoms with hydrogen azide*-27-30:31
Cl+ HN; — HCl 4 N, (4)
Cl+ N3 — NClI(a'A) + Na. (5)

The chlorine atoms were generated by the reaction of atomic fluorine and DCI:
F + DCl — DF + Cl, (&)

where the F atoms were generated by a dc discharge of molecular fluorine and/or NFz
diluted in He. To improve the chemical efficiency of AGIL, small flows of hydrogen iodide
are reacted with atomic fluorine or chlorine to produce 1(2P3/2) prior to the reaction with
hydrogen azide so that the 1(?P5,,) atoms will be present as soon as NCl(a! A) is produced:

F+HI — HF + I{"Ps,,), (7
Cl+ HI — HC1 +1(°Py,5). (®)
Unlortunately, the F atom production efficiency of the dc discharges declines as a function of

the flow rate of the F-atom source®: the technology that was uscd previously to demonstrate
the AGIL concept is not suitable for the development or demonstration of a kilowatt-scule
device. This paper describes our cfforts to generate NCl(al A), I*(3P 1;2) and observe small
signal gain by using chemical combustor technology for the generation of NCl(a' A).
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2. Experimental Methods
2.1. Experimental apparatus

The supersonic AGIL device consisted of three major components, a subsonic
D,/F,/NF3/DCI/HI combustor, a converging—diverging nozzle and HN3 injector, and a su-
personic flow chamber (Figs. 1 and 2), The combustion chamber measured 3.3 cm high,
5 e¢m wide, and 5.5 em deep. Injectors for D, and Fo/NF; were located on the back wall of
the combustion chamber. The D; injector consisted of two rows of six holes, each 0.038 cm
in diameter. Molecular fluorine and nitrogen trifluoride were mixed upstream of the com-
bustor and injected through a single row of six holes, each 0.132 ¢m in diameter. The Dy
injectors were located 0.38 cm above and below the row of Fo/NF; injector holes. The total
injector areas for D; and Fp/NF; were 0.014 and 0.082 cm?, respectively. The DCI and HI
injectors were located on the top and bottom walls of the combustion chamber. The DCI
injector block was placed 2.0 cm from the back wall and consisted of two rows (le., one
row each for the top and bottom) of 36 holes, each 0.056 ¢m in diameter. The total DC]
injector area was 0.177 cm®. The HI injector was placed 3.5 ¢cm from the back wall and
consisted of two rows (i.e., one row each for the top and bottom) of 54 holcs, each 0.033 cm
in diameter. The total HI injector area was 0.0925 cm?.

Three differcnt supersonic nozzles were employed in this work. In all cases, the nozzle
consisted of a 5-cm-wide slit, with the throat placed 7.0 cm from the back wall of the
combustion chamber. Table | summarizes the details of the three nozzles used in this study.
Nozzles A and B had a 0.46-cm throat height and 40-deg expansion angle. The throat for
nozzle C was a factor of 2 smaller but maintained approximately the same A/A* ratio (and
Mach number) by having a smaller expansion angle, 20 deg. In all cases, the nozzle exit
plane was placed 1.55 cm beyond the nozzle throat. Hydrogen azide was injected 0.4 ¢cm
downstream of the nozzle throat (i.e., 7.4 cm from the back wall of the combustion chamber)
through two rows of 12 holes (one row each, top and bottom). The HNj injector holes for

HI
DCl1
Base Purge
i
¥ v L
D> “ 55¢em —>
X - ) supersonic flow 3.3 em
F:/NF; % subsonic combustor /\ channel
D
|;
DC1 “
HI Slit Nozzle

Fig. 1. Supersonic AGIL hardware. A side-view drawing of the experimental hardware is
shown. The device consists of three regions: the subsonic combustor region, the converging—
diverging slit nozzle, and the supersonic flow channcl. See text for details.
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Table 1. Supersonic AGIL nozzles

Throat Nozzle Mach number® HNj3 injector area (cm?)
Nozzle  height (cm) angle (Mach number)®  HNj,4 injector hole diameter (cm)

A 0.46 40 3.6 0.195
(3.2) 0.101
B 0.46 40 3.6 0.630
(3.2) 0.183
C 0.23 20 3.6 0.630
(3.2) 0.183

*Estimatcd from P/ Py measurcments and Eq. (14) assuming y = [.667,
PCalculated by itcratively solving Eq. (15) for M by using the measured A/A* ratio and assuming
y = 1.667.

P'ressure &
Temperature ganges

1l and DC]
injectors

Injectors for Dy, Fs, NF;, HNj,
base purge. and bank blowers

Mirror Tunnel

Fig. 2. Assembly drawing of supcrsonic AGIL reactor. Reagent feed lines and other major
components are identified.

nozzle A were 0.102 cm in diameter, and the individual injector holes for nozzles B and C
were (1,183 c¢m in diamcter.

The supersonic flow chamber begins at the nozzle exit plane and cxtends downstream to
the end of the reactor. The vertical height of the [low chamber was 3.3 cm. Because this
height exceeds the height of the nozzie at the nozzle exit plane, a He injector was installed
into the face of the nozzle to discourage recirculation of the reactive flow in the base purge
region (Fig. 1). In addition to the base purge, a pair of supersonic (M > 5) bank blower
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injectors were placed on either side of the nozzle to prevent expansion of the flow beyond
the 5-cm width defined by the slit. Pitot probe measurements across the face of the nozzie
confirmed flow containment and a 5-cm path length for the supersonic portion of the flow.

Mirror tunnels were constructed and attached to the sides of the reactor to allow flow
visualization as well as small signal gain measurements. For most of the experiments de-
scribed in this report, the mirror tunnels allowed observation of a 12-cm-long region of the
flow. Based on the initial observation that the highest gain was found at the end of the 12-cm
ohservation zone, a second pair of mirror tunnels was subsequently installed. The second
set of tunnels provided a 25-cm-long obscrvation zone. In both cases, a purge flow of He
was added (o each tunnel to help prevent damage by the corrosive gas to the glass windows.

All reagent and diluent flow rates except for HN3 were controlled by Proportion Air
electronic gas pressure regulators (Model QBIT-FEE-500) and calibrated sonic orifices,
Pressures were monitored with MKS Baratron (Model 622-A) and Druck (PMP 1265)
pressure transducers, and temperaturcs were measured with Omega (Type T) thermocou-
ples. A National Instruments Labview program was used to control and rceord all reactor
conditions for later analysis. The HNj flow was “controlled™ by filling a pair of 150-liter
stainless-steel tanks to a specified pressure with a mixture of 109% HN; in He and applying
the full pressure of the tanks to the plenum of the HNj injectors. The average flow rate of
HNj for cach experiment was calculated from the measured pressure drop in the reservoir
tanks. Typical flow rates are shown in Table 2. Typical conditions from previous AGIL
devices are also given in Table 2 for comparison.

Table 2. Comparison of AGIL devices

Supersonic AGIL
AGIL 1'8 AGIL 1AV AGIL 22435 (this work)

Reactor properties
F atom source 1 dc discharge | dc discharge 4 dc discharges D,/F,/NF; combustor

Flow speed M <1 M <1 M~1 M~35
Path length (cm) 5 5 20 5
Pressure (torr) 16 15-16 20-30 200-350°
1-120
Power (W) NA 180 mW 1w NA
Gain (em™1) 20x 1074 2.6 x 1074 42 % 10~* 1.2 x 107
Flow rates (mmol s~')
He 150 150 480-1,000 50-250°
F> 0.66 NA 2-8 10
NF3 NA 1-1.5 4-20 0-20
D; NA NA NA 2.5-20
DCI 2.0 2.0-2.5 15-25 30-70
HI 0.03 0.04-0.07 0.12-0.60 (0.2-1.0
HN;, 332 3,045 10-70 10-70

2Static combustor pressure.
hStalic pressure in supersonic flow channel.
¢He added to combustor only: total He is sum of this valuc and nine times the HN; flow rate.
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2.2. Diagnostics

Visible and near-infrarcd (NIR) emission spectra were observed with a 0.3-m monochro-
mator (Acton, SpectroPro 300i) and a combination of two optical multichanncl ana-
lyzers. The NIR emissions were collected with a liquid-nitrogen-cooled, 512-pixel In-
GaAs array (Roper Scientific, OMA V), and the visible emissions were collected with a
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liguid-nitrogen-cooled, 1,340 x 100 pixel charge-coupled device (CCD) (Roper Scientific,
Spec 10:100BR). Binning the 100 pixels along the vertical axis created a single row of 1340
“superpixels.” In addition to the spectroscopic measurements, a video camera provided
visual images of the flow stream.

The F/Cl atom production efficiency was determined by a series of gas-phase titrations
with HCL? Bricfly. a tunable external cavity diode laser (New Focus, Model 6248) was
tuned to the P(3) ro-vibrational line of the HF(0-2) overtone spectrum; the absorption was
measured as a function of HCI added to the high-tcmperature combustor. The absorption
increases lincarly with HCI until all of the F atoms are consumed. The titration endpoint
1s reached when additions of HCI no longer lead o increased absorption and the initial
F atom flow rate is equal to the corresponding HC1 flow rate. The small signal gain on
the 1(°P; 2)-1*(*P, ;2) transition was monitored by the same diode laser tuned to the F(3.4)
hyperfine transition. The initial I-atom density was measured prior to any HN; addition to
determine | L, ].

Finally, a tunable 664-nm diode Jaser was used to probe the density of NCI(X*T ),
This diagnostic device was developed and delivered to the AFRL via a Phase IT SBIR
contract with Physical Sciences, Inc.” The laser was continuously scanned from 15,049 to
15,050 cm™' (664.46-664.48 nm) through a spectral region that contains two hyperfine
lines of the NCI(X? £~ )}-NCI(6! £%) spectrum,”? OR** and P> The absolute wavelength
and frequency axis of the spectrum were calibrated by simultaneously collecting a high-
resolution spectrum of molecular I, The density of NCI(X*T ™) is calculated from the
integrated absorption area and the calculaled value for the transition-specific line strength.’

3. Experimental Results
3.1. F-atom titrations

Gas-phase titrations were performed as described above in an attempt to determine the
initial F-atom density produced by the high-temperaturc combustor. Unfortunately, the
results werc not nearly as satisfying as those generated in the subsonic experiments. Sample
titrations are shown in Fig, 3. The upper pancl shows the results for nozzle A and F> = 12,
D; =10, NF; =35, and He =125 mmol s~!. A slight break to the linear growth of the
absorption signal normally indicates the titration endpoint. For the experimental series
shown in the upper panel, the break occurs at ~17 mmol s~'.

A simple D,/F,/NF3 combustion mechanism may be constructed from the following
three net reactions:

D3 + F: — 2DF + heat, (%)

Fig. 3. F+ HCI titrations: (a) The measured density of HF(0) is plotted as a function of
HCI added to the F2/NF3/D; combustor and nozzle A. The experimental conditions were
F; =12, D, =10, NF3; =3, and He = 125 mmol s™'. The static cavity (sidewall) pressure
was 1.5 torr. The HF(v = 0) density was measured at three different downstrcam positions,
and the titration endpoint is given by the slight break in the slope at HCl~ 17 mmol s ',
{b) The gas temperature is determined from the linewidth of the HF spectrum and is shown
as a function of HCL (c) A second titration is shown for nozzle C and F, = 10, D> = 7.5,
NF; =0, and He = 10 mmol s "',
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F» + hear — 2F, (o
NE3; +heat — 3F + N. (11)

This model allows us to calculate the maximum moluar flow rate of F atoms that can be
generated by the combustor:

Finax = 2(F2) + 3(NF‘§) —2(D>). (12)

For the conditions of the upper panel, 2F, 4+ 3NF; — 2D, = 19 mmol s* 1, and the titration
endpoint of HCl1=17 mmol s~/ indicates 89% dissociation. However, because the Litrant
HCl is added into the very chemically complex combustor region, there is significant op-
portunity for sccondary chemistry and systematic error. This possibility was realized in
experiments summarized in the lower panel of Fig. 3. In this case, a titration is shown for
nozzie C and F; = 10.0, D, = 7.5, NF; =0, and He = 10 mmol s~'. The simple D,/F,/NF;
combustion model predicts Fpax =5 mmol s!. In stark contrast, the titration endpoint
occurs at HCl= 10 mmol s™!, suggesting an impossible value of 200% dissociation effi-
ciency. Yet another set of titrations (not shown) for nozzle C and F; = 10, NF; =0, and
He = 100 mmol s ! indicated a titration endpoint of E~ 35 mmol s~! for both D, = 7.5
and Dy = 15 mmol s, Assuming complete D,/F»2/NFx combustion, the highest possible
F-atom flow rates for these conditions are 20 and 35 mmol s~', respectively.

The obscrvations of titration endpoints being indcpendent of the D> flow rate and the-
oretically impossible dissocialion cfficiencies are strong evidence that the assumptions
underlying the titration experiments are false and that this method is not a robust diagnostic
for dctermining [F]y and/or [Cl]o. Almost certainly, HCI/DCI, NF3, and HI participate in the
D,/F, chemistry and the result is a very complex mixture. Hence, subsequent experiments
that involved the addition of HN3 were always performed with DCE= 70 mmol s, a flow
rate well in excess of the theoretical maximum F-atom flow ratc.

Despitc the ambiguity of the initial F/Cl flow rate, the titration data were extremely valu-
able for characterizing device performance. Analysis of the spectral lineshapes allows the
generation of temperature plots such as the one shown in the middlc panel of Fig. 3. (Inter-
estingly. the temperature in the cavity also reaches a maximum value at HCl ~17 mmol s7'.)
Unlike the [HF] vs HCl titration data, the temperature data are robust because the underlying
chemistry that generates the heat is not important. Furthcrmore, the cavity temperaturce data
can be used to calculate the combustor temperature. The isentropic equation for the ratio
between the stagnation and static ternperature is

Ty v y—1 5
—=|l+—mM), 13
2= (1), (13)
where 7 is the stagnation lempcrature, 7" is the static cavily lemperature, y is the specilic

heat ratio (C',/C..), and M is the Mach number. The Mach number is given by the ratio of
the stagnation and static pressures and Eq. (14):

2 P (V-l,'/'y
M=o [(7") - l], (14)
NS

where P, is the stagnation (plenum) pressure and P is the static (cavity sidewall) pressure.
Fornozzles A and B, typicul values for Pgand P are 100 and 1.6 torr, respectively. Assuming
v < 1.667, Eq. (14) gives M ~ 3.6 (in the abscnce of HN3). This value is slightly larger
than the value predicted by the nozzle area ratio (Table 1) at the nozzle exit plane and
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Eq. (15):

A 1 2 y—1 y+1 /2y -1
—_—= _ 1 .
AT M |:(V+1)( N ):| (1)

This is not surprising because of the large base relief region beyond the nozzle exit plane
(NEP); freejetexpansion of the (low leads to higher Mach numbers. According to the titration
data, the static temperature is 350—400 K for nozzles A and B, which gives 1 = 1,900-
2,100 K. Fornozzle C, typical stagnation and static (sidewall) pressures are 380 and 6.6 torr,
respectively, and Eq. (14) again gives M ~ 3.6. A stagnation temperature for nozzle C of
1,300-1,600 K is calculated from Eq. (13) and the titration dats, which gives T =250—
300 K.

3.2. Emission spectra

To confirm the presence of NCl(a' A), NCI(p' =), and I*(*Py2), a series of emission
spectra were collected (Fig. 4). The uppcer panel was collected with the OMA V camera
and clearly indicates the presence of these species and the absence of uny sirong extraneous
emissions. This visible emission spectrum, collected with a CCD focal plane array, is shown
in the middle panel. It is important to note that the visible portion of the spectrum shown
in the upper panel is weak becausce the OMA V instrument has a poor response at 665 nm.
The experimental conditions were F» =10, D, =15, NF; = l{}, DCI=70, HL=0.2, and
HN3 =25 mmol sL, The T'(ZPm) signal is quite strong and saturates the camera at this
resolution (i.e., slit width). A spectrum collected at a slit width that does not saturate the
detector is shown in the lower panel. Under these conditions, the ratio of the I*("Pl’,-g)
and NCl{a! A) spectral areas is approximately 60:1. Since the radiative lifetimes'-”* for
NCl(a' A} and 17(*P (;2) are 2.7 and 0.2 s, respectively, and the detector response function
is Mat across this region, this ratio corresponds to a [NC 1(a! AL [I*CPy, ,'7)] ratio of (0.23.
While the very intense 1*(2Py;») emission is encouraging, the low [NCl(a! A):[I*(*P 2)]
ratio is problematic, especially for an energy transfer laser. Spectra collected in the absence
of HN; show weak, transient signals at 1.050, 1,200, and 1,300 nm. The 1,300-nm signal
is readily assigned to HF(Av =2) emission, but the other fcalures are not immediately
identifiable. The transient naturc of the emissions (they disappear after a fcw seconds) and
the simultaneous appearance of HF overtonce emission suggest that they are related to the
combustion process, possibly NF* or NF3.

3.3. Smalil signal gain measurements

As demonstrated in the preceding section, addition of HN3 to the combustor products
generated NCla'A) and I* (3P1',s2). Under a variety of conditions, we were also able to ob-
serve positive small signal gain (Figs. 5-8). Figure 5 shows two examples of inversion on
the I(’Pv. 2)-1*(*P}2) transition. The conditions for the upper panct were F, =10, D, =7.5,
NF; =22, DCl=50, HI =0.25, and He =210 mmol s~". Nozzie B was used, and the
cavity pressure increased [rom 6.8 to 9.8 torr upon addition of 42 mmol s of HN3 and
381 mmol s~! of He. As the data show, the small iodine absorption signal is converted to
positive gain upon the addition of HN3. The positive gain was observed at x =11 cm from
the NEP; the signals at x = 1 and 6 cm, on the other hand, exhibited optical transparency.
Optimized data from experiments with nozzle C (see below) are shown in the lower panel.
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Fig. 4. Emission spectra: (a) Visible and near-IR emissions resulting from full AGIL chem-
istry as detected by an OMA V detector. Note that the I*(°P) ;) signal has saturated the
camera and that the NCI(b' ©+) signal is weak due to the poor response of the OMA V at
this wavelength. (b) Visible and NIR emissions as detected with a CCD system. (c) Relative
(unsaturated) intensitics of the NIR NCl(a! A) and T*(?P, /2) emissions.
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Fig. 5. Absorption/gain spectra: (2) Demonstration of inversion from nozzle B and F, =10,
D, =7.5, NF3 =22, DC1 =50, HI = 0.25, and He = 210 mmol s~'. Gain is achieved upon
the addition of 42 mmol s~' of HN;. The peak gain, observed at x = 11 cm downstream
of the NEP, is 2.1 x 10~ ¢m™', corresponding to 43% inversion. (b) Gain demonstra-
iions at the optimized conditions for nozzle C. The conditions were F; = 10, D2 =15,
NF; =15, DC1=70, HI=0.50, and He= 110 mmol s~!'. Positive gain is observed at
x=14.5 and 24.5 cm upon the addition of HN3 =25 mmol s~!. In this case, thc peak
gain is 1.4 x 107* ¢cm™! (i.e., 45% inversion).
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The conditions were similar to those used in the upper punel: Fp = 10, Dy = 15, NF; =15,
DCl=70, HI=0.5, and He =110 mmol s~!'. In addition, the tunnel purge flow was in-
creased from a typical value of 250 to 1,000 mmol s~!. The small signal gain was observed
to be as high as 1.4 x 10~% cm™! upon addition of 25 mmol s~' of HN; and 278 mmol s~
of diluent He. In this case, an extended observation zone was used and gain was observed
at x = 14.5 and 24.5 c¢m from the nozzle exit plane.

Numerous series of cxperiments were conducted to optimize the small signal gain as
a function of the starting conditions. Examples are shown in Figs. 6-8. Unless indicated
otherwisc, the data shown were generated with nozzle C. Because the addition of NF3, HI,
and other reagents interfercs with the combustion process, the value for [7,, ] may vary with
the specific combustor conditions. Hence, each gain measurement was accompanied by a
measurcment of [1(?P3/2)] in the absence of HNa. Furthermore, the gain data are plotted as
percent inversion, where

o2
[L(CPi2)] x 100%
[ Lol

and inversion >33% indicales positive gain. The upper, middlc, and lower panels of Fig. 6
show inversion plotted as a function of HI, NF3, and He diluent to the DCI flow, respec-
tively. The upper and middle panels of Fig. 7 demonstrate the dependence on D and HNs,
respectively, while the lower panel of Fig. 7 shows a vertical profile of the flow. Finally,
Fig. 8 shows percent inversion vs Af and the tunnel purge {low rate.

The cxperimental conditions for the upper panel of Fig. 6 were Fr =10, D, =75,
DCl =70, He = 110, NF; =0 or 20, and HN; =25 mmol s~’. The data shown were col-
lected at x = 12 ¢cm from the NEP. The data clearly show that gain decreases with added
HIL. Since HI is added upstream of the nozzle where IF and Cl atoms are the main species,
the HI is rapidly converted 1o iodine atoms. The decreasing gain is consistent with rapid
depletion of INCl(a! A)] by iodine atoms via energy transfer. The data also indicate that the
addition of NF; is beneficial, most likely because higher [Fly leads to higher [Cl]g, which
in turn leads to faster NCl(a' A) production.

The middle panel of Fig. 6 further demonstrates the dependence ol the inversion on
the NF; flow rate. The conditions for this experimental series were F =10, D; =175,
DCl =70, HI =0.2, He = 110, and HN3 =25 mmol s 1. The highcst observed gain for this
plot, 5.1 x 107> cm™", was mecasured at x = |2 ¢m [rom the NEP. This value corresponds
to 38% inversion.

The lower panel of Fig. 6 demonstrates the effect of diluent added to the combustor. For
this series, F> = 10, Dy = 7.5, NF; = 20, DC1 =70, HI = 0.2, and HN; =25 mmol s~'. The
data for x = 2 and 12 cm from the NEP are shown. The level of inversion decreases as He

% inversion = (16)

-
-+

Fig. 6. Inversion vs HIL, NF;3, and combustor He dilucnt: (a) The extent of the inver-
sion of the iodine-atom transition is plotted as a function of HI and two different val-
ues of the NF; flow rate. The experimental conditions were F, =10, D, =7.5, DC1 =70,
He = 110, and HN3 = 25 mmol s~!. (b) Positive gain (i.e., inversion > 33%) is achieved for
NF; = 5-15 mmol s~' and constant Fy = 10, D, =7.5, DCl =70, H1=0.2, He =110, and
HN- = 25 mmol s~ L. (c) Effect of diluent added to the combustor. For this series, Fo = 10,
D, =7.5, NF3 = 20, DCl =70, H1 =0.2, and HN3 =25 mmol s~'. See text for details.
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is added (in this case as a diluent to the DCI). Simultaneously measured temperature data
(not shown) also indicate a concomitant decrease in the temperature with added He. One
plausible explanation for the decreasing gain is that the rate-determining step for NCl(a' A)
production, reaction (4), is strongly temperature dependent. Less NCl{a' A) is generated as
the combustor and cavity temperatures decrease due to the addition of room-temperature
He to the combustor.

The upper panel of Fig. 7 plots percent inversion as a function of the D2 flow rate. The
base conditions for this series are F, = 10, NF; =10, DC1=70, HI=0.2, He =110, and
HN; =25 mmol s~'. Interestingly, the gain is relatively constant for D, = 5~15 mmol 57"
This obscrvation is consistent with the unsatisfactory results of the titration experiments, In
principle, excess D, should consume more of the atomic and molecular fluorine and lead lo
a net decrease in the density of Cl atoms available for reaction with HN3. To date, we have
no satisfactory explanation for this observation. Clearly, luture AGIL devices will require
a careful and thorough examination of the combustor chemistry and design. Unfortunately,
such a study was beyond the scope of this work.

The middle pancl of Fig. 7 shows the very importunt rclationship between gain and the
HN3; flow rate. The experimental conditions for this plot are F, =10, D; =15, NF; =10,
HI =0.2, DC1 =70, and He = 110 mmol s~'. This relationship is an important indicator of
the overall efficiency of AGIL chemistry; if the HN; flow rate greatly exceeds the estimated
Ct atom How rate (or vice versa), this would constitute evidence for poor HNy — NCl{a' A)
conversion and/or poor mixing. The optimum inversion occurs for HN; ~ 45 mmol s~
Assuming strict stoichiometric combustor chemistry, the highest possible Cl atom flow rate
is 35 mmol s~'. Hence, the upper bound for the CL:HN; ratio is 0.77. Since each NCl(a'A)
molecule requires two Cl atoms to produce, stoichiometry states that the Cl:-HNj5 ratio should
be 2. It is important to point out that because we werc unable to unambiguously measure
[Cl]o, this ratio is an upper bound. Furthermore, this upper bound is slightly higher than,
but not inconsistent with, the subsonic experiments; AGIL 1 and AGIL 2 had C1:HNj ratios
of 0.25 and 0.40, respectively.

The lower panel of Fig. 7 shows a vertical profile of the gain measured for nozzle C and
F» =10, D: = 7.5, NF; = 10, DCl = 70, HI=0.2, He = 110, and HN3 =25 mmol s~'. The
I-atom absorption and gain were measured along the vertical axis of the reactor in 2.5-mm
steps. Because symmetry about the vertical axis was assumed, the data shown for the region
above the vertical centerline are the samc as the measured values from below the vertical
centerline. Interestingly, the gain persists for £5 mm beyond the vertical centerline and
optical transparency persists another -5 mm. The actual nozzle half-height at the nozzle

Fig. 7. Inversion vs D,, HNj, and vertical profile: (a) Percent inversion plotted as a func-
tion of the D5 (low rate. For this series F, = 10, NF; = 10, DCl = 70, H1=0.2, Hc =110,
and HN; =25 mmol s~!. The gain does not appear to have a strong dependence on Dy
over the range tested. (b) Relationship between percent inversion and HN3 flow rate. The
experimental conditions for this plot are F, =10, D, =15,NF; =10, H1=0.2, DCI=70,
and He = 110 mmol s™". (¢) Vertical profile of the gain measured for nozzle C and Fz =1 0,
D, =7.5,NF; = 10,DCl=70,H1=0.2, He = 110, and HN3 = 25 mmol s~'. Because sym-
metry about the vertical axis was assumed, the data shown for the region above the vertical
centerline are the same as the measured values from below the vertical centerline.
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Fig. 8. Inversion vs Az and tunnel purge flow: (a) Percent inversion plotted as a function
of reaction time. The reaction time is calculated from the observation position relative
to the NEP and the estimated gas velocity (3,700 ¢cm s™1). Results are shown for two
different NF; flow rates and for constant Dy = 15, F, =10, DCl =70, HI = 0.2, He = 1 10,
and HN3 =25 mmol s~'. (b) Percent inversion plotted as a function of the tunnel purge
He flow rate. The experimental conditions were Ds =15, F, = 10, NF; = 15, DCl =70,
HI=0.3, He =110, and HN; =25 mmol s .

exit plane is 4 mm from the centerline: expansion of the flow into the buse purge region is
evident but does not appear to be a major problem. A vertical profile of the flow generated
by nozzles A and B was also performed. The data (not shown) were collected for Fy = 12,5,
D> = 5.0, and He = 120 mmol s~ [In this case, HF(2-0) rather than [ atom absorptions werc
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measurcd along the vertical centerline.] While cxpansion of the flow into the base purge
region was slightly more pervasive for this series, the bulk of the flow remained within
=£8 mm of the vertical centerline, even at the point farthest downstream that was probed.

The temporal profile of the I*(ZPLQ)—I(:P};Q) inversion density is shown in the upper
panel of Fig. 8. The data points for this plot werc collected at the same conditions but
were separated in time by several weeks. It is important to note that the reaction time axis
is only approximate because the bulk gas velocity was used to calculate A, The bulk gas
velocity, vgy ~ 3,700 cm s~!, wasestimated from y = 1.667, molecular weight (MW) =40,
M =3.5,and Eq. (17):

VMw’

The data indicate a rapid increase in the gain between 0 and 4 ms, followed by a plateau
region between 4 and 8 ms.

Finally, in the lower panel of Fig. 8, inversion density is plotted as a function of the
tunnel purge flow. The gain increases dramatically as the purge flow is increased. There are
at least two possible explanations for this behavior. First, the increased purge flows may
be compressing the flow along the direction of the optical axis. This would lead to slightly
higher densities and slightly higher temperatures, both of which can lead to faster and more
efficient NCl(a' A) production. The second explanation involves the possibility of shocks
generaied by the extra He flow in the downstream portion of the flow reactor. This would
lead to a slower flow and a lower Much number. In either case, the data suggest that even
better performance may be achieved by building a supersonic nozzle with a lower A/A*
ratio and Mach number.

. |YRT
Ygas = M (17)

3.4. Attempts to detect NCI(X’X%)

The NCI(X* X ~) diagnostic uses a ratiometric detection scheme to eliminate noise asso-
ciated with fluctuations of the laser intensity. This enables very low absorption signals to be
measured”; calibrations performed at PSI with molecular I found that absorptions as low
as 10 could be measured by this instrument with a reasonable signal-to-noise ratio. Given
the NCI(X*Z~)}-NCI(»' ) absorption line strength factor of 1.53 x 107! cm molecule ™!
and a single-pass path length of 5 cm, an easily observable absorption of ~3.5 x 10~ should
be produced by [NCI{X*Z7)] =1 x 10" em™>.

An estimate for the density of NCI(X*Z ™) in our device can be made by using the
data from the small signal gain measurements. According to Eq. (1), each T*(*P, /2)
atom is accompanied by the generation of an NCKX?E~) molecule. Given a typi-
cal [he ] <1 x 10" cm™ and optimum gain of 1 x 107* cm™! (i.e., inversion < 45%),
[I*CPy2)] = [INCI(XTZ )] <4.5 x 10" em™ is calculated. This value will be larger if
significant amounts of NCI(X*Z ™) are generated by additional collisional quenching or
directly by reaction (§). It will be lower, on the other hand, if the encrgy transfer or other
quenching reactions produce significant quantities of NCHX3Z ™, v #0) or if there are
rapid reactions that consume NCKX?% 7). Ground-state NCI densities on the order of
(2-4) x 10"* em™ should be sufficient to generate a resolvable absorption signal, albeit
rather weakly. Surprisingly, attempts to measure NCI(X*¥ ™) under the operating condi-
tions of nozzles A—C showed no evidence of absorption. The lack of an observable signal
is puzzling and suggests that NCI(X*Z ~, v =0) is a very minor component of the flow or
that NCI(X?X ) is eliminated by chemical reaction on a very fast timescale.
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4. Discussion and Conclusions

Multiple conclusions and trends are evident from these data and cxperiments. The first
is that the AGIL chemistry is robusL: quantitics of NCI(a' A) and small signal gain values
sufficient for lasing can be generated by using technology that has been proven to be scalable
by the HF laser community.”* In particular, we have proven that a high-temperature chemical
combustor can be used as a source of Cl atoms and that small signal gain can be generated
upon supersonic expansion and the addition of HN;.

In addition, this work has identified where the {ocus of future work should be placed in
order to enable and demonstrate a high-energy (i.e., multikilowatt) laser system. Specif-
ically, the future utility of AGIL depends on designing a nozzle that creates the optimal
reaction conditions in the supersonic flow region but also allows efficient mixing of the
HNj; fuel. Nozzles A and B, for example, produced a supersonic llow with T = 400-500 K.
According to temperature-dependent rate constant measurements and the previous subsonic
AGIL work,??7 this is nearly optimal for NCl(a' A) formation. Unfortunatcly, nozzles A
and B gave rather poor penetration and mixing of HNj3. Inspections of the visible chemi-
luminescence showed two bright red flames that began at the HN; injectors and extended
beyond the observation region downstream. The vertical centerline of the reactor remained
dark. indicating the abscnce of NCI(5' =) [and, by inference, NCl(a! A)] for all but the
highest HN; flow rates. On the other hand, full penetration of the HNj3 into the main flow
was achieved with the smaller throat height and shallower expansion angle nozzle C, but
in this casc the initial temperature was onty ~250 K, too low for fast, efficient generation
of NCIl(a! A). Furthermore, enhancements to the observed gain were achieved when the
Mach number was decreased (Fig. 8). 1t is clear that [uture generations of AGIL technology
must pay careful attention to the details of the supersonic nozzle in order to optimize the
generation rate of NCl(a' A).

A second challenge for future AGIL. devices is tied to the laser fuel, HN;3. Because of
its potential (some would say propensity) for explosive decomposition, the storage and
dynamic pressure of HN3 must be kept low. For example, while the vapor pressure for HN;
at room temperature is nearly 400 torr, safety concerns limit the practical storage partial
pressure to only 100-200 torr. Since the degree of penetration depends on the pressure
difference between the plenum pressure of the injected fluid and the static pressure of
the main flow, the HN3 must be highly diluted in order to get the plenum pressure to an
acceptable level. Unfortunately, the addition of large flows to the supersonic fluid can lead to
shocks or even unchoke the supersonic nozzle. Just as important, the need for low-pressure
storage of HN3 leads to highly inefficient storage systems. In our case, the HNj is stored
in six 150-liter tanks. These tanks consume a significant amount of laboratory space, take
three to four days to fill, and are sufficient only for a single day of experiments. Clearly,
[uture generations of AGIL technology must incorporate a more compact, efficient, and
sustainable HN5 generation and delivery system,

Despite these important challenges, we consider this work to be a complete success and a
major breakthrough in chemical laser technology. In fact, supersonic AGIL is the first fully
chemically driven chemical laser system since the invention of COIL in 1978, morc than 26
years ago. In principle, AGIL has the potential to be significantly morc weight efficient than
COIL because AGIL uses all gas-phase reagents. Moreover, because AGIL incorporates
the same chemical combustor technology used by the HF/DF laser community, many of
the issues related to building a large-scale, combustion-driven [aser, including the use of
high purity F,, have already been addressed and/or solved. Thus, assuming that the issues
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related to the safety of using high fluences ol hydrogen azide can be overcome, the rapid
development of high-energy AGIL devices should be forthcoming.
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