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Chemical lasers offer the highest powers necessary for many weapons applications but
require significant logistical support in the delivery of specialized fuels to the buttlefield.
The goal of a current multiuniversity research program is to demonsirate an oxygen—iodine
laser with electrical discharge production of singlet oxygen. Typically, oxygen

discharges are limited to about 15% yield for singlet oxygen. The electron excitation
cross sections as a function of the ratio of the electric field vs. the number density

of purticles (E/N) are well established. However, the kinetics for electron and singlet
oxygen interactions is considerably more difficult to study. Optical diagnostics for O(a,
b) and O have been applied to a double-microwave discharge flow tube. By examining
the difference in singlet oxygen kinetics between the two discharges in series, considerable
information regarding the excited-state, excited-state interactions is obtained.

Under certain discharge conditions, the O»(a) concentration significantly increases
outside of the discharge, even after thermal effects are accounted for. Unfortunately,

the sensitivity of singlet oxygen yields from a microwave discharge to the initial excited
oxygen inlet conditions is low, suggesting a kinetic limitation to generator performance.

KEYWORDS: Oxygen discharge kinetics, Oxygen iodine laser, Rotational Temperature, Singlet oxygen,
Speetroscopy

1. Introduction

Chemical lasers offer the highest powers required for many weapons applications. In-
dced, megawatt-class chemical laser devices have been available since the early 1980°s.?
The five highest-power lasers, hydrogen fluoride (HF), HF-overtone, deuterium fluoride
(DF), oxygen—iodine (COIL), and carbon dioxide (CO,), all employ gas phase gain media.
Gas phase lasers have the strong advantage of rejecting heat by flowing the gascs out of the
resonator. Furthermore, chemical lasers offer high output power per total system weight,
critical for deploying these devices on maobile military platforms. Finally, the shorter wave-
lengths, particularly for COIL and HF-overtone, provide greater brightness on target for
the same device power. With these advantages, chemical lasers have become the heart of
current laser weapon development programs, including the Mobile Tactical High Energy
Laser (MTHEL), Airborne Laser (ABL), and the Advanced Tactical Laser (ATL).

However, chemical lasers suffer [rom the limited magazine depth and logistical is-
sues associated with novel fuels. The cost of delivering jet fuel to the battlefield now
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cxceeds the purchase price by an order of magnitude. Cost and complexity of using
new, hazardous fuels will certainly affect the initial utility of these laser weapon sys-
tems. Thus, electrically driven lasers are perceived as highly desirable. The potential
penaity in thermal management, degraded bcam quality, and increased weight of elec-
trically driven lasers may be acccptable particularly for lower-power (~100-kW), tactical
missions. While diode pumped solid state lasers offer great promise in this arena, electri-
cally driven gas phase (or liquid) lasers operating at short wavelengths may prove a viable
alternative. The electric discharge pumped oxygen—iodine laser (ElectriCOIL)? is one such
candidate.

The ElectriCOIL device offers a number of distinct advantages over standard COIL sys-
tems: 1) it eliminates the chlorine gas—liquid hydrogen peroxide singlel oxygen generator,
2) it offers the potential for closed cycle operation, 3) it capitalizes on recent advances in
aircraft electrical power generation to produce large laser weapon magazine depth, 4) it
utilizes the significant technology development associated with oxygen—iodine lasers, and
5) it retains the thermal management and beam guality advantages of gas phase gain media.
Recently, gain has been demonstrated in a radio frequency (RF) discharge pumped oxygen
iodine laser, in which atomic oxygen concentrations are limited by the addition of nitric
oxide.*

In the ElectriCOIL device, the metastable energy carrier singlet oxygen, Oy(a'A), is
generated in a microwave or RF discharge. The fraction of molecular oxygen in this ex-
cited state is critical to the performance of the oxygen-iodine laser,”” and the yield of
singlet oxygen is often defined as the ratio of Ox(a) concentration to total oxygen concen-
tration. Yields of 11-32% have been reported in microwave, RE, and controlied-avalanche
discharges.!6%17:18 Absolute concentrations of Oy(a) are difficult to determine and are of-
ten in error by as much as 30-50%. This uncertainty contributes significantly to the rangc
of reported yields. Note that the threshold yield for lasing at room temperature is about 15%
(Ref. 20).

The objective of the present paper is 1o characterize the kinetics that limit the yield of
singlet oxygen in a microwave discharge. In particular, the effects of introducing singlet
molecular oxygen and ground-state oxygen atoms into the entrance of the discharge is
studied in a double-discharge apparatus.

2. Laser Device Background
2.1. Chemical oxygen-iodine laser

The Chemical Oxygen—Todine Laser (COIL) was first demonstrated at the Air Force
Weapons Laboratory in 1977.12 The first electronically excited state of molecular oxy-
gen, Ox(a), is produced by a two-phase reaction of chlorine gas and liquid basic hy-
drogen peroxide (BHP) with 40-60% efficiency.”® Once produced, this singlet state of
oxygen can be transported for considerable distances even at moderatety high pres-
sures, as the radiative lifetime is ~64 min and O>(a) is very resistant to collisional
deactivation.'* Thus, O,(a) is a metastable energy reservoir. Energy densitics of 10—
20 kJ/m® are typically attained. However, the long radiative lifetime leads to exception-
ally low gain, and direct lasing on the Ox(a' A-X? %) magnetic dipole transition is not
achievable.

Water is created as a byproduct of the chlorine-BHP reaction and entrained in the flow.
Total conversion of chlorine to oxygen is not achieved in practice, with greater than 90%
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ELECTRIC DISCHARGE PUMPED OXYGEN-IODINE LASER KINETICS 221

chlorinc utilization characteristic of well performing lasers. Molecular iodine is injected into
the primary oxygen flow and is dissociated 10 atomic iodine by way of a complicated, poorly
understood mechanism.® The average number of O»(a) molecules required to dissociate T,
n, is highly variable, depending on water vapor concentration and other device-specific
parameters, but must be greater than 2 and is typically ~3 (Ret. 20). The I; concentration
is typically a small fraction (~1%) of the Oz(a) concentration, and a single iodine atom
is cycled many times through the energy transfer from singlet oxygen and subsequent
stimulated emission.

COIL operates on an inversion between the 5°Py > and 52P3/2 spin-orbit split states of
atomic iodine at a wavelength of 1.315 pm. A near resonance exists between Oa(a) and
1(*P, ;) with an energy diffcrence of only 3.3 kJ/mol, and laser pumping is achieved by
collisional energy transfer from the Oz(a) metastable energy reservoir, as shown in Fig. 1. 15
The energy transfer is rapid, and a near equilibrium between the upper laser level, I ZPUZ),
and Oy(a) is quickly established:

Oa(a' A) + I(*P3j2) < Ou(X'E) + 1Py ,2). ()

The ratio of excited and ground-state atomic iodine concentrations is approximately deter-
mined by the equilibrium constant for reaction (1), Keq =0.75exp(402/T):

[1(°Pi2)] _ [Oa(a'A)]
[1(Ps2)] — [020X7%)]

where the brackets indicate concentration of the indicated specie.
The atomic iodine 5°Py;; — 52P; /2 lasing transition is composed of six hyperfine com-
ponents, and the 52P)/; (F' =3)— 5°P;,> (F" =4) component provides the highest gain.

Keg(T), (2)
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Fig. 1. Energy level dlagram for COIL illustrating the resonant energy transfer from
metastable reservoir Os(a' A) to the upper laser level of atomic iodine, 1(3Py/2). The en-
ergy levels for several key states involved in the dissociation of molecular iodine are also

provided.
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The hyperfine levels arc populaled statistically, and the population inversion is

A =[P, F =3)] - (E) [1CPs2. F” = 4)]

81
7

= (55 ) (0CPua) - 050¢Pa)) = (5 ) K125 ) - S 0CPN

[O2(a'A}]
[02X35)] + [02(a! A)]

Threshold for lasing (positive inversion) is achieved at T =295 K when the ratio of O;(a)
to total oxygen, or yield of singlet oxygen, is approximately 15%. The threshold is reduced
considerably at lower temperatures due to the temperature dependence of the equilibrium
constant. At 7 =160 K, a temperature consistent with typical nozzle exit conditions, the
threshold yield is reduced to 5%. The cross section for stimulated emission at room tempera-
ture is ¢ = 7.4 x 1071¥ cm? (4) and the gain in a COIL device is typically near y = 0.8%/cm.

The singlet oxygen yield in the plenum required to reach threshold is somewhat modified
by the requirements to dissociate molecular iodine. Defining the yield consumed in the
dissociation process from the I, and O; flow rates as

Y = yield =

“)

a1,
Yiiss = n—m, (5
o,

the resulting temperature dependent threshold yield is

Yin =+ Yiss- (6)

T 1+ 2Keg(T)

A plot of the threshold yield as a function of temperature is shown in Fig. 2 for
Yaiss = 0.075, representative of a typical supersonic COIL device. The temperature in the
gain region is significantly reduced by the supersonic expansion. For isentropic flow, the
temperature is defined by the nozzle Mach number, M:

-1
T = r0(1 + VTIMZ) , (7)

where y is the ratio of specific heats, ¥ =c¢,/c,, and 7, is the stagnation temperature. A
typical COIL devices uses an M = 2 nozzle and the plenum temperature is near T = 300 K,
yielding 7'=167 K in the laser cavity. The threshold yield is significantly reduced at
these lower temperatures. The measured yield and temperature for the 40-kW RotoCOIL
device developed in the mid-1980’s is shown in Fig. 2.2' The power in the flow available
for lasing is proportional to the plenum yield above threshold and the total oxygen flow
rate, Alternatively, the oxygen flow rate may be derived from the chlorine flow rate and
chorine utilization.?® For example, a ¥ = 50% plenum yield, ¥y, = 7.5% yield consumed by
dissociation, cavity temperature of T = 167 K, Uy, =90% chlorine utilization, and chlorine
flow rate of iy, = 1.5 mol/s provides an available power of about P, =52 kW:

kJ
P, = (9I ;—na)ﬁch Uc (Y — Yu). (®)

The energy stored per O,(a) molecule is (.98 cV/molecule or 91 kJ/mol.
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Fig. 2. Singlet oxygen yields: —, to reach threshold for Yy, = 7.5%: — —, to reach threshold
for Yy, =0%: 0, achieved in RotoCOIL device?; O, achieved by subsonic RF discharge*;
©, RF yields at temperatures achievable with supersonic expansion; and A, modeled with
He:0; =4:1 (Ref. 4).

2.2. Electric discharge pumped oxygen-iodine laser (ElectriCOIL)

The discharge pumped oxygen—iodine laser exhibits a number of features in contrast to
the COIL device: (1) the yield of singlet oxygen is lower, ¥ ~ 15-25%, (2) the stagnation
temperature is higher, T, ~ 500 K, (3) a large concentration of atomic oxygen exists, (4) no
watcr vapor exists, and (5) the concentration of O»(b! £) is significantly greater. Historically,
the difficulty in developing an ElectriCOIL device is centered on the low yield of O,(a) from
sell-sustaincd discharges. An insufficient fraction of the discharge power is partitioned into
0,(a) energy reservoir. The efficiency could be as high as 50% for a discharge with E/N §
10 Td = 1071 V-cm?, where the cross section for excitation for the pumping reaction

e” + 0a(X) = 7 + Oz(a) el

is maximized.* Unfortunately, stable discharges operate at 15-30 Td. Several approaches
have been investigated to alter the discharge E/N realized, including electron beam sustain-
ment, controlled avalanche discharges, and buffer gas (He, Ar, NO) addition.

The production of O,(a, b) by plasma electrons is important in ionospheric chemistry,
glow discharges [or microelectronic processing, and the ElectriCOIL laser. Several kinetic
models for such discharges exist.>'"'” These models must include several key elements:
1) electron excitation and deexcitation of singlet oxygen, 2) atomic oxygen production
from direct electron impact and multiple-step dissociation from OF and excited O2, 3) in-
termediate kinetics including (); and vibrationally excited O, production, and 4) collisional
cascading to Oa(a) from O, states with energies of 1.5-5 ¢V (Ref. 5). A summary of some
of these key reactions is provided in Table 1. The cross sections for electron interactions
with ground-state molecular oxygen arc rather well established and are shown in Fig. 3.3
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Table 1. Key oxygen discharge kinetic processes

Rate coefficient, &;

Reaction Process (cm®/particle-s)
9 O,+e — Oxa)+e” 3% 10710

9° Or+e” — Oxb)+e” —

10 O;(a)+e — Oy e~ 1.5x 107°
11 Oxa)+e” —> O+0+e” <1.4x107
12 Os(a)+e” — Osxb)+e~ —

13 O:+e — O0+0+e” 9x 107

14 O;4e¢ — 04+ 0O 4 x 107"

15 Or+e — Of +e™ +e” 2x107°

16 O +¢~—> 040 2% 1077
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Fig. 3. Cross sections for molecular oxygen e, ionization!%; -, excitation®; m, dissociation®;
and 0O, dissociative attachment.’

The rate coefficients depend on electron energy distributions, and the rates listed in Table |
represent conditions typical of RF discharges.> Note that the dominant process in the elec-
tron energy range of importance (0-20 eV) is dissociation. Indeed, large atomic oxygen
concentrations, as high as 40%, can be obtained.

As the singlet oxygen concentration increases, electron—excited state interaction becomes
increasingly important. The yicld of O(a) is in part limited by superelastic collisions:

e~ +02a'A) > ¢ +0x(X*E), (10

where the electron gains kinetic energy equivalent to the molecular oxygen internal excita-
tion, and by dissociation of singlet oxygen,

e” +0xa'A) > e +0+0. (1)

The rate for superelastic reaction (10} is constrained by detail balance and the rate for
excitation reaction (9). The cross sections for dissociative reactions (11~14) and (16) are
more difficult to measure and are not well established. In fact, the rate coefficient provided
in Table 1 includes a significant contribution from vibrationally excited O;.
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In addition to the superelastic and dissociative removal of O(a), excitation of O»(a) to
higher electronic states, including O (b), is possible. Indeed, the cross section for excitation
of the Ox(b) state from O,(a) of reaction (12) is an order of magnitude greater than the
corresponding excitation from O,(X), reaction (9°). The cross section for reaction (12) at
an electron energy of 4.5 eV is large, 23 x 1078 em? (Ref. 7), and comparable to the O,(a)
production from reaction (9). In the traditional COIL, the concentration of O,(b) is small.
However, in the ElectriCOIL concept, a significant O,(b) concentration is obtained. As
much as 20% of the discharge electrical power results in Oa(b) production. '’

Recent oxygen discharge results are promising for ElectriCOIL development. In Fig. 2
the yields and temperatures recently achieved in a high-power RF discharge at the Univer-
sity of Illinois under subsonic conditions are above threshold after supersonic expansion.
Furthermore, modeling suggests even better performance for a He: O, ratio of 4:1.

The discharge singlet oxygen generator produces large concentrations of atomic oxygen.
Initially O atoms are helpful, as they assist in the dissociation of molecular iodine:

O+1I, > OI +1, (a7
O+ Ol — Qa(a) + 1. (18)

The rate for reactions (17) and (18) are very rapid, with rate coefficients of 1.4 x 10~'°
and 1.5 x 107" cm?/s, respectively.!® Thus, the threshold yield is reduced to the value
for Yyiss = 0. However, for O-atom concentrations greater than the I; concentration, there
are deleterious effects, including the moderately fast quenching of I(P, ;2). The recent
ElectriCOIL gain demonstration required the removal of excess atomic oxygen via the NO,
titration reaction.”

3. Double-Discharge Experimental Apparatus

A two-element microwave discharge apparatus was developed to study the singlet oxygen
kinctics, as shown in Fig. 4. The first discharge produces a flow of O(a), O,(b), and atomic
oxygen, as well as vibrationally excited states of oxygen, which then serve as the initial

- discharge - discharge Pressure ]

Vacuum
x —*  System

142 cm 3a5cm Bifurcated fiber optic probe
0.33 m monochromator 1.33 m monochromator
InGaAs Array ICCD Array

Fig, 4. Double microwave discharge flow tube with spectrally resolved emission
diagnostics.
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condition to the second discharge. The conditions can be changed by either varying the
power of the first discharge or placing silver wool between the two discharges to control
the O atom concentration. By looking into these changes and menitoring the output of the
second discharge, one can determine the effects on the rates of electron and singlet oxygen
interactions.

The /> in. flow tube provides a typical flow velocity of 800 cm/s. Two similar Evenson-
type microwave cavitics with 120-W Opthos power supplies were employed to producc
the oxygen discharges. The two discharges are separated by 20.8 cm, and optical access
is largely obscured for 3 cm around each discharge. Pressure (3.8—4 torr) and flow rates
(600-1000 sccm) were monitored with MKS 600-series capacitance manometers and Sierra
capacitance-based flow controllers.

The principal diagnostics inciude both O»(a) and Oa(b) spectra as a function of flow
distance x. The optical cmissions were collected with a fiber bundlie and focusing probe
providing approximately 0.5-cm spatial resolution in the flow dircction. The 0,(b) emission
is resolved by a 1.3-m monochromator with 1CCD camera detection, providing ~ 0.01-nm
spectral resolution. The weaker O,(a) emission is resolved by a 0.3-m monochromator and
an InGaAs array providing ~1.7-nm spectral resolution.

4. Double Microwave Discharge Results
4.1. Emission spectra and gas temperatures

The spectrally resolve emissions lrom Oxb'Z— X 3%} near 762 nm and
Ox(a' A — X3E) near 1.27 em are shown in Figs. 5 and 6. Nearly complete spectral isola-
tion is achieved for the O2(b — X) emission, allowing for clear determination of rotational
population distributions. The rotational spectrum of the Oz(b — X) emission is Jabeled as
AKA J(K") where K is the total angular momentum without electron spin and J represents
the total angular momentum (spin + rotation). The magnetic dipole selection rules, Hunds
case (b), produces four branches: PP and Q. beginning near 1,320 cm~! and extending to
about 13,020 cm~!, and the ®Q and ®R lines from 13,125 to 13,165 em™!.

The temperature of the discharged oxygen was monitored via the Oy(b) rotational distri-
bution

_Ng)f — ER_ PR AT
S NG = ( )(ZJ + De , (19)

kT
where the concentration of a specific rotational state, N(J), is related to the obscrved
intensity through the rotational line strength, S(J’, J7) given in Table 2:

1))y N(HSWJ' T, (20}

Table 2. Rotational line strengths S(J', /"), as a function of AK and AJ

AK AJ 57,
RR +1 +1 'hJ”
l:Q +1 0 1h(J"+0.25)
PF‘ —1 -1 14 (J" 40.75)
Q -1 0 A"+ 1)

Journal of Directed Energy, 1, Fall 2005



ELECTRIC DISCHARGE PUMPED OXYGEN-IODINE LASER KINETICS 227

12000 +
10000 ~
. 8000 -
R ]
=]
=
2 6000
~Z
]
4000 |
il ' 1
2000 1 | . '
NN
0 ’L Lﬂ h u “ ﬂ . M
760 762 764 766 768
A(nm)

Fig. 5. Rotationally resolved Ox(b'E — X3%) emission spectrum observed from a mi-
crowave discharge operating at an oxygen pressure of 4.015 torr.
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Fig. 6. Fmission spectrum for Oy(a' A — X*E) (v' =0 — v" =0) band recorded just after
the second discharge at x = 40.5 em for an oxygen pressure of 4.015 torr.

and the rotational state energics are specified by F(J). A typical rotational population is
provided in Fig. 7, illustrating a statistical distribution. Intensities are obtained from a fit
to the area of a Gaussian lineshape. The error bounds in Fig. 7 represent the uncertuinties
in the (it areas. Both rotational branches yield a similar temperature, 7 =720+ 19 and
721 420 K. Observed temperatures range from 1,150 to 400 K, depending on discharge
power and flow distance, x, as illustrated in Fig. 8.
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Fig. 7. Boltzmann distribution of , , "Pand e, 0, PQ branches for Os(b) at -, e, x =37.5¢cm
and <5, 0, x =40 cm.
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Fig. 8. Temperature as a function of flow distance with 85 W at x = 14.2 cm and 85 W at
x =35 cm and average oxygen pressure of 4,09 torr.

The significant temperature rise across the discharge directly affects the observed intensi-
ties. The emission intensities are proportional to the concentration of the emitter. However,
pressure in the low tube is nearly constant. Thus, any temperature increase produces a corre-
sponding linear decrease in concentration and observed intensity. The O2(a — X) emission
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Fig. 9. Band-integrated intensity from O,(a— X) emission as a function of flow tube
distance: =, as experimentally observed, and e, corrected for temperature variation.

intensity, I,, defined as the total area under the spectra, is shown as a function of distance
along the flow tube in Fig. 9. The dramatic increase in intensity just outside of the discharge
is largely attributed to the declining temperature. However, a definite increase (~28%) in
Oy(a) is observed even after the temperature change is accounted for. We are unawarc of
any previous reports of singlet oxygen production downstream of the discharge, and the
source of this emission is under active investigation. Possible explanations include 1) relax-
ation to O (a) from O,(b), or higher-lying oxygen electronic states; 2) vibrational relaxation
from Oy (a, v > 0); 3) atomic oxygen recombination; 4) ozone reactions; 5) thermal electron
excitation; and 6) reactions involving O('D).

4.2. Singlet oxygen kinetics

The flow tube kinctics of oxygen discharges have been studicd extensively but almost
always under conditions in which the O2(b) concentration is controlled by the pooling
reaction

02(a) + O2(2) — Oz(b) + 02(X) @n

with rate coefficient, kz) =2.7 x 10717 em*/molecule-s. For a total Os(b) deactivation decay
rate of T, the steady-state concentration is

k21 [02(a)]?
Iy ’

In Fig. 10, the O,(b) and Oy(a) intensities arc corrclated. The steady-state relation of
Eq. (22) is demonstrated by the linear portion of the plot at the lower O,(b) concentra-
tions achieved at x > 60 cm. The steady-state conditions are largely unaffected by the

[O2(b)] = (22)
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Fig. 10. Emission intensities from O;(a) and Oa(b) for discharge powers of &, 100-85 W,
e, 85-85 W; 4, 70-70 W; and ¢, 0-85 W. In panel b the scale is expanded to illustratc
steady-state Oz(b} concentrations.

injection of excited oxygen into the discharge. A significant deviation from these condi-
tions is observed just outside the discharge where the O;(b) concentration is much higher
and, when excited oxygen is introduced to the second discharge, the O3(a) concentration
increases.
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Fig. 11. Singlet-delta intensity before and after the second discharge (x =65 cm) for a
second discharge power of 82 W and first discharge power ranging from 40 to 100 W.

The O,(a) concentration at the exit of the second discharge depends only weakly on the
power of the first discharge, as shown in Fig. 11. As the first discharge power is increased,
a significant increase in O(a}, and presumably O and O,(X, v > 0), is delivered to the
second discharge. However, only a small increase (5-8%) in O»(a) at the cxit of the sccond
discharge is observed. The discharge is relatively insensitive to inlet conditions, suggesting
that a steady-state balance between production and destruction of singlet oxygen within
the discharge is achicved at the flow rates employed in the current study. It is likely that
a decrease in flow velocity, allowing for more encrgy deposition during the gas residence
time, would yield little improvement in the yield of Oa(a).

5. Conclusions

The singlet oxygen, Ox(a, b), produced in a microwave discharge of pure molecular
oxygen at modest flow rates provides an initial O»(b) concentration that exceeds the steady-
state concentration controlled by pooling by more than a factor of 10, reflecting significant
discharge yields. When singlet molecular oxygen and atomic oxygen are introduced to the
inlet of the discharge, an incrcase in Oz(a) is observed immediately outside of the dis-
charge. The kinetic mechanism responsible for this production requires further study. If
this production arises from relaxation from higher-lying states, then a significant increase
in singlet oxygen yield may be obtained if a selective relaxation collision partner were
identified. Unfortunately, the sensitivity of singlet oxygen yields from a microwave dis-
charge to the initial excited oxygen inlet conditions is low, suggesting a kinetic limitation
to generator performance. Indeed, the production of O,(a, b) is likely countered by second-
order reactions whose rates increase as the singlet oxygen yield increases. In particular,
the electron dissociation of O,(a, b) may be a critical limiting process. Uncovering this
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limitation is critical to assessing the efficiency and scalability of the proposed ElectriCOIL
device.
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