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Measuring the yield of singlet oxygen in a chemical oxygen iodine laser

Kevin B. Hewett®, John E. McCord®, Manish Gupta®, and Thomas Owano”
*Air Force Research Laboratory, Directed Energy Directorate, High Power Gas Lasers Branch,
3550 Aberdeen Ave SE, Kirtland AFB, NM 87117-5776
°Los Gatos Research, 67 East Evelyn Avenue, Suite 3, Mountain View, CA 94041-1518

ABSTRACT

A critical parameter for understanding the performance of Chemical Oxygen lodine Lasers is the yield of singlet oxygen
produced by the generator. Off-Axis Integrated Cavity Output Spectroscopy (Off-Axis ICOS) has been utilized to
measure the absolute density of both ground-state and singlet oxygen in the cavity of a COIL laser.

Keywords: COIL Laser, Singlet Oxygen Yield

1. INTRODUCTION

The Chemical Oxygen lodine Laser (COIL) is based upon the energy transfer from singlet oxygen to iodine atoms. The
reaction kinetics in COIL are complex. Extensive kinetic modeling has shown that a myriad of different reactions are
involved including Oz(alAg) self-quenching, 02(a12g) dissociation of I, and Oz(alAg) deactivation by 02(X3Zg) to name
a few. Despite these calculations, a substantial amount of chemical energy is still unaccounted for and accurate,
quantitative diagnostic measurements are required. These measurement needs are further extended to Electronic
Oxygen-lodine Lasers (EOILs) in which Oz(alzg) is generated via an electric discharge. In these devices the kinetics are
further complicated by the presence of reactive O atoms. Due to the importance of measuring these species in COIL
flows, several techniques have been developed over the past 40 years.

The first COIL diagnostics involved using emission spectroscopy to determine the concentrations of Oz(alAg) and
Oz(bIZg) by measuring spontaneous emission at 1315 nm and 760 nm respectively'. This technique is inadequate for
quantification in COIL applications because it is insufficiently accurate (providing densities to only about +40%),
requires frequent calibration, provides little internal state information, and is difficult to implement in a complex, lasing
media. A significant improvement was realized when tunable diode laser absorption spectrometry was indirectly used to
quantify Oz(a'Ag) by measuring Oz(bIZg) and assuming a total concentration of oxygen’. However the technique
requires well-balanced pathlengths to obviate the effects of atmospheric oxygen and has been difficult to implement in
actual COIL devices.

Gylys and Rubin employed spontaneous Raman imaging to measure both Oz(alAg) and 02(X32g) in a COIL diagnostic
duct’.  Although this technique appears promising, it employs extensive hardware and still requires substantial
refinement to be effective. In particular, it cannot provide internal state information, only gives remedial accuracy, and
is ineffective in the presence of interfering iodine molecules (as is commonly found in COIL).

In this study, we present data demonstrating the utility of a new COIL diagnostic technique termed Off-Axis Integrated
Output Spectroscopy (Off-Axis ICOS). Off-Axis ICOS relies on using a high-finesse optical cavity (typical R >
99.99%) to provide extraordinarily long effective pathlengths (L ~ 10 km) for absorption spectrometry, enabling the
accurate quantification of weakly absorbing species’. Laboratory results are presented that demonstrate how the
technique can be effectively exploited to quantify the electronic state distribution of oxygen in the COIL and EOIL.
Additionally, in-situ measurements of 02(X3Eg) on a COIL laser using the Off-Axis ICOS technique are shown., and
preliminary data on the reproducibility of singlet oxygen production and associated parameters are discussed. Possible
future experiments on the extension of Off-Axis ICOS in the COIL platform are also presented, including direct
measurements of the rotational distribution of oxygen, quantifying other key chemical species (e.g. I, H,O, etc...), and
applying the diagnostic to the EOIL.
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2. METHODOLOGY

In standard absorption spectroscopy, a light source is passed through an absorbing sample. The intensity of the light is
measured before, I, and after, I, passage through the sample, and the concentration of the absorbing species can be
determined from Beer’s Law. Absorption spectroscopy is an attractive analytical tool because it provides an absolute
concentration without calibration. However, if the probed species absorbs too weakly (e.g. low concentration or small
absorption cross section), the change in transmitted intensity becomes virtually undetectable. The most common
solution to this problem is to replace the windows with mirrors and reflect the light back and forth several times (e.g. 33
— 100 typical) through the sample. Despite this enhancement in pathlength, very weak absorbers can still not be detected
with sufficient signal-to-noise. Furthermore, these systems are very sensitive to alignment, with even slight beam
steering resulting in a large decrease in transmitted power.

2.1. Measurement technique

The Off-Axis ICOS technique represents a very simple solution to this problem. Instead of inserting and collecting the
beam through holes in the mirrors, the beam enters the gas cell by passing through the input mirror and is collected as it
passes through the output mirror as depicted in Figure 1. Light entering the optical cavity bounces back and forth many
times tracing out an effective pathlength that is given by the mirror reflectivity. By using highly reflective mirrors (R >
99.99%), the light travels >10,000 passes, providing a significant improvement over multi-pass instruments. By
employing an off-axis alignment scheme, the light does not interfere strongly with itself in the cavity, allowing very
small changes in intensity to be measured while retaining extraordinarily long pathlengths.
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Fig. 1.  The Off-Axis Integrated Cavity Output Spectroscopy (Off-Axis ICOS) measurement scheme.

Besides its extremely high sensitivity, Off-Axis ICOS is also inherently robust and self-calibrating. Since the pathlength
only depends on losses in the cavity and not on the exact beam alignment, it is not necessary to stringently align the
optical cavity or the input beam. This allows the Off-Axis ICOS technique to tolerate a very high degree of mechanical
vibration and promotes its use as a field instrument. Moreover, the technique becomes self-calibrating by rapidly
switching the laser off and measuring the decay of light out of the cavity, similar to the well-established technique of
cavity ringdown spectroscopy, but without dithering either the laser or cavity to hit a specific resonance or the “mode-
matching” the beam. Due to the robustness and sensitivity of the Off-Axis ICOS technology, it has been routinely used
to measure absorptions as small as 10"’ cm™ and has been applied to a variety of industrial and environmental problems.

Proc. of SPIE Vol. 6346 63460E-2



2.2. Measurement strategy

Off-Axis ICOS can be used to measure the absolute densities of 02(X32g), Oz(alAg), and Oz(bIZE) in specific
rovibrational states. The probed transitions are shown in Figure 2 and their value to COIL/EOIL diagnostics are
described below.

311 0,(XsZ,)

Iy b'Z*6=1)  The absolute density of O,(X’%,) is probed by measuring the O(b'S,) [v= 0] «—
1 Oz(Xng) [v = 0] transition near 760 nm. In standard COIL, the Oz(blZg)
I i b 2" (1) population is expected to be virtually nonexistent (with the exception of a small
contribution from Oz(alAg) recombination) due to quenching by water vapor. In
EOIL, there is no water vapor and researchers expect substantially more OQ(blZg).
1910 nm However, models suggest that the Oz(blzg) density slightly downstream of the
7B nm discharge nozzle is still < 1% of the O,(X’Z,) density. Therefore, the Oy(b'S,) [v=

1 0] « 02(X3Zg) [v = 0] transition will provide a good measure of 02(X32g) density
a8 0=1)  in both cases (to within 1%).

B30 nm

a g (=0 3.1.2. Oz(aIAg)
T The absolute density of Ox(a'A,) will be probed by measuring the O(b'Zy) [v=0]
1270 nm — Oz(alAg) [v=0] transition near 1910 nm’. Additionally, measurements of the
Oz(alAg) [v=0] « 02(X3Eg) [v = 0] transition near 1285 nm were made for self-
consistency. This measurement, which is directly proportional to the population
difference between the X3Eg and alAg states, will be used to confirm the 1910 nm
data.

3.1.3. 05(b'%y)

Unlike the aforementioned electronic states, the b'S, state cannot be readily
probed via direct absorption due the lack of an amenable higher electronic state.
To overcome this problem, a scheme is employed that involves probing the
X5y (=0) 0,(b'Zy) [v= 0] < Ox(X’%,) [v = 0] transition near 760 nm and the Oy(b'Z,) [v=
1] « 02(X32g) [v = 0] transition near 690 nm. If the Oz(blZg) [v=1] population is
considerably smaller than the Oz(bIZg) [v=0] population, the difference between

X IE, (=)

Fig. 2. Energy level diagram of

the first three electronic these two absorption measurements will give the Oz(bIZg) [v=0] population. In the
states of oxygen. Also traditional COIL, this measurement is of little value due to the presence of water
shown are the transitions vapor which rapidly quenches O,(b'E,); however, it is of significant utility in the
used in this work. case of EOIL where there is expected to be significant populations of O5(b'Z,).

3. RESULTS

Prior to incorporating the ICOS system on a COIL, the measurement strategy was extensively tested by utilizing an
absorption cell. Expected sensitivities had been calculated using typical signal-to-noise ratios for the stated
concentrations. These sensitivities were empirically determined by emulating the conditions expected in the COIL.
Specifically, a 10 cm long cell was filled with ~ 6 Torr of room air to represent the total pressure in a typical COIL laser
cavity and the approximate oxygen content (e.g. 1.3 Torr of oxygen). Note that, due to the low measurement pressure,
there is very little peak broadening and the exact composition of the background gas is not critical. Measurements were
made in this 10 cm system and the signal-to-noise was empirically determined to give a minimum detectable oxygen
density for a given measurement time. Once the absorption cell measurements were completed, the ICOS system was
installed on a COIL laser. The measurements were performed in the laser cavity during normal laser operation. The
results from both sets of measurements are described below.

Proc. of SPIE Vol. 6346 63460E-3



3.1. Gas cell measurements

3.1.1. 0xX’Zy

The Oz(bIZg) [v=0, J=8] « 02(X3Zg) [v =0, J=9] transition near 760 nm was examined in a static cell. A single-sweep
measured cavity-enhanced absorption signal obtained in 0.01 seconds (e.g. 100 Hz) is shown in Figure 3 fit to a Voigt
profile. Note the very high signal-to-noise per sweep of approximately 80:1 without any data averaging. Note that the
detection limit is based upon the number density in a particular ro-vibrational quantum state. The gas phase temperature
(corresponding to a Boltzmann distribution) is required to determine a number density of all oxygen in the 02(X32g)
state. The detection limit for this transition is shown in Table 1.
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Fig. 3. Measured cavity-enhanced absorption signal of the Oz(blZg) [v=0, J=8] « 02(X32g) [v =0, J=9] transition near 763 nm
without any data averaging yields a signal-to-noise of approximately 80:1.

Table 1. The transitions examined and the detection limits for each at a rate of 2 Hz.

Species Transition A (nm) Detection Limit
(per quantum state)
0,(X°Zy)  05(b'Zy) [v=0, J=8] « 05(X’%,) [v=0, J=9] 760 2.8x 10"
0,(a'Ay)  0y(b'Zy) [v=0, J=12] « Ox(a'A,) [v=0, J=12] 1910 3.1x 10"
0,(a'A,) [v=0, J=13] « 0x(X’%,) [v=0, J=14] 1285 3.8x10"
0,(b'T)  0y(b'T,) [v=0, J=6] — O,(X°L,) [v=0, J=T7] 690 1.3x 10"

3.1.2. Oy(a'Ay)

The results for the Oz(blZg) [v=0] « Oz(alAg) [v=0] transition near 1910 nm have been detailed previously’. Briefly, the
ICOS system demonstrated a signal-to-noise ratio of 120:1 and a detection limit of 3.1x10"* molecules cm™ per quantum
state (at 2 Hz).

Proc. of SPIE Vol. 6346 63460E-4
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Fig. 4. Measured cavity-enhanced absorption signal of the Oz(a'Ag) [v=0] « 02(X32g) [v = 0] transition near
1285 nm after 1 second of data averaging yields a signal-to-noise of approximately 12:1. Note that the
other two absorption features in the spectra are due to ambient water vapor.

The Oz(alAg) [v=0] « 02(X32g) [v = 0] transition near 1285 nm is very weak even near its bandhead at 1270 nm. Due to
the difficulty in obtaining diode lasers at wavelengths shorter than 1285 nm, the absorption transition is even weaker at
the operating wavelength. Despite these limitations, Off-Axis ICOS is capable of measuring this transition under the
simulated COIL conditions. Note that it requires 1 second of data averaging (100 spectra) to measure this transition with
a signal-to-noise of 12:1. The detection limit is shown in Table 1.

3.1.3. 05(b'%y)

The single-sweep transmission signal (e.g. 0.01 seconds, 100 Hz) for the oxygen absorption near 690 nm is shown in
Figure 5. Note that the absorption is significantly smaller than that near 763 nm and has a signal-to-noise of only 18:1.
The minimum detectable density per quantum state is shown in Table 1.
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Fig. 5. Measured cavity-enhanced absorption spectrum of the Oz(blZg) [v=1] « 02(X32g) [v = 0] transition
near 690 nm without any data averaging. The signal-to-noise is approximately 18:1.

3.2. COIL measurements

In order to demonstrate the utility of the Off-Axis ICOS technique on an actual COIL, the system was integrated into a
test stand at the Air Force Research Laboratory (Kirtland Air Force Base, Albuquerque, NM). The ICOS mirror mounts
were installed on the cavity of the laser with the optical axis located approximately 10 cm downstream of the nozzle exit
plane. The mirrors and laser designed for the Oz(blZg) [v=0,]=8] « 02(X32g) [v =0, J = 9] transition near 763 nm
was installed and the COIL was repeatedly fired. The measured density of 02(X32g) [v=0,J=09]is shown in Figure 6
for three consecutive firings. In the absence of chlorine, the diagnostic detects the residual oxygen in the laser system.
When chlorine is added, the BHP + chlorine reaction forms both ground and singlet state oxygen. The water vapor
produced immediately quenches any Oz(bIZg), making the diagnostic a direct measure of the number density in the
0,(X? %,) [v =0, ] = 9] quantum state. The results shown in Figure 6 clearly indicate that a large density of ground-state
oxygen is produced.

The process of turning the measured quantum state number density into a O,(a'A) yield is non-trivial. The yield is
defined as the ratio of O,(a'A) to total O,. The total amount of oxygen produced is determined from the chlorine flow
and the chlorine utilization. This assumes that all oxygen produced enters into the laser cavity. Due to the rapid
quenching of any Oz(blZg) by water, it can be assumed that the O,(total) = O,(a'A) + Oz(X3Zg). The 02(X3Eg) number
density is determined by using an estimate of the gas phase temperature to convert the quantum state number density (as
measured by Off-Axis ICOS) into a total number density via a thermalized Boltzmann distribution. With the total
oxygen and the ground state oxygen number densities, the singlet delta number density is determined by simple
subtraction and the yield can then be determined. The major difficulty in making this measurement is obtaining an
accurate measurement of the gas phase temperature and future work will focus on extending this technique as noted
below.

Proc. of SPIE Vol. 6346 63460E-6
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Fig. 6.  In Situ measurements of the oxygen density in a COIL cavity via Off-Axis ICOS. When the laser is fired (i.e.
chlorine is turned on) the ground state oxygen number density increases dramatically.

4. CONCLUSIONS AND FUTURE WORK

Measurements of the number density of oxygen have been performed on an operational COIL. These measurements,
when combined with the chlorine flow rate and chlorine utilization data will allow for a yield of singlet oxygen to be
measured. Ongoing work will enable researchers at AFRL and Los Gatos Research to more accurately measure the yield
as additional measurements are performed. Future efforts will include measuring the Oz(bIZg) [v=0] <« Oz(alAg) [v=0]
transition near 1910 nm for a direct Oz(alAg) quantification as well as modifying the Off-Axis ICOS system to measure
the number density in multiple quantum states (and thus measure the rotational temperature directly). Further studies
will involve extending the analysis to other small molecules of chemical interest including water, iodine, and nitric oxide
(for EOIL applications).
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