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ABSTRACT
Theoretical studies have indicated that fractions of O('A) can be produced in an electrical discharge that may
permit lasing of an electric discharge oxygen-iodine laser (ElectriCOIL) system, possibly in conjunction with the
injection of pre-dissociated iodine. In this paper, recent computations in the ElectriCOIL system are presented,
including gain and temperature influences involving several diluents. Experimental measurements of the RF
discharge region in the ElectriCOIL system are provided for comparison.
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1. INTRODUCTION

The classic chemical oxygen-iodine laser (COIL) [McDermott, 1978] operates on the electronic transition of the
iodine atom at 1315 nm, I*(*P,,,) — I(*P3;) + hv. The population inversion is obtained by a near resonant energy
transfer between the excited OZ(IA) molecule and the I atom ground state I(2P3/2) via OZ(IA) + I(2P3/2) & 02(32) +
I°Py). Traditionally, this pumping reaction is fed by a liquid chemistry singlet oxygen generator (SOG).
However, the difficult issues involving liquid SOG systems motivated the investigation of excitation of iodine via all
gas phase means by several research groups. AFRL recently demonstrated a new all gas phase iodine laser fed by
the NCI('A) molecule [Henshaw, 2000]. We believe that it is possible to construct a highly efficient electric
generation scheme to provide the precursor energy donor species O,('A) and that an electrically assisted COIL
system (ElectriCOIL) [Carroll, 2001; King, 2001; Verdeyen, 2002] can be realized. Researchers at CU Aerospace
(CUA) and the University of Illinois at Urbana-Champaign (UIUC) are now addressing the scientific and
engineering issues associated with this concept.

Workers in several countries have shown that flowing discharge tubes containing ground state oxygen can
produce significant quantities of the desired O,('A) precursor molecules. Benard and Pchelkin [Benard, 1978]
reported 11% yield using a microwave discharge. Fujii [Fujii, 1994] reported good success, 17% yield of O,('A),
with a small RF generator. More recently, Savin [Savin, 2002] reported 23% OZ(IA) in a plasmatron microwave
discharge. Hill [Hill, 2001] reported a value of 16% with a controlled-avalanche discharge scheme. Schmiedberger
[Schmiedberger, 2001] reported a 32% yield under low-pressure conditions (0.43 Torr) with an RF discharge.

2. EXPERIMENTAL RESULTS

A two-inch flow tube experiment was constructed to demonstrate generation of significant densities of O,('A)
and O,('T) by electrical means [King, 2001; Verdeyen, 2002]. Key flow and electrical parameters were varied to
characterize the system performance. Figure 1 depicts a block diagram of the experimental setup. RF power is
transferred to the flow through a “Pi” matching network driven by a 1-kW ENI OEM-12A RF power amplifier at
13.56 MHz. Diagnostics play a critical role in developing an understanding the ElectriCOIL system; as such, care
was taken to implement high quality diagnostics for evaluating the flow properties emerging from the discharge.

One of the primary measurements on the ElectriCOIL experiment is a spectrographic determination of [O,('Z)]
from its emission at 761.9 nm. A Santa Barbara Instruments Group, Inc. ST-6 CCD camera coupled to a
monochromator and a data acquisition computer, and employing KestrelSpec software, provides peak count levels
as viewed across the 2” flow cross-section. The monochromator can be translated along the flow axis to obtain
maps of O,['S] and temperature versus position. A typical scan exposure with Argon in the flow as a diluent yielded
the trace seen in Figure 2. Note that the illustrated spectra is taken downstream from the discharge and that the
observed atomic excitation must come from photo-excitation. The O-atom line is believed to be a consequence of
higher energy UV radiation created in the discharge and is representative of the relative strength of the discharge in
any particular region of the discharge (discussed in Carroll et al [Carroll, 2003]). Temperature information can be
calculated from the O,('T) spectra from the intensity of the different rotational energy states [Carroll, 2003]. When
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Argon is used as a diluent, the presence of the 763.7 nm Argon line can make the calculation of temperature in the
discharge region very difficult.
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Figure 2. Typical O,'Z) spectra taken with the CCD-
Monochromator showing the presence of an O-atom line and
Argon lines when Argon is used as a diluent.

Identifying the parameters of the discharge is of critical importance towards enhancing the coupling of the
electrical energy into the flow of oxygen. As such, an appropriate circuit model was developed to measure the
average E/N of the plasma [Carroll, 2003], not shown here for brevity. Measurements of the plasma voltage and
current will be shown later in Section 3.0 with a comparison to the electrodynamics model. Measurements of E/N
versus absorbed power as a function of diluent are illustrated in Fig. 3. The desired effect of lowering E/N with
diluent is clearly shown.
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A large quantity of data was taken to investigate the effect on oxygen and diluent as a function of RF power
level and axial distance in the flow direction. The partial pressure of oxygen was held fixed at approximately 2 Torr
for all of these cases. The results of some of the parametric studies are presented in Figs. 3-9. Differing diluent
species yielded considerably different behaviors on the O,('A) and O,('T) levels. Figure 4 shows that Argon
provides a slight positive change in O,('A) signal while Helium provides a very significant increase. Both Argon
and Helium diluent provide a significant reduction in discharge temperature, Fig. 5.

In Figs. 6 and 7 it is seen that the O,('Y) levels drop rapidly (exponentially) in the flow direction after the
discharge; this effect is attributed primarily to deactivation by O-atoms [Carroll, 2002a]. The peak values are
similar with and without Argon diluent, which is consistent with a O,('A) level that is approximately the same
(slightly higher) with Argon diluent, Fig. 4.



Figs. 8 and 9 show that for pure oxygen the peak temperature is around 650 K, whereas with Argon the peak
temperature is only about 450 K. Further, it is seen that the temperature decreases with distance after the discharge;
this effect is due to cooling by the flow tube walls that are passively cooled by air convection at around 300 K. It is
clear that Argon and/or Helium will significantly help in controlling the temperature of the flow and the overall
thermal control of the system. Note that there is production of O,('T) and elevated temperature levels upstream of
the upstream electrode in the case of pure oxygen, Figs. 6 and 8. This is evidence of the fact that there is current
flow into the plasma upstream of the driven electrode in the pure oxygen case, see Carroll et al [Carroll, 2003].

The results of these experiments show that Helium diluent significantly enhances the O,('A) concentrations as
well as acting as an excellent coolant. Further, Argon diluent does not reduce the production of O,('A), and more
importantly the diluent assists in the cooling of the flow. It is quite likely that a combination of the diluents will
provide a more optimal flow mixture; this will be investigated in future studies.
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Figure 4. Peak O,('A) signal from Wang detector versus
absorbed power as a function of the gas mixture.
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Figure 6. Integrated CCD counts [proportional to O,(')]
versus position as a function of absorbed power for pure
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Figure 5. Peak discharge temperature versus absorbed
power as a function of the gas mixture.
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Figure 8. Flow temperature versus position as a function of Figure 9. Flow temperature versus position as a function of
absorbed power for pure oxygen. absorbed power for an oxygen/helium mixture.

3. COMPARISON BETWEEN ELECTRICOIL EXPERIMENTS AND PREDICTIONS

To better understand the discharge a series of computations using the plasma kinetics GlobalKin-v.4 model
[Dorai, 2001; Zimmerman, 2003] were performed to compare with experimental data, Figs. 10-12. These
calculations were performed for a 3:1 mix of Argon:Oxygen.

Similar experiments and calculations were performed for both pure oxygen and a 4:1 mix of Helium:Oxygen by
Carroll et al [Carroll, 2003], but are not repeated here for brevity. In all cases, the partial pressure of oxygen was
held fixed at 2.0 Torr. While there are some differences between the experiments and predicted values, given the
model’s 1-dimensional simplicity it is overall in reasonable agreement with average values measured in the
experiment. These results give us further confidence that the model is providing an understanding of the discharge
physics and that it is making useful predictions that are guiding the experiments.
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Comparisons of experimental temperature data taken from the CCD/monochromator measurement with GlobalKin
predictions are shown in Figs. 13 and 14. Again, the dramatic cooling benefits gained by the use of argon diluent can
be readily seen; temperature is a critical issue for approaching positive gain [Hill, 2001; Carroll, 2002b]. It appears
that GlobalKin may be transferring heat to the flow tube walls slightly too fast and that there may be more power
input upstream of the driven electrode, but overall GlobalKin is in reasonable agreement with the data, especially
given its 1-dimensional simplicity.
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Figure 13: Comparison of experimental data with Figure 14: Comparison of experimental data with
GlobalKin-v.4 predictions of flow temperature versus GlobalKin-v.4 predictions of flow temperature versus
position for pure oxygen with 265 W of absorbed RF position for an oxygen/argon mixture with 230 W of
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4. DESIGN EXPERIMENTAL CONDITIONS FOR LASING

A test matrix of flow conditions and rates to be modeled with GlobalKin and Blaze II was put together to
determine a design point(s) for the lasing experiments. Output from the GlobalKin-v.4 electrodynamics model was
used as direct input to the Blaze II laser model. The focus of the matrix study was in a realm of flow conditions and
corresponding pressures determined in laboratory experiments deemed to be most promising based upon relative
measurements of singlet-delta levels. Seven different conditions were chosen to model in more detail, Table 1.
Note that because of the critical importance of holding the gas temperature down to manageable levels, only
mixtures of oxygen with a diluent were considered.




Table 1. Set of flow conditions studied for laser cavity.

Case 02:He:Ar (mmol/s)

Total Pressure (torr)

1 5:20:0

3.14

10:20:10

6.53

5:0:15

4.57

10:0:20

6.66

10:40:0

5.86

10:40:10

8.37

N NN~ |W N

10:38:2

6.30

Figures 15 and 16 show subsonic GlobalKin-v.4 predictions of singlet-delta yield versus temperature as a function
of absorbed electrical power for these 7 different lab conditions, 10 cm downstream from the exit of the discharge
region. Figures 17 and 18 show subsonic GlobalKin predictions of singlet-delta yield versus temperature as a
function of absorbed electrical power for these 7 different lab conditions, but 100 cm downstream from the exit of
the discharge region. In all four of these figures temperature rises with increasing power levels; the curves start at
100 W and increase to 900 W. Figures 15-18 all start with room temperature gases entering the discharge.
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Fig. 15. GlobalKin predictions of singlet-delta yield versus
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Fig. 17. GlobalKin predictions of singlet-delta yield versus Fig. 18. GlobalKin predictions of singlet-delta yield versus
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conditions, 100 cm downstream from the exit of the conditions. 100 c¢cm downstream from the exit of the
discharge region. discharge.

A number of important points can be seen from these graphs. First, from Figs. 15 and 16 it is clear that the
yield numbers are barely above threshold for the hot gas situation just 10 cm downstream from the exit of the
discharge. However, Figs. 17 and 18 show that the situation is dramatically improved by allowing the gas to
traverse 100 cm, to cool, and to permit the conversion of O,('Z) into O,('A) via reactions with O atoms [Carroll,
2002a]. Another important point to make is that all of these GlobalKin predictions are for subsonic flow; if the flow
is expanded supersonically, then the predicted curves shift to left as temperature drops. Figures 15-18 are the
predictions for a passively cooled flow tube with a wall temperature kept at 300 K; experiments have verified that
this passive cooling, which is notably significant, is being predicted with good fidelity, e.g. Figs. 13 and 14. The
most compelling GlobalKin predictions appear to be primarily with Helium diluent because of the significantly
lower temperature.

Similar sets of GlobalKin calculations were performed with pre-cooled gas entering the discharge and with
a post-discharge cooled flow tube wall. Results with the pre-cooled gas were not substantially different and appear
to be more of a second order influence. Results with a post-discharge cooled flow tube wall (set at 150 K) lowered
the flow temperatures at the 100 cm point considerably, e.g. the 900 W absorbed power, O,:He:Ar=10:40:0 mmol/s
case without post-cooling had a gas temperature of 354 K at 100 cm, while the same post-cooled case had a gas
temperature of 249 K. There were only very minor changes to the species compositions when a post-discharge
cooled wall was implemented; the only significant change was the gas temperature.

For brevity, three representative cases that were modeled with Blaze II will be presented for predictions of
gain. These Blaze computations took precise species and temperature output from GlobalKin at the 100 cm point
(Figs. 17 and 18), and the throat injected wedge nozzle (used experimentally) was used for the geometry. Note that
these Blaze calculations have not included any estimates of the boundary layer formation for this geometry. Figures
19 and 20 show that it is possible to achieve positive gains of 0.03-0.04%/cm for both low (O,:He:Ar=5:20:0
mmol/s) and medium (O,:He:Ar=10:40:0 mmol/s) flow rate conditions when the absorbed power is 900 W.

Positive gain is also attained when Argon is used as the diluent, however, because of the higher
temperatures the gain is lower, approximately 0.01%/cm, Fig. 21.

An example of the very significant effect that a post-discharge cooled wall would have on gain is illustrated
in Fig. 22. The gain is seen to more than double from 0.04%/cm to 0.08%/cm. This improvement would also show
up as an increase in laser power.
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5. CONCLUDING REMARKS

One of the objectives of this work was to investigate in detail the discharge characteristics of an RF discharge in
pure oxygen and diluted oxygen mixtures for an electrically assisted chemical iodine laser (ElectriCOIL). Several
technologies need to be merged to lead to a successful demonstration of the ElectriCOIL concept. These include
discharge and injection techniques, further work with the properties of oxygen/diluent (Helium, Argon, Xenon)
discharges, and proper implementation of mixing in a supersonic expansion nozzle. We found that using diluents



will be beneficial to both the discharge physics and cooling of the generator flow. Mixtures of Helium and Argon
with other noble gases may be even better.

A large quantity of data was taken to investigate the effect of oxygen and diluent as a function of RF power
level and axial distance in the flow direction. The partial pressure of oxygen was held fixed at 2 Torr for all of these
cases. Differing diluent species yielded considerably different behaviors on the O,('A) and O,('Z) levels. Helium
provided a very significant increase in O,('A) signal while Argon provided a slight improvement. Both Helium and
Argon diluent provide a significant decrease in discharge temperature.

Extensive data including voltage, current, and E/N measurements on our capacitive RF discharge were taken.
Given the simplicity of the 1-dimensional electrodynamics model employed, GlobalKin predictions compared
reasonably well with these data. These comparisons give us added confidence that the GlobalKin model is making
reasonable predictions with regards to trends as one surveys the potential operational space.

The coupled GlobalKin/Blaze II modeling continues to indicate that it should be possible to achieve positive
gain and lasing with a supersonic nozzle. It should be noted that no effort has yet been made to optimize the nozzle,
iodine injection point, or secondary flow rates for optimal gain and laser performance. Previous calculations with
injection in the subsonic region and a VertiCOIL nozzle were very encouraging [Carroll, 2002b], so we believe this
configuration may work well as a possible hardware design improvement. We anticipate that significant
improvements can be made as the system continues to evolve.
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