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Modeling of the E

David L. Carroll, Joseph T. Verdeyen, Darren
Joseph W. Zimmerman

Abstract—Theoretical studies have indicated that sufficient
fractions of Oz (*A) may be produced in an electrical discharge
that will permit lasing of an electric discharge oxygen-iodine
laser (ElectriCOIL) system. Results of those studies along with
more recent experimental results show that electric excitation
is a very complicated process that must be investigated with
advanced diagnostics along with modeling to better understand
this highly complex system. A kinetic package appropriate for the
ElectriCOIL system is presented and implemented in the detailed
electrodynamic GlobalKin model and the Blaze Il chemical laser
modeling code. A parametric study with the Blaze Il model
establishes that it may be possible to attain positive gain in
the ElectriCOIL system, perhaps even with subsonic flow. The
Blaze Il model is in reasonable agreement with early gain data.
Temperature is a critical issue, especially in the subsonic cases,
and thus it appears that supersonic flow will be important for the
ElectriCOIL system. Simulations of a supersonic ElectriCOIL
system indicate that it may be possible to attain reasonable perfor-
mance levels, even at low yield levels of 20% or less. In addition,
pre-dissociation of the iodine is shown to be very important for
the supersonic flow situation.

Index Terms—Chemical oxygen-iodine laser, chemical oxygen-
iodine laser (COIL), discharge oxygen-iodine laser (DOIL) , elec-
tric discharge oxygen-iodine laser (ElectriCOIL), radio frequency
(RF) excitation of oxygen, singlet-delta oxygen.
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(ElectriCOIL) [8], [25], [36] can be realized. Researchers at
CU Aerospace (CUA) and the University of lllinois at Urbana-
Champaign (UIUC) are now addressing the scientific and engi-
neering issues associated with this concept.

Researchers around the world have previously shown that
flowing discharge tubes containing ground-state oxygen can
produce significant quantities of the desit@g(A) precursor
molecules. Benard and Pchelkin [2] reported 11% yield using
a low-pressure microwave discharge. Fuijii [14] reported good
success, 17% yield dD,(1A), with a small radio frequency
(RF) generator. More recently, workers in Japan [22] from
Fujisaki Electric provided some evidence that they could
produce 21%0-(*A) in a microwave discharge. Hill [20]
reported a value of 16% with a controlled-avalanche discharge
scheme. Schmiedberger [34] reported a 32% vyield under
low-pressure conditions (0.43 Torr) with an RF discharge. We
have estimated a0, (' A) yield of ~ 16% in our flowing RF
discharge experiments at a pressure of 2 Torr [36].

Since the yields 00 (*A) using electrical excitation appear
to be lower than those with the classic liquid SOG method, it
was determined in the original ElectriCOIL concept [8] that
atomic iodine injection, rather than molecular iodine injection,
will be an important, if not essential, addition to enhancing
performance of the ElectriCOIL laser. Experimental work in

HE CLASSIC chemical oxygen-iodine laser (COIL) [30]the area of iodine pre-dissociation has been conducted by Endo

operates on the electronic transition of the iodine atom
1315 nm,I*(?Py5) — I(*P3/2) + hv. The population inver-
sion is obtained by a near resonant energy transfer between
excitedO,(*A) molecule and the | atom ground-sté(éP; ,)
via

)

Traditionally, this pumping reaction is fed by a liquid chem

02(*A) +I(?P3/2) & 02(°%) + I(*Py ).

gt al. in Japan [13]. They reported nearly total dissociation
from interaction of an lodinéY, stream within the microwave
gawity. lodine pre-dissociation has also been investigated using
three-dimensional CFD computations by Maddral. [28];
Madden'’s results indicated that the injection of atomic iodine
slightly downstream of the throat would enhance the power
output of a classic COIL device. Recently, CUA and UIUC
implemented an LIF experiment that showed 50% dissociation
downstream from a dc electric discharge and about 95% in an

istry singlet oxygen generator (SOG). However, the logistic iRF discharge [36].

sues of dealing with the liquid SOG systems motivated the i

vestigation of excitation of iodine via all gas phase means by
various research groups. AFRL recently demonstrated a ne

all-gas-phase iodine laser fed by tN€1(* A) molecule [18].
We believe that it is possible to construct a highly efficient ele
tric generation scheme to provide the precursor energy do
species),(1A) and that an electrically assisted COIL syste

n-
Il. KINETIC MECHANISM

V\bngoing ElectriCOIL experiments along with recent Glob-
alKin [12] simulations have indicated that the kinetic processes

Eéking place in the ElectriCOIL flow system are extremely

c%rmplex, especially in the discharge region. In addition to the

rHischarge physics, GlobalKin contains an extensive kinetic

package including electrons and various positive and negative
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with the experimental measurements by Ivareival. [23].

‘GlobalKin results also show that significant quantities of

02(13) are produced in the discharge along with small, but
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possibly important, levels dbs. For the baseline case having 10" e
5 mmol/s of pureO, and 274 W of absorbed power by the TT—
flow, the predicted singlet-delta yield is approximately 14% ¢ w |

the exit of the discharge, which rises to higher than 16% in ti 10 S ek i il el
4.83-cm I.D. flow tube downstream of the discharge [the ris - IR i
in yield is primarily a consequence 6% (1Y) loss/conversion 10" =
to O2(*A)]. The discharge produces approximately 3.6° :
02(%) and 8.8% of O atoms (by mole fraction) at the exit o
the discharge.

The GlobalKin model is used to model the discharge physi
of the ElectriCOIL system. For the laser system we utilize tF
Blaze Il laser simulation code [35], which contains one-d F
mensional fluid dynamic equations whose mixing terms we 10" | N /
derived from the two-dimensional equations that describe t ’ 3 J/ — 02(3%)
mixing flowfield in a chemical laser cavity. The Blaze mode |
can be used for premixed, axisymmetric and two-dimensior 10 E / —0
flows and has proven to be a robust and useful modeling tc F L — -03 ]
for 25 years for several different types of chemical lasers. TI o0 Lo b 1 b ) T
use of the Blaze model for COIL simulations is discussed -40 20 0 20 40 60 80 100 120
length by Carroll [5]. X(cm)

In addition to the oxygen Kkinetics associated with O ) o ) ) )

g. 1. GlobalKin predictions of oxygen species concentrations as a function

atoms and03, dISCUSSIOnS, with Heaven [17] Squ(?St(_ad thc%ﬂowdistance for a pure oxygen flow at 5 mmol/s and a pressure of 1.94 Torr.
need to incorporate reactions between molecular iodine arid exit of the discharge is at= 0.

atomic oxygen as being an important process. Research by

Schmiedberger [34] indicates the use of NO and¥@éy, as

being potentially important for enhancing the production o%ulations with the classic COIL kinetic package alone did not
O»(1A). Lastly, there is the desire to perform and modd how this decay [9]. Examination of the added kinetics pointed

titrations with gases such @60, for O atoms andCO, for Clearly tq reactions 49 gnd 50. as being critical to this process

1 o and zeroing those reactions eliminated the decay [9]. This is an
Oo( 32). As such, it is also necessary to expand the classl}ﬁ ortant observation because it may explain the experimental
COIL reaction set that is included in the Blaze Il code. Table'| - Y €xp P

presents the classic COIL reaction set used in Blaze II, and Yy observed by Kingt al. [25] as being attributable to the

Table Il presents the expanded mechanism used for the BIRZ&>c"Ce of O atoms in the flow at the exit of the discharge.

I modeling of the ElectriCOIL system. It should be noted that
the rate constants for reactions 16—20 are significantly different
than in the classic COIL reaction set [32]. These new ratesTo better understand the kinetics and flow processes with io-
are based upon measurements by Lawrezical. [27] of the dine in the flow, a series of Blaze Il computations were run
rotational and vibrational energy transfer rates for selectést the flow tube setup with a single iodine jet centered in the
levels of I;(v"" > 20). From this data, a numerical modelsubsonic flow tube with the injector hole pointed in the pri-
developed by Heaven [15] was used to estimate the glgbalmary flow direction, i.e., parallel to the main flow of oxygen. A
deactivation rates listed in Table | [15], [16]. The use of thessshematic of this single jet investigation is illustrated in Fig. 3.
rates (most significantly reaction 18) was found to provid@/hile a supersonic flow system will likely produce a higher effi-
better agreement with measured gain data than the class&ncy laser, this particular subsonic arrangement is very useful
COlIL reaction set [6]. These globE] deactivation rates are notfor parametric studies.
appropriate for a newds dissociation mechanism proposed by The baseline condition modeled is a 5 mmol/s primary flow
Komissarowet al. [26]; Komissarov's mechanism is physicallyof O, and a secondary stream consisting of 0.025 mmolls of
more reasonable, but appears to require some more refinemant 1 mmol/s of secondary He diluent. Based on measurements
as it significantly underpredicts the iodine dissociation fractiony Verdeyeret al. [36] and many others, the baseline yield of
and gain data [4], [29]. 02(*A) is taken to be 16% an@, (1Y) is taken as 2% of the
Calculations with Blaze Il using the added reaction packadgigw. Based upon GlobalKin output and experimental data by
listed in Table II, were performed for our flow tube setup withvanov [23], the concentration of O atoms is taken to be the
pure oxygen in the flow system. Using output from GlobalKin, aame ag),(*A). The pressure of the flow is 1.94 Torr. Ther-
one-to-one comparison was made between the two codes domoecouple and spectroscopic temperature measurements of the
stream of the discharge and the results were found to be in cléseflow indicate a temperature of approximately 340 K at the
agreement, within a few percent (Fig. 2). Thus, it appears th@dint of iodine injection. Thé, lines were heated and the sec-
the reduced kinetic package presented in Table Il is sufficient fondary flow temperature at the injection point is also assumed
modeling the oxygen kinetics outside of the discharge regionto be 340 K. The flow tube has a 1.9” (4.826 cm) I.D. and the io-
One of the first things observed in Figs. 1 and 2 is the decdine injector hole was 3/32” (0.238 cm) in diameter. The initial
of the O,('Y) concentration with distance downstream. CaMach number of the entire flow (primary plus secondary) for
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TABLE |
CLAssIC COIL REACTION SET. NOTE: | REPRESENTS THE(?P5,,) STATE, I* THE I(*P,,2) STATE, AND I3 1S Io(v > 20). REACTIONS
16—20 WERE TAKEN FROM [15] AND [16], BASED UPON DATA FROM [27]

k Rates, cm’ /molecule-s Ref.

1 0,('A)  +  O('A) > 0'®)  + 0,(°%) 2.7e-17 Perram, 1988
2 0,('A)  + 0N > 0+ 0,(°%) 1.7e-17 Perram, 1988
3 08y + 0% > oA+ 0,(’%) 3.9e-17 Perram, 1988
4 0x('s) + H,0 > O('A) o+ H,O 6.7e-12 Perram, 1988
5 0('s)  + Cl > o'+ Cl, 2.0e-15 Perram, 1988
6 0,('s) + He -> OZ(IA) + He 1.0e-17 Perram, 1988
7 0, + 0D > 0%+ 0,(’%) 1.6e-18 Perram, 1988
8 o'+ HO > 0¢% + H,0 4.0e-18 Perram, 1988
9 0,('A)  + Cl, > 0y + Cl, 6.0e-18 Perram, 1988
10 Oz('A) + He > 02(32) + He 8.0e-21 Perram, 1988
11 I, + 0y > 21 + 0,(’s) 4.0e-12 Perram, 1988
12 L + o'y > L + 0,(’%) 1.6e-11 Perram, 1988
13 I, + 0N > I* + 0,(’s) 7.0e-15 Perram, 1988
14 I + I* > 1 + Ip* 3.5e-11 Perram, 1988
15 L* +  o(n > 21 + 0,(°%) 3.0e-10 Perram, 1988
16 L* + 00y > I, + 0,(°2) 4.9¢-12 Heaven, 1995
17 L* + HO > I + H,O 1.7e-11 Heaven, 1995
18 I* + He > I, + He 9.8e-12 Heaven, 1995
19 L* + Cl > I, + Cl, 6.3e-12 Heaven, 1995
20 L* + N> > L + N 8.2e-12 Heaven, 1996
21 ] + o' > I* + 0,(°z) 7.8e-11 Perram, 1988
22 I* + 00y > I + 0,('A) 1.04e-10*exp(-401.4/T)  Perram, 1988
23 I + oA > I + 0,(’z) 1.0e-15 Perram, 1988
24 I* + 0y > I + 0,(’%) 3.5¢-16 Perram, 1988
25 I* + OZ(IA) > I + Oz('Z) 1.0e-13 Perram, 1988
26 I* +  o('n) > 1 + 0,('A) 1.1e-13 Perram, 1988
27 I* + I > I + I 1.7e-13 Perram, 1988
28 I* + H,O0 > I + H,0 2.1e-12 Perram, 1988
29 I* + He 2> | + He 5.0e-18 Perram, 1988
30 I* + N, > I + N, 5.0e-17 Deakin, 1972
31 I* + Cl, > al + ICI 5.5¢-15 Perram, 1988
32 I* + Cl, > I + Cl, 8.0e-15 Perram, 1988
33 I* + ICI > I, + Cl 1.5e-11 Perram, 1988
34 I, + Cl > | + IC1 2.0e-10 Perram, 1988
35 cl + ICI > I + Cl, 8.0e-12 Perram, 1988
36 21 + I, > I, + I, 3.6e-30 Perram, 1988
37 21 + He > I, + He 3.8¢-33 Busch, 1981
38 21 + N. > I, + N, 4.2e-32 Busch, 1981
39 I* + 1 + I, > I(B) + I, 3.6e-30 Perram, 1988
40 1,(B) -> 21 1.0e+6 Perram, 1988

these conditions is 0.097. Note that the Blaze |l starting poiitdine injection point X = 0). This is a consequence of the
for Figs. 4-11 is at the iodine injection point, which is downyields being low such that almost all of the entrained excited
stream of the RF discharge. oxygen species into the mixed region are initially used for the
Experimental data along with the predicted gain curve for thocess of dissociating molecular resulting principally in the

baseline case are shown in Fig. 4. Gain data were taken withraduction of ground-state | atoms and relatively littte As
Physical Sciences Inc. lodine Scan system [10]. It is clear ththe mixed region grows and larger portions of excited oxygen
there is only absorption for the baseline conditions, but that tepecies are entrained into the mixed flow downstream, the gain
model is in reasonable agreement with the data. The model pgabsequently rises. Examining the fluid properties in the simu-
dicts an initially fast drop in gain in the mixed region near thiated flow reveals that the temperature of the mixed flow region
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TABLE I
ADDITIONAL ELECTRICOIL RELATED REACTIONS. NOTE THAT THE RATE FOR REACTION 62 1S UNKNOWN (ZERO ISPRESENTLY USED AS THERATE), BUT THE
REACTION COULD POTENTIALLY BE IMPORTANT AND SO ISNOTED IN THE MECHANISM

k Rates, cm® /molecule-s Ref.

41 20 + He > 0,2 + He 4.5e-34*exp(630/T) Herron, 2001
42 20 + 00 > 0% + 0% 4.5e-34*exp(630/T) Herron, 2001
43 20 + 0A > 02 + 0,%n 4.5e-34*exp(630/T) Herron, 2001
44 20 + (0] > 02(32) + (6] 4.5e-34*exp(630/T) Herron, 2001
45 0+ 0% + He > 0; +  He 6.0e-34*(T/300)2®  Atkinson, 1997
46 0+ 0% + 00 > 0; + 0D 6.0e-34*(T/300)>* Atkinson, 1997
47 0+ 0,2 + 0(A > 0; +  0('A) 6.0e-34*(T/300)>2 Atkinson, 1997
48 0+ 0% + 0 > 0; + o 6.0e-34*(T/300)>* Atkinson, 1997
49 0,('D) + o > 0(a + 0 7.2e-14 Atkinson, 1997
50 0,('D) + o} > 0% + 0 0.8¢-14 Atkinson, 1997
51 0,('A) + 0 > 0% + 0 2.0e-16 Herron, 2001
52 0,('%) + 03 > 20,3 + 0 1.54e-11 Atkinson, 1997
53 0,('2) + 0 > 0N + 05 3.3e-12 Atkinson, 1997
54 0,('%) + 0 > 0043 + 05 3.3e-12 Atkinson, 1997
55 0,('A) + 0 > 20 + O 5.2¢-11*exp(-2840/T)  Atkinson, 1997
56 o + 0 > 0% + 0,3  8.0e-12*exp(-2060/T) - Atkinson, 1997
57 0,(v) + 0% > 0.3 + 0, 4.0e-14 Atkinson, 1997
58 0,(v) + He > 0% + He 1.3e-13 Atkinson, 1997
59 L + 0 > I0 + I 1.4e-10 Atkinson, 1997
60 I0 + o > I + 0% 1.5¢-10 Payne, 1998
61 I + (0 > IO + 0% 2.0e-11*exp(-890/T)  Atkinson, 1997
62 I* + (0] > I + (0] unknown

63 (0] + NO, > NO + 0% 6.5e-12*exp(120/T) Atkinson, 1997
64 0 + NO S NO, 2.5e-17 Kaufman, 1958
65 0 + NO + 0,2 > N0, + 059 1.0e-31*(T/300)™ Atkinson, 1997
66 0(') + CO, > 0 + €O, 4.1e-13 Atkinson, 1997

is very high (Fig. 5), which is primarily a consequence of th 10" —
heat release that occurs during the iodine dissociation proce ]
Temperature data as a function of flow distance were not tak« 10% | S S I
but a typical measured temperature for these conditions is i e — T E
proximately 500 K; the model is in reasonable agreement wi 3 |
this experimentally measured flame temperature. 10% ?" -,
Temperature is a critical issue because of the equilibrium g ; T ‘m
the forward and backward rates of the pumping reaction, (1), [t g 10 i 3
actions 21 and 22, Table I]. The threshold yigig,, of O>(*A) 3 i " e 3
required for positive gain as a function of the laser cavity ten TEa 10" L “5;‘% o T
perature ..., can be expressed by [21] e Pl e, wroasd
Y, ! ! @) 0t — :
th — = F in: : )
"SI T [ 1sen ()] [ o e oy
10" ain R GlobalKin: 02(1%) - -®- - Blaze: 02(13)
Equation (2) is illustrated graphically in Fig. 6. From Fig. 6 L/‘ b O - Blace: O3
it is clear that the baseline case yield of 16% requires thatt g1 . o s s ———
mixed stream temperature stay below approximately 320 K f 0 20 40 60 80 100
positive gain. Fig. 5 shows that the mixed flow temperature X (cm)

reaching approximately 500 K, which from Fig. 6 would require
a yield of around 23% for positive gain. Hence, given the pres
2. GlobalKin and Blaze Il predictions of oxygen species concentrations

dicted temperature rise, it is not surprising that the baseline C%§q% function of flow distance (downstream of the discharge) for a pure oxygen
exhibits absorption. flow at 5 mmol/s and a pressure of 1.94 Torr.
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q . 500 H—— S
02 — | : ~ | ]
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2
Fig. 3. Schematic of single-jet subsonic experiment and modeling. g
g- 350
(]
>4
0.0002 ! 300
i
i
0 ® Experimental Data ||
Blaze Il 250
-0.0002 200 L
0 10 20 30 40 50
__ -0.0004 b X (cm)
g /
= -0.0006 ,/.‘/ Fig. 5. Mixed stream temperature as a function of flow distance for the
.% e’ baseline subsonic mixing case with a single iodine jet.
0 [ ]
-0.0008 5
/ : 0.3
-0.001 |- T ]
/ I /
-0.0012 0.25 i //
L4 -
-0.0014 T [ /
0 10 20 30 40 50 2 02y ’ ]
a ]
X (cm) -F: L
< 0415
Fig. 4. Gain (absorption) as a function of flow distance for the baseline ﬁ L
subsonic mixing case with a single iodine jet. Experimental data are based ¢ = i
an approximate average gain length of 3 cm. <, 01
(o] r /
The question that arises is: what routes are there for im 0.05 | /
proving the baseline conditions to produce positive gain fron [ / ]
which to perform a lasing demonstration? There are sever: [ s ]
. . 0
possﬂ?le approaches: ) ) 0 100 200 300 400 500 600 700
1) improve theD»(*A) yield from the discharge; Temperature (K)
2) pre-cool the primary flow so that the mixed stream tem- '
perature will also be lowered; Fig. 6. Threshold yield as a function of laser cavity (mixed stream)

3) reduce the iodine flow rate to lower the heat released fnperature for positive gain.
thel, dissociation process;

4) pre-dissociate the iodine molecules prior to injection §ream (cavity) temperature that will dictate the minimum yield
eliminate the chemical heat release associated withythgrequired to achieve gain above zero.

dissociation process; . To examine the first possibility a set of cases were run with
5) add diluent to absorb chemical heat release and lower thgreasing yield output from the discharge (Fig. 7). With the ex-

temperature, _ _ ception of yield, all the other conditions were the same as for the
6) expand the flow supersonically via a nozzle. baseline case illustrated in Figs. 4 and 5 (temperature of 340 K,

Combinations of these approaches may also be effectivelirflow rate of 0.025 mmol/s). As indicated earlier, it is not sur-
achieving positive gain. As such, a series of parametric calqurising that the only one of these calculations producing positive
lations were performed to examine the evolution of the gain (gain was the 25% yield case. There is no question that higher
absorption) after the exit of the electric discharge, starting at tiields from the electric discharge will improve system perfor-
iodine injection point (Fig. 3), while varying only one or twomance and this will continue to be a key focus of the ongoing
parameters at a time. It should be noted that pre-dissociating éx@erimental program.

molecular iodine prior to injection will eliminate the effective A set of calculations [9] was performed for decreasing pri-
yield loss required for dissociation, however, it is still the mixechary flow temperature. With the exception of the primary flow
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0.002 0.0004
L™
| ] Ll ——T=340K
0.001 0.0002 i N, — —-T=240K
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7 R AP A A -.= S~
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< -0.001 |2 =TT < fl s =
c E - I i
- Y - L ] ] i
8 R S -0.0002 f—=—
/ T I
-0.002
| Yield=5% ]
— — -Yield=10% i -0.0004
-0.003 Yield=16% (Baseline) |—
i 1 || Yield=20% 1
[ — - Yield=25%
-0.004 L i i ] -0.0006
0 10 20 30 40 50 0 10 20 30 40 50
X (cm) X (cm)

Fig. 7. Gain (absorption) versus flow distance as a functicd gf' A) yield Fig. 8. Gain (absorptiqn) Versus ﬂOW distanc_e as a_functiqn of primary flow
for subsonic mixing with a single iodine jet temperature for subsonic mixing with a single iodine jet flowing 0.010 mmol/s
' of L.

temperature, all the other conditions were the same as for tr 450
baseline case illustrated in Figs. 4 and 5 (yield of 16%6low [ ]
400 1\ :
\

rate of 0.025 mmaol/s) for this second set of calculations. While
it was found (results not shown for brevity) that this reduced the
amount of absorption (increased the gain), it was also found th: \ L ==
the temperature of the mixed stream was still too high (abow ]
320 K for a yield of 16%). The combination of the hot iodine € f T
plus the heat released from the chemical dissociation reactior § 390 [\ e i
was enough to keep the temperature too high despite a prima g e
flow temperature of as low as 140 K. However, the trend indi- § 250 |
cated by lowering the primary stream temperature was useft 2 [ ]
and strongly suggests the possibility of lowering the primary 200 | ] B
temperature in conjunction with one of the other approaches r —----T=140 K
As such, calculations were run to examine the combined effect 150
of a lower iodine flow rate of 0.010 mmol/s along with lowered

primary flow temperatures (Figs. 8 and 9). With the exceptior 100 .
of the primary flow temperature arid flow rate, all the other 0 10 20 30 40 50
conditions were the same as for the baseline case illustrated X (cm)

Figs. 4 and 5 (yield of 16%) for this third set of calculations.

Figs. 8 and 9 show that positive gain is predicted for the 140Hg.9. Mixed stream temperature versus flow distance as a function of primary
primary flow temperature case. 1:$nv¥0t|738m(§iature for subsonic mixing with a single iodine jet flowing 0.010
Simulations to test the effects of pre-dissociating the molec-

ular iodine prior to injection were studied next. A calculation . . )
. ) - - . ... Other cases that were run in the parameter space with a fixed
with the baseline conditions and 100% iodine pre-dissociation - .
. Lo leld of 16% that produced positive gain were the 0.010 mmol/s
showed a reduced absorption and a significantly reduced teim- o . . . . .
. . 0f I, flow conditions in conjunction with 140 K primary stream
perature, but still above 350 K. As such a set of calcula‘uorﬁs : o
: . ow and both 50% and 100% pre-dissociation. 0.010 mmol/s
were performed for the nominal 0.025 mmol/sief but with ; . . . .
. . ..of I flow in conjunction with 240 K primary stream flow and
a primary flow temperature of 140 K (Figs. 10 and 11). Wit 00% pre-dissociation also aave positive dain
the exception of the primary flow temperature (fixed at 140 K °p gavep gain.
rather than 340 K) and iodine dissociation fraction, all the other
conditions were the same as for the baseline case illustrated in
Figs. 4 and 5 (yield of 16%, flow rate of 0.025 mmol/s) for  The VertiCOIL [7], [33] nozzle, and typical flow conditions
this fourth set of calculations. Fig. 11 illustrates how injection offere chosen as the starting point for studies of performance of a
pre-dissociated iodine substantially drops the initial temperatwsepersonic ElectriCOIL system. For these calculations, the io-
rise in the mixed stream that occurs from the kinetics associatide is injected into the subsonic region of the flow with the
with dissociating the iodine molecules. nozzle throat located approximately 1.1-cm downstream from

— ]
—
I E
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Fig. 10. Gain (absorption) versus flow distance as a functionlof ;
pre-dissociation percentage for subsonic mixing with a single iodine jet aml?
primary flow temperature of 140 K.

.12. Gain versus flow distance as a function of yield for supersonic mixing
multiple iodine jets.
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Fig. 13. Gain versus flow distance as a function of O atom@ad ) yields

. . . . for supersonic mixing with multiple iodine jets.
Fig. 11. Mixed stream temperature versus flow distance as a functibn of

pre-dissociation percentage for subsonic mixing with a single iodine jet and
primary flow temperature of 140 K. . . .
supersonic system because the supersonic expansion cools the

flow to cavity temperatures below 150 K.
the injection point. The first set of calculations presented hereThe next set of calculations was made to determine the effect
varied the yield 0, (*A) to determine what level of yield was that the O atoms and (') were playing in the, dissociation
necessary to achieve a lasing condition in a supersonic Elecpiiocess. These calculations were performed while holding the
COIL system (Fig. 12). Note that these supersonic calculatioyield of O,(*A) fixed at 20%. Fig. 13 shows that the gain is
include an O-atom concentration equal to thatef!A) and significantly reduced when O atoms are removed from the flow.
a concentration 00 ('3) equal to 20% that of th®»('A).  WhenO, (1Y) is also removed, the gain becomes very small,
Of considerable interest is that a yield of only 5% produces oput still positive. An examination of the dissociation fraction
tical transparency (zero gain) for a supersonic system, a 1@fig. 14) shows that both O atoms afel('3:) are playing a very
yield gives a gain of approximately 0.5%/cm, and higher yieldsgnificant role in dissociating the injected molecular iodine in
provide yet higher gains. These results direct us since theythe ElectriCOIL system. Essentially, complete dissociatidn of
lustrate the point that positive gain should be achievable inoacurs very rapidly in an excess of O atoms &nd' %), leaving
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1.2 the flow while at the same time injecting pre-dissociaied

I T the gain curve is very similar to the case of pre-dissociated
l I, with O atoms and),(1X); this indicates that the presence
I ] of O atoms and)»('¥) do not significantly enhance the gain
curve when thel, is pre-dissociated prior to injection. It is
0.8 _ -1 also important to point out that these predictions indicate it is
- 1 preferable to pre-dissociate thie than to rely only on the O
PR ] atoms andD,(1X) for dissociation of molecular iodine in the
0.6 7 ElectriCOIL system.

7
7

0.4 - ] V. CONCLUDING REMARKS

Total 12 Dissociation Fraction

| || ——20% Yield of O-atoms, 3.5% Yield of 02(1S) Ongoing ElectriCOIL experiments along with recent Glob-
02 |- Tk Y g;g:tgm: g;g@iz;g'gf%%g)s) alKin simulations have indicated that the kinetic processes
taking place in the ElectriCOIL flow system are extremely
I/ S U pes _T—- complex, especially in the discharge region. To properly model
Bl the discharge physics and kinetics, GlobalKin contains an ex-
tensive kinetic package including electrons and various positive
and negative ions. GlobalKin results indicate the production of
Fig. 14. lodine dissociation fraction versus flow distance as a function of 6t°m'c oxygen in the discharge region _Wlth exit goncentra_tlons
atom and), (1Y) yields for supersonic mixing with multiple iodine jets. on the order of those of th®,(*A) (Fig. 1). This result is
consistent with the experimental measurements by Ivatov
al. [23]. GlobalKin results also show that significant quantities
] of Oy(1) are produced in the discharge along with small, but
. ] possibly important, levels dbs. For the baseline case having
A TR 1 5 mmol/s of pureO, and 274 W of absorbed power by the
0.01 g ) +3= 1 flow, the.predicteq singlet—deltg yigld is approximately 14%
I = at the exit of the discharge, which rises to higher than 16% in
A R N T4 the flow tube downstream of the discharge (the rise in yield
S I E— is primarily a consequence of singlet-sigma loss/conversion
0.005 I ,'/ ] to singlet-delta). The discharge produces approximately 3.6%
| ! 0(1%) and 8.8% of O atoms (by mole fraction) at the exit of
the discharge.
A modified kinetic package to more accurately simulate the
flow of an ElectriCOIL laser system has been implemented
in the Blaze Il chemical laser model. Using output from

0.015 :

i

/.1
/1
T
i1

Gain (1/cm)

(-]
———

—— 0% 12 Predissoc, 20% O-atoms, 3.5% O2(1S) GlobalKin, a one-to-one comparison was made between the
— — =100% |2 Predissoc, 0% O-atoms, 0% O2(1S) .
—----100% I2 Predissoc. 20% O-atoms, 3.5% 02(1S) two codes downstream of the discharge and the results were
0.005 i i T , ‘ , | found to be in close agreement. Thus, it appears that the
T 2 4 6 8 10 12 14 reduced kinetic package is sufficient for modeling the oxygen
X (cm) kinetics outside of the discharge region. The package predicts

the decay in th&, (1Y) that has been observed experimentally
Fig. 15. Gain versus flow distance as a functiod.opre-dissociation and O and suggests that the decay is due to reactions bet@ggix)
atom andO, (' X) yields for supersonic mixing with multiple iodine jets. and O atoms.

Gain data were taken with a Physical Sciences Inc. lodine
the O, (1 A) to pump atomic iodine to the lasing level. This is &can system for a subsonic baseline condition having 5 mmol/s
significant difference from the classic COIL system in which nprimary flow of O, and a secondary stream consisting of 0.025
O atoms are present ang (1) only represents a mole fractionmmol/s ofl; and 1 mmol/s of secondary He diluent at a pressure
of approximatelyl0—5. of 1.94 Torr. There was only absorption for the baseline condi-

The last set of calculations presented for supersonic fldwns. The Blaze Il model was used to model this data and was
looks at the effect of pre-dissociating the molecular iodine priéound to be in reasonable agreement with the experimental data.
to injecting into the primary oxygen core flow (Fig. 15); these A parametric study showed that temperature is a critical flow
calculations were performed while holding the yieldbf(' A)  variable in the ElectriCOIL system, especially in the subsonic
fixed at 20%. When the molecular iodine is completely pre-disases. Two key factors that drive the mixed stream (cavity)
sociated, the gain curve, even with a 20% yield, increases frdlow temperature higher are the chemical kinetics associated
0.8%/cm to a peak of 1.3%/cm; this compares very favorablyith dissociating the iodine molecules, and the deactivation of
with the classic COIL type gain curve. It is also interesting. (1Y) by O atoms. However, there are several approaches to
to see that when the O atoms afd('>) are removed from attaining positive gain.
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1) Improve theD,(tA) yield from the discharge.
2) Pre-cool the primary flow so that the mixed stream tem-

perature will also be lowered.

(71

3) Reduce the iodine flow rate to lower the heat released in[8]

the I, dissociation process, thereby lowering the mixed
stream (cavity) temperature.

4) Pre-dissociate the iodine molecules prior to injection to

5) Add diluentto absorb chemical heat release and lower the
[11] J. J. Deakin and D. Husain, “Temperature dependence of collisionally

eliminate the chemical heat release associated with,the
dissociation process.

temperature.

6) Expand the flow supersonically via a nozzle.

Higher discharge yield and supersonic flow expansion individ
ually are enough to produce the necessary lasing conditions,

[9]

(10]

[12]

while combinations of the other approaches 2—4 also result ifi3]
positive gain. Approach 5), the addition of diluent, needs to be
investigated in future simulations. This parametric study estab-
lished that it may be possible to attain positive gain in the Elec{14]
triCOIL system, perhaps even with subsonic flow. 15]
Simulations of a supersonic ElectriCOIL system indicate tha{

it may be possible to attain reasonable performance levels, even
at low yield levels of 20% or less. The presence of O atomg,

rapidly dissociating moleculds. In addition, pre-dissociation

of the iodine is also shown to be very useful for the supersonic
flow situation and provides higher gain than without the pre-[19]
dissociation; therefore, it is preferable to pre-dissociatelthe
than to rely only on the O atoms aiih (1Y) for dissociation

of molecular iodine. Given the critical nature of the temperaturg20]
issue, it appears that supersonic flow will be required for the
ElectriCOIL system to achieve significant performance levels. [21]

D. L. Carroll, D. M. King, L. Fockler, D. Stromberg, W. C. Solomon,
L. H. Sentman, and C. H. Fisher, “High-performance chemical oxygen-
iodine laser using nitrogen diluent for commercial applicatiotSEE
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D. L. Carroll and W. C. Solomon, “ElectriCOIL: An advanced chemical
iodine laser concept,” iSPIE vol. 4184, 2001, pp. 40-46.
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induced spin orbit relaxation of electronically excited iodine atoms,
I(5p® ?P4,2),” JCS Faraday Trans. Jivol. 68, pp. 1603-1612, 1972.

R. Dorai and M. J. Kushner, “Effect of multiple pulses on the plasma
chemistry during the remediation of NOx using dielectric barrier dis-
charges,’J. Phys. Dvol. 34, pp. 574-583, 2001.

M. Endo, D. Sugimoto, H. Okamoto, K. Nanri, T. Uchiyama, S. Takeda,
and T. Fujioka, “Output power enhancement of a chemical oxygen-io-
dine laser by predissociated iodine injectiodgh. J. Appl. Physvol.

39, no. 2A, pp. 468-474, 2000.

H. Fujii, “COIL in Japan,” in AIAA, Colorado Springs, CO, June 1994,
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M. Heaven, “Studies of Energy Transfer Processes of Relevance
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