











3. MODELING
In an effort to better understand the ElectricOIL system and how to further improve performance, we use the BLAZE-
IV/V code [Palla, 2007; Palla, 2010] to simulate the laser system as a whole, including the discharge, heat exchanger,
nozzle, and laser cavity sections of the device. Details of BLAZE-IV/V and the complete kinetic package included in the
latest version of the model are provided in [Palla, 2010].

3.1 Modeling for different discharge configurations

The model was baselined to peak Cav6 performance data with the rectangular discharge. The discharge exit O,(a) yield
is predicted to be approximately 12.5% for the rectangular discharge (Fig. 9) and 13.8% for the concentric discharge
(Fig. 10), and increases slightly in the post-discharge region as the flow cools and the O,(b) is partially converted to
O,(a). The improved performance with the concentric discharge is a result of a more optimal power-weighted E/N in
the concentric discharge due to changes in the geometric flow area and boundary layers within the discharge. The gas
temperature reaches approximately 590 K at the discharge exit with the rectangular discharge and approximately 605 K
with the concentric discharge, but is cooled rapidly in the post-discharge cooling heat exchanger followed by the
supersonic expansion nozzle [Palla, 2010].

0.2 : ] 750 02 : e 750
I Rectangular P Optical Axis | Concentric 2 Ini-, Followed ozzle Throat
| Discharge Lo ; Discharge by N, Inj. N i 1
, , L : 1 i | \ Optical Axis
0.16 Discharge EX|t+: L E 600 o 0.16 ; : 0,(a’A) + O,(b'S) :‘ 600 o
t ' ' o) : ) : o)
S ® P : ®
1 ' ' ll L : J _|
i / . o P ] . 2
0.12 N | 450 3 0.12 i 450 _g
= T | \ 3 T : ®
;'__’ o : :\\ ' | o g 0,(a'A) : | )
r I ! = ) | c
0.08 I, Inj., : 1 300 @ 0.08 Primary ) \ 300 @
3 Followed by 1 i \Q(a%) +0,(b'x) Dlscwarge Bxit :\\ _X
N, Inj. i ! ' i % Primary ' o
L ‘ O b T—0,(al) =z | . Discharge Inlet ' <
0.04 Nozzle Throat—\——— 150 5 0.04 S | _T,= 150 5
. : T rimer f
[ T~ ! g ) ~Discharge Exit i
’ ) VN o,b's b1 ———
P el E It s s v 0 . 0
0 20 40 60 80 100 0 20 40 60 80 100
Axial Location, cm Axial Location, cm

Figure 9. BLAZE calculations for yield of O,(a), O,(b), Figure 10. BLAZE calculations for yield of O,(a), O,(b),
0,(a)+0,(b), and the gas flow temperature as a function of O,(a)+O,(b), and the gas flow temperature as a function of
distance through the ElectricOIL discharge, heat exchanger, distance through the discharge, heat exchanger, nozzle, and
nozzle, and laser cavity section for the rectangular laser cavity section for the concentric tube discharge.
discharge.

Detailed plots of the different specie concentrations are shown in Figs. 11 — 13 for the concentric tube discharge case;
with the exception of not having a “primer” discharge, the rectangular discharge case is qualitatively and quantitatively
similar (not shown for brevity). For all of the ground state and electronically excited species, such as O,(a) and O,(b),
there is a rise in specie concentration just downstream of the discharge due to the heat exchanger, which extracts heat
from the flow and correspondingly raises the number density of all species. Vibrationally excited and ionic species are
sustained in the discharge region from electron impacts, but rapidly decay downstream of the discharge due to a lack of
electrons; this decay is generically represented by O,(X, v=1), Fig. 11. It is interesting to note that the ozone
concentration, Fig. 12, plummets at the point of iodine injection; this is a consequence of removing atomic oxygen from
the flow in the molecular I, dissociation process and thereby blocking the primary production route for O; while
simultaneously the presence of NO continues to rapidly dissociate Os.

Proc. of SPIE Vol. 7915 791502-5

Downloaded from SPIE Digital Library on 22 Apr 2011 to 130.126.32.13. Terms of Use: http://spiedl.org/terms



-
o_‘
©

T TR EvT T ] T v

gnmﬁlry o i 11 Nozzle Throat Eoo | Primary ' le Throat
ischarge Inlet . ' Lo i Discharge Inlet 1 !
) Lo ! ) \:—: 1 !
£ — ! : ST I I s :
L T ! o 107 T . T :
@ 10 — : 3 P 1, Inj. i :

S IE]OI:OYVEd by ! ::‘\\ E % Fo ! Followed by ! | . NO
I35] n Y : P | N, Inj ' i
3 N i 0 5 T N \ :

"] g oA © Eo i D ' K

SIPPRT: Primary i Optical Axis g ! ! Primary Optical Axis

& 10 [ Discharge Exit_] = i i Discharge Exit_| 1 1
(@] 1 1 :
= P 2 10" = :
had e ] 1 1

c A% 0,(a'a) £ L i \\/ ' ]

8 10" |/ 2 ] 3 | N r————t—o,—. N0
5 / \ o¢p € 107 [N\ S :
(& ) i orP) Q T Y :
Plnmer ] oQ(b*g) O Pt i Primer H
| Discharge Exit w r :‘/:/Discharge Exit !

10" L L . LI I - 10" il s . .
0 20 . 40 . 60 80 100 0 20 40 60 100
Axial Locatlon, cm Axial Location, cm

Figure 11. BLAZE calculations for Oy(X, a, b, and X, v=1) Figure 12. BLAZE calculations for NO, NO,, and O; specie
and O atom specie concentrations as a function of distance concentrations as a function of distance through the
through the discharge, heat exchanger, nozzle and laser discharge, heat exchanger, nozzle and laser cavity section for

cavity section for the concentric discharge. the concentric discharge.
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Figure 13. BLAZE calculations for I(Ps;), I*(Py;), and I, Figure 14. BLAZE calculations for gain as a function of
specie concentrations as a function of distance through the distance through the nozzle and laser cavity sections for the
nozzle and laser cavity sections for the concentric discharge two different discharge cases.

case.

The predicted small signal gain was found to be in good agreement with data in the resonator region for both of the
modeled discharge cases, Fig. 14. The corresponding lasing cases are shown in Figs. 15 and 16 along with the power
carried by the excited oxygen species. The peak O,(a) power flux is predicted to be near 540 W and 600 W, of which
approximately 180 W and 200 W is predicted to be extracted optically in a 10 cm width (flow direction) resonator,
respectively. We note that in these power extraction calculations we are using an effective [+0,(a) <> [*+0, pumping
reaction rate that is 31% of the normal forward and backward pumping rate; this is a result of a gain recovery delay
phenomenon that has been observed in the ElectricOIL system [Zimmerman, 2008; Zimmerman, 2010; Palla, 2010].
We do not believe that the classic pumping rate is incorrect; this effective rate merely represents an attempt to simulate
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an unidentified mechanism by reducing both the forward and backward pumping rates by an identical factor (note that
reduction by the same factor preserves the equilibrium constant). The use of this rate does not significantly influence the
prediction of zero power gain [Palla, 2010], but does a dramatically better job of matching gain recovery data
downstream of a lasing resonator as well as bringing the predicted laser power output into better agreement with data
[Palla, 2010]. The predicted output power from BLAZE is approximately two times higher than measured, even when
the effective pumping rate is used, however the power calculations still provide a qualitative estimate of the expected
power increase with gain. That all said, BLAZE is predicting an 11% increase in extracted laser power for an 11%
increase in zero power gain.
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Figure 15. BLAZE -calculations for yield of O,(a), O,(b), Figure 16. BLAZE calculations for power carried by O,(a)
0,(a)+0,(b), and the gas flow temperature as a function of and Oy(b), and the outcoupled laser power as a function of
distance through the discharge, heat exchanger, nozzle, and distance through the discharge, heat exchanger, nozzle, and
laser cavity section for the rectangular discharge. laser cavity section for the concentric tube discharge.

3.2 Effects of iodine pre-dissociation on performance

Because of the smaller O,(a) yields that exist in the ElectricOIL system as compared to a classic chemical oxygen-iodine
laser (COIL) system, the impact of iodine dissociation and flow rate becomes amplified, i.e., ElectricOIL is more
sensitive to these parameters than is COIL. Modeling calculations [Carroll, 2000] indicated that the use of some pre-
dissociation mechanism for molecular iodine would result in a dramatic enhancement to gain and laser power.
Benavides et al. [Benavides, 2008] demonstrated this effect with an electrical pre-dissociator that provided only =30%
dissociation of I,. As such, it is of considerable interest to perform new modeling of the effect of iodine pre-dissociation
on these recent experimental data and existing hardware.

Using the concentric tube discharge case, sweeps of gain and laser power were made as a function of two parameters: (i)
iodine dissociation fraction entering the subsonic mixing region just upstream of the nozzle throat, and (ii) iodine
titration ratio (equivalent to flow rate), Figs. 17 and 18. It is clear from both figures that attaining a dissociation fraction
of 60% or greater is desirable. Figure 17 shows that it should be possible to increase the gain from 0.30% cm™ to
approximately 0.42% cm™ with an electrical pre-dissociator that dissociates roughly 60% of the I,. With complete
iodine dissociation and an increase of roughly 30% to the I,/O, titration ratio, the model predicts that a peak gain of
nearly 0.52% cm™' should be attainable. The higher I, flow rate being more optimal is simply a consequence of the fact
that the concentrations of I* are higher for the higher pre-dissociation fraction cases. Because of the [*+O — I+O
quenching reaction loss mechanism, further gain improvements with the pre-dissociator may be possible by increasing
the NO flow rate which decreases the O atoms flow rate and thereby reduces the quenching loss. Figure 18 shows that it
may be possible to increase the extracted power to approximately 250 W through the implementation of an electrical
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discharge injector that dissociates more than 60% of the I,, and approximately 290 W with an electrical discharge
injector that dissociates 100% of the I,.

0
itr.0.006
12/02 Titr. 0.012

Figure 17. BLAZE calculations for gain as a function of Figure 18. BLAZE calculations for output laser power as a
iodine dissociation fraction and iodine titration ratio for the function of iodine dissociation fraction and iodine flow rate
concentric discharge case. for the concentric discharge case.

4. CONCLUDING REMARKS
The discharge research discussed in this work has been one of the key factors towards the gain and laser power
improvements in the ElectricOIL system throughout the systematic development of the ElectricOIL device, and some of
the work provides guidelines for future scaling of the system to even higher output powers. Data show that at >50 Torr a
new concentric discharge configuration looks very promising and reliable. The new concentric discharge, coupled with
a new heatl exchanger using a closed-loop Syltherm XLT coolant system, has provided an 11% enhancement in gain to
0.30% cm™.

Using our BLAZE-IV/V model, simulations of two cases having different discharges were in good agreement with data.
BLAZE is predicting roughly a linear 11% increase in extracted laser power for an 11% increase in zero power gain.
Experiments will be conducted in the near future to experimentally demonstrate this enhancement. Simulations of the
effect of implementing an electrical I, pre-dissociator show the potential to further enhance the gain to as high as 0.52%
cm™ and the laser power to approximately 290 W (a 45% enhancement from the 0% pre-dissociation case) for the
concentric discharge with relatively small changes to the current Cav6 flow conditions. Further extraction
improvements are also anticipated through the use of a larger mode volume resonator, e.g., an increase in the extraction
width in the flow direction from 10 cm to 15 cm. These predictions suggest that the ElectricOIL system can continue to
scale in a super-linear fashion, which is very encouraging from a scaling perspective.

As understanding of the ElectricOIL system continues to improve, the design of the laser is systematically evolving.
Further, the re-addition of an iodine pre-dissociator [Benavides, 2008] is expected to provide significant increases to the
gain and laser power. The gain has improved by 150-fold from the initial demonstration of 0.002% cm™ to 0.30% cm™,
and similarly the outcoupled laser power has improved more than 600-fold from 0.16 W to 109 W.
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