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OXYGEN-IODINE LASERS

e O,(*A) dissociates |, and pumps | which lases on the 2P, - 2P,
electronic transition.

O,(*A) + 1(*P3, ) ©> O,(°%) + 1(*Py), )
1Py, ) > 1(°P3, ) + hv  (1.315pm)
e Conventional COILs obtain O,(*A) from a liquid phase reaction.

e Electrical COILs obtain O,(*A) by exciting O, in discharge.

+ diluent
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TYPICAL CONDITIONS

e Pressures: afew to 10s Torr (Higher is better to provide back
pressure for expansion)

e Mixtures: He/O, , f(O,) = 10’s — 50% (Need He for discharge
stability, tailoring E/N, high thermal conductivity).

e Size: Flow tube 3-10 cm diameter (pump limited?)

e Flow speeds: 10s m/s (plasmaresidence time many ms, flow
times 10s ms)
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e O, iIs unique among
common diatomic
molecules as having low
lying electronic states.

e O,(*A) [0.98 eV] and
O,(*Z) [1.6 eV] are readily
accessible in the Frank-
Condon corridor.

e J. S. Morrill, et al, www.nist.gov
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REACTION MECHANISM
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DESCRIPTION OF GLOBAL_KIN

Global model with a user defined
gas and surface reaction
mechanism.

Boltzmann’s equation solved for
electron distribution (linked to
Ccross section database).

lon transport linked to database.

Electric field obtained from circuit
model or electro-magnetics-power
balance.

Plug flow model includes
enthalpy induced change in flow
speeds.
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nonPDPSIM: 2-DIMENSIONAL PLASMA DYNAMICS

e NONPDPSIM was developed to investigate plasma hydrodynamics at
moderate to high pressures in complex geometries.

2-d rectilinear or cylindrical unstructured mesh
Implicit drift-diffusion for charged

Poisson’s equation with volume and surface charge, and material
conduction.

Circuit model

Electron energy equation coupled with Boltzmann solution for
electron transport coefficients

Optically thick radiation transport with photoionization

Secondary electron emission by impact, thermally enhanced
electric field emission, photoemission

Surface chemistry.
Monte Carlo Simulation for secondary electrons
Navier-Stokes for neutrals with individual diffusion speeds

University of Illinois
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ELECTRICAL AND ELECTRON PARAMETERS

e Thermal conduction and diffusion produces warm electrons
upstream. Electron density peaks near maximum in T, as
attachment distance is short.
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OXYGEN ATOMIC AND MOLECULAR DENSITIES

e O,(1Z) and O densities are maximum near peak power deposition.

e O,(*A) increases downstream as O,(1X) is quenched and transfer
occurs from O(!D). Yield here is 8%.

e O, is depleted by dissociation and gas heating.

20W  ocoooo [0,]3.5x 10" e

2O el [5]3.':'}{1'315Cﬂ'1_3
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e 3 Torr, He/O,=0.7/0.3, 6000 sccm, 20 W
YIE @ 0 0 0 S University of lllinois
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FRACTIONAL POWER DEPOSITION

0.5 . T . T .
\ O,('A) He/0,=50/50 |
S oaf | 5 1 e Significant power can be
8| — channeled into excitation
?g | 1 of O,(*A) and O,(1%).
5 e Optimum conditions are T,
8 orf =1-1.2 eV, E/N = 8-10 Td.
0.0
0 e The challenge is operating
0.5 at those values.
S o4l
*g . e Self sustaining (based on
S 03f attachment) for He/O, =
3 50/50 = 3 eV, 80 Td. Higher
| with diffusion losses.
200 e 1E0/‘N”0”Vm2] University of lllinois
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DISCHARGE PARAMETERS: SELF-SUSTAIN vs OPTIMUM

e Self sustaining based on balance between ionization and
attachment for ground state feedstock gases.

e Optimum conditions based on maximum power dissipated in

O,(*A, 1X) excitation.

e Dilution does not achieve significant improvements.
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TYPICAL PLASMA PROPERTIES: He/O,=50/50, 5 Torr

e Plug flow model with inductively coupled plasma (nearly always
a self-sustaining.)

e Initial high T, to avalanche plasma favors dissociative
attachment and formation of O-.

o Steady state T_= 2.1 eV exceeds optimum to excite O,(*A, 1X).
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e He/O, =50/50, 5 Torr, vy = 10 m/s, 1 W/cm?3
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e O atom production nearly
equals O,(*A).
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o He/02 = 50/50, 5 TOI’I’, VO = 10 m/S, 1 chm3 Opt|ca| and Discharge PhySiCS
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LIFE IS BETTER THAN ADVERTISED: WHAT SAVES YOU?

e Performance of self sustained discharges is better than
advertised with more optimum production of O,(*A).

Dissociation and excitation

of O, results in: OF S0, Z50/50,9 om
aoll  T,=204eV,EN=37Td ]
e Less attachment 4 10 ot T. =106V, EN=B7TQ) ]
e More efficient ionization %‘0'!
e Lower self-sustaining Te % 10°
&1 4
e Higher fractional power L%’w 15&
into O,(*A, X ) provided 510 100
dissociation is not large. s V39 N
; 1\ 10 20 37 50 ;
e For He/O, = 50/50, opt T, =1.0 ) S L . VO A WA WP

g . € 0 5 10 15 20 25

eV. Self sustaining is Electron Energy (€V)

e3.1eV(x=0cm)

e2.0eV(x=9cm) University of Illinois
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PROPOSED SCALING LAW

e A full factorial parameterization of velocity, pressure, power, and
mixture was performed to determine scaling laws for O,(*A) yield.

e A scaling law is proposed giving yield (f) as a function of specific
energy deposition (in eV per inlet O, molecule):

0,('A eV
[0,1+[0,("A)]+0.5[0]+1.5[0O;] O, intet
e Parameter ranges for ideal plug-flow system
e Velocity: 500 — 5000 cm/s _
e Pressure: 1-20 Torr These ranges give
ePower:  0.1-1.5Wi/cc specific energies
e Mixture: 3 -100% O, in He | 0T 0—230eV
e ength: 20cm
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O,(*A) YIELD VS. SPECIFIC ENERGY DEPOSITION

e O,(*A) yield obeys energy
deposition scaling law to 15t order:

0.4 . . .
eV Peak yield
— f ea.yle S
ﬂ (OZ,inletJ 0.3r ° ‘: .. 0. |
© g " | o8 .
e O,(*A) yield increases with energy & M IR A
as inventory integrates. T02r o St e ]
o .:.. 0... d .®
e O,(*A) yield decreases >5-8eVas 1|8 *fe % 3
dissociation depletes ground state o *
and O,(%A). o o ’1
OO 1 ' 1 1
_ 0 5 10 15 20
e Scatter is due to secondary effects Specific Energy Deposition (eV)
(mixture, pressure, power).
d: [OZ(IA)]
[Oz]+[02(IA)]+[02(12)]+0-5[0}1-5[03] University of lllinois
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O,(*A) AND YIELD vs POWER

e Yield scales sub-linearly with power in a parameter space where
energy scaling should be valid.

¢ Increasingly less uniform power deposition and local depletion of
O, is likely the cause.

100w masee 0 i2210%am*ll  “loow | duiel Yield = 30%
—— NS N | S )
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— HBNS VAN $—— S
20W  cococoa 0,28 10%em® | 20 W S Vield = 8.3% |

e Energy scaling says yield=40%

e 3 Torr, He/O,=0.7/0.3, 6000 sccm _ _ —
MNTTFEEEE B F B vax University of Illinois
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NON-SELF SUSTAINED DISCHARGES

e Self sustained systems are 0.6
limited by need to balance
attachment and diffusion
losses by ionization.

0.5

0.4

e This pushes system to larger
T, or E/N.

e Externally sustained system 0.1
provides means to reduce T,
or E/N. to more optimum 0.0 0.2 0.4 0.6 0.8 1.0
reg ime. Fraction O_ in He/O,

e Low-energy deposition yield
(molecules/eV) vs Fraction of
energy from E-beam (5 Torr).

e Example: E-beam sustained
plug flow system.

University of Illinois
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SPIKER-SUSTAINER

Spiker-sustainer circuit
provides in situ “external
lonization”

Short high voltage (power)
pulse is followed by plateau
of lower voltage (power).

Excess ionization in “after-
glow” following spiker allows
sustainer to operate below
self sustaining T, (E/N).

Excess ionization decays
within 0.5-1.5 us, during
which T, is below self
sustaining value.

e He/O, =50/50, 5 Torr

University of Illinois
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SPIKER-SUSTAINER: O, (A, 1¥) PRODUCTION EFFEICIENCY

([0,('MI+O,('5)]) 1 eV

0.5
e Lower T, during sustain pulse
0.4 better matches cross
sections for excitation of
o O,(1A, 12).
0.2 . .
e End result is a higher energy
0.1 efficiency for O,(*A, 1X)
production.
0'Oo 5 10 15 20 25 30

Prepulse Power / Sustain Power

e He/O, = 50/50, 5 Torr University of lllinois
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CONCLUDING REMARKS

e O,(*A) production is largely an energy driven process. Yields scale
as eV/molecule. Low efficiency systems can produce large yields.

e Yield will ultimately either be statistically limited (e.g., super-elastic
relaxation) or limited by depletion of fuel (e.g., dissociation).

e Efficiency of yield is largely determined by lowering T, (E/N) to
better match cross sections for O,(1A, 1X). Negative-glow like
devices might be ideal.

e Secondary effect of T, (E/N) engineering is reducing dissociation
rates (less depletion of fuel).

e External sources and spiker-sustainers are both attractive, though
utmost care must be taken in physical overlap of two regimes.

University of lllinois
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