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Thermodynamic properties of multiply ionized air plasma atoms are computed using hydrogenic approximation
of the electronic partition function for temperatures up to 1,500,000 K, to study the impact of multiple ionization of
air plasma on the inverse Bremsstrahlung absorption of laser radiation. Three formulas of inverse Bremsstrahlung
absorption are investigated, and a general electron—ion inverse Bremsstrahlung formulais derived for multispecies,
multiple ionization absorption. The computed doubleionization absorption coefficients agree reasonably well with
those of literature for 1, 10, and 100 atm. The importance of multiple ionization modeling is demonstrated by
finding that the area under the full ionization absorption curve is twice that of single ionization. The effect of
pressure on fully ionized air plasma absorption is computed for five pressures: 0.01,0.1, 1, 10, and 100 atm.

Nomenclature
ag = first Bohr radius
a,—a; = coefficients for thermodynamic functions
by, b, = thermodynamic function integration constants
c, = molar heat capacity at constant pressure
c = light velocity in vacuum
D, = Debye shielding distance
E = ionization potential
g = Gaunt factor
H = molar enthalpy at temperature for standard state
H, = molar enthalpy at O K for standard state
h = Plank constant
h = Plank constant2z
1 = laserintensity
M = molecular or atomic weight
m, = electron mass
n = nth state of excitation energy
ng, N, = numberdensity of atoms and molecules
ne, n; = number density of electron and ions
D = pressure
0 = partition function
q = proton charge
R = universal gas constant
S = entropy at temperature for standard state
S = Sackur-Tetrode constant
S; = optical path length of the ith ray
T = electron temperature
z = ion charge
o = fine structure constant
AE = lowering of the ionization potential
&0 = permittivity of free space
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K = absorption coefficient

Kp = Boltzmann’s constant

n = real refractive index

w = angular frequency

Subscripts

e = electron

f = formation

H = hydrogen atom

i = ith state

s = species
Introduction

N the 1970s, Kantrowitz' first suggested a new possibility for

dramatic cost reductions in mass launching to Earth orbit with
a ground-based high-power laser. Since then, a propulsion system
supported by a laser-sustainedplasma has been the subject of much
research>~> The main advantage gained by laser propulsion over
chemical propulsion is the low-weight system obtained from de-
coupling the energy source from the vehicle and the high specific
impulse resulting in low fuel consumption. In addition, the propel-
lant temperature reachable during laser propulsion can be several
orders of magnitude higher than the flame temperature of a com-
bustion process.

Several airbreathing laser propulsion concepts have been demon-
strated in the past few years. For example, recent publicationsshow
that a spin-stabilized Myrabo lightcraft reached 71 m in record
height during vertical free flights outdoors whereas a different
parabolic flyer (design) was propelled from the ground of the labo-
ratory to its 8-m-high ceiling.” High-energy CO, lasers were used
in both tests.

Researchersusing computationalplasma aerodynamicshave also
been making progress in the field of laser propulsion. For example,
Molvik et al.® consideredthe interactionbetween a continuous laser
beam and a flowing hydrogen gas using a structured-grid formula-
tion and constantabsorptivity.Jeng and Keefer” conducted a similar
analysis with an expression for the absorption coefficient at a CO,
laser wavelength of 10.6 wm, which considered both electron—ion
and electron-neutral inverse Bremsstrahlung. Conrad et al.'® mod-
eled a continuous optical discharge stabilized by nitrogen gas flows
in a weakly focused laser beam, by use of an absorption coefficient
formula at 10.6 xm ignoring the second ionization of atoms.!” Re-
cently, Wang et al. performed transient performance computations'!
on a Myrabo lightcraft (energized by a pulsed laser beam) using
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Fig. 1 Computational plasma aerodynamics computed electron tem-
perature contours and laser ray traces for a Myrabo lightcraft; contours
scale: 10 us, 7600-109,640, maximum 195,575; 18 us, 8900-129,300,
maximum 137,910; and 100 us, 890-9190, maximum 9780.

an unstructured-grid formulation and the same single ionization
absorption formula used by Conrad et al.'®

In a computational plasma aerodynamics study, using the mod-
eling of a Myrabo lightcraft!! as an example, the focusing of the
laser radiation is solved first, followed by computing the initial air
breakdown and the creation of seed free electrons. When enough
seed electrons are produced, they absorb more photons, which re-
sults in more air breakdown and produces more free electrons. An
avalanche of free electrons soon follows, and a strong shock wave is
generated. These are all solved with transportequations of continu-
ity, energy, momentum, and species continuity, along with physical
models such as finite-rate chemistry, high-temperature thermody-
namics, beam attenuation through absorption, beam refraction, and
nonequilibriumradiation. The computational model then computes
the subsequent traveling of the shock wave through air, the heating
andionizing (such thatthe air plasma becomes capable of absorbing
more laserradiation),and most importantthe thrust of the lightcraft.
Figure 1 shows snapshotsof the computed electron temperaturecon-
tours and laser beam traces at elapsed times of 10, 18, and 100 s
(Ref. 11).Itcan be seen that the laser beam reflects specularly on the
optical surface and focuses onto a focal ring on the shroud, where
the breakdown of air occurs. The temperature contoursin Fig. 1 also
show the growth of the plasma front. The “protrusion” of the plasma
frontat 10 and 18 us indicates that the plasma front (and the shock
wave) is propagatingup the beam, a result of successiveheating and
ionizing of the medium (air) such that the plasma front becomes ca-
pable of absorbing more laser energy and propagates further. At
100 us when the laser is off, the optical breakdown is not being
maintained by the laser irradiation, and the electron temperature
decreases, as well as other plasma properties such as ions, neutrals,
and electron number densities. The shock wave moves out of the
shroud region rapidly, leaving the plasma cloud behind and trailing
in a slow, vortical motion. Figure 1 is an indication of the potential
ability of the computational plasma aerodynamicsin describing the
optical breakdown phenomenon and energy conversion processes
associated with laser propulsion. It also indicates the importance of
a realistic absorption model because the propulsion physics start
with the absorption of laser energy. It goes without saying that
the accuracy of the absorption model affects that of the computed
performance and efficiency.

Other than the constant absorption coefficient used by Molvik
et al.,} all of the variable absorption formulas used by the afore-
mentioned modeling efforts’~!! are of single ionization. Although
applying single ionization formula to a hydrogenplasma’ is reason-
able, there is room for improvement when it is applied to nitrogen

and air plasmas'®'! because the atomic numbers of nitrogen and
oxygen atoms are eight and nine, respectively. Given that a simpli-
fied procedure for computing the effect of multiple ionization was
already reported by Zel’dovich and Raizer'? in the 1960s and a sin-
gleionization formulaformulatedby Raizer and Tybulewicz'? in the
1970s was still being used in the 1990s,'° it is speculated that the
difficulty resides in the scarcity of reliable high-temperature ther-
modynamic properties for the multiply ionized air atoms. For exam-
ple, the standard thermodynamicslibrary of Gordon and McBride'*
carries only singly ionized atoms with maximum applicable tem-
perature up to 20,000 K, whereas the maximum temperature during
optical breakdown was computed to 200,000 K (Ref. 11). To under-
stand the impact of multiply ionized atoms on the absorptionof laser
radiation, reliable high-temperature thermodynamic properties for
the multiply ionized air atoms have to be developed, and that is the
motivation of this study.

Thermophysics Characterization
of Multiply Ionized Air Plasma

Hydrogenic Approximation of the Partition Function

The high-temperature thermodynamic properties of the multiply
ionized atoms can be expressed in terms of partition functions, fol-
lowing those formulated for monatomic gases.'* For example,
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In this study, the energy levels of ionized atoms is characterized
with the method of hydrogenicapproximation.”'* That is, the mul-
tiply ionized atoms are treated as hydrogenlike atoms, represented
by a system consisting of a positive nucleus with a charge Z and a
single electron. The hydrogenlikeelectronicpartition function takes

the form
E; 1
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where the summation is truncated when [E;(1 — 1/n?)] is greater

than [E; — AE]. The lowering of the ionization potential is written
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Thermochemical Equilibrium Systems

where

For convenience, two thermochemical equilibrium systems are
employed in this study. The first system couples the aforementioned
hydrogenic approximation method with an equilibrium computa-
tional procedure solving the Saha equations (see Ref. 15). The Saha
equilibrium relationship combined with the constancy of the ele-
mental ratios and the overall conservation of mass provide equa-
tions that are linear in species composition if the electron compo-
sition is assumed. Electrical neutrality provides an equation that is
used to adjust the electron composition iteratively. This simple pro-
cedure works with atoms and ions, but the equations are nonlinear
if molecular dissociation is included. Therefore, the first system is
used to generate the thermodynamic properties for the multiply ion-
ized atoms for use in the more general second system. It is also used
to provide equilibrium species composition for studying the effect
of pressure on absorption of laser radiation.

This computational procedure originally uses the assigned in-
ternal energy and density as input. The internal energy of a given
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species is a function of the temperature, partition function, energy
of ionization, and reference point energy. This reference is arbi-
trary, but it is chosen to be the energy of formation of the element
from its reference state as defined by Gordon and McBride."* The
result of the computation is a table of thermodynamic properties
for multiply ionized atoms as a function of temperatures and den-
sities. The contributionof the authors to this developmentincluded
adding an assigned temperature and pressure option for this work,
using a correct form for computing the lowering of the ionization
energy and modifying the matrix inversionroutine such that thermo-
dynamic properties can be computed at low temperatures without
resorting to a cutoff temperature procedure. When full ionization
is considered, 16 species, e~, N, N*, N*2, N*3, N*+4 N*>, N*¢, O,
O*, 0%2, 013, 0**, 0*%, 0*°, and O*7, are considered in the first
system.

The thermodynamic properties of the multiply ionized N and O
atoms generatedin the first system are curve fitted into polynomials
and coupled into the second system, where thermodynamic poly-
nomials for the molecules and other ions are collected or generated
from other sources. Therefore, the second system is general and de-
signed for computationalplasma aerodynamicsanalysisusingeither
finite-rate or equilibrium chemistry. In this study, a general mini-
mization of the free energy procedure, similar to that described by
Gordon and McBride,'® is employed to provide equilibrium prop-
erties from the second system. Note that a table lookup method is
equally useful for computational purposes.

In Ref. 11, the initial free electrons for plasma ignition and the
subsequent avalanche of free electrons necessary for the optical
breakdown were generated through the nonequilibrium finite-rate
air breakdown chemistry submodel, where Park’s multitemperature
air chemistry mechanism'” was used. This mechanismis composed
of the dissociation, NO exchange, associative ionization, charge
exchange, electron impact ionization, and radiative recombination
reactions. The 11 air plasma species used in this mechanism define
the (second) thermochemical system for single ionization environ-
ment: N,, O,, NO, NO*, N, N, 0, O+, NJ, Of, and e”. N,, O,
and NO are neutral molecules; N and O are neutral atoms; and NO™,
N*, O*, Nj, and Oj are single ions. To consider multiply ionized
air plasma atoms, up to quadrupleionization, for example, six addi-
tionalions, N*2, O*2, N*3, O3, N** and O**, must be added, and
their thermodynamic properties must be characterized.

Thermodynamic Function Generation

For general computational plasma aerodynamics analysis, the
three thermodynamic functions (polynomials) of heat capacity, en-
thalpy, and entropy as functions of temperature must be generated.
The standard form of Gordon and McBride'* is used:

C,/T=a, T +aT ' +as+aT +asT* +asT* + a; T* (7)

H/RT = —a\ T2 4+ a; T 'uT + az + as(T/2) + as(T*/3)
+ag(T?/4) + a;(T*/5) +b,/T ®)

S/R = —a(T72)2) — a, T~ + az3baT + a,T + as(T?/2)
+ag(T?/3) + a7 (T*/4) + b, )

These coefficients are obtained through a least-square curve-fit
procedure for each temperature interval of a three-temperature in-
terval format, following Gordon and McBride. 14 Unlike Gordon and
McBride, where the three temperature intervals are identical for all
of the species and maximum temperatureis 20,000 K, the three tem-
perature intervals are made different for differentspecies to achieve
the best fit of the generated thermodynamic properties over a much
wider range of temperatures (up to 1,500,000 K). To construct the
enthalpy curve, the heat of formation of multiply ionized ions at
a reference state needs to be estimated. This is accomplished by
writing an ionization reaction, for example, for N*,

N—> Nt +e (10)

Table1 Comparison of thermodynamic data of multiply
ionized air species

Hf_zgg K> kcal/mol Sf_zgg K> cal/(mol 0 K)

Species This work Ref. 18  Thiswork Ref. 18
N 112.9732* 1129732 352349  36.6396
Nt 448.0539  449.8382  35.2349  38.1924
N+2 1,130.5068 e 35.2349 —_—
N+3 2,224.2118 e 35.2349 —_—
N+ 4,010.3091 e 35.2349 —_—
N+3 6,265.7038 e 35.2349 —_—
N+6 18,993.8093 e 35.2349 —_—
N+7 34,371.7729 e 35.2349 —_—
(0} 59.5554*  59.5554  35.6292  38.4938
ot 373.5119 3749503  35.6292  37.0361
ot? 1,183.1479 e 35.6292 —_—
o*3 2,448.8901 e 35.6292 —_—
ot 4,233.6960 e 35.6292 —_—
o3 6,859.7549 e 35.6292 —_—
ote 10,044.0586 e 35.6292 —_—
o7 27,088.9849 e 35.6292 —_—
ot8 47,175.3732 e 35.6292 —_—

*Reference 18.

The heat of reaction of this ionization reaction is the ionization
potential. The heat of formation of N* takes the form

Hf_NJr:Hf_N‘f‘E_Hf_ef (11)

The heat of formations of N and O from Gurvich et al.'® are used
as the basis for computing those for the multiply ionized atoms, as
shownin Table 1. It canbe seen that the computed heat of formations
for singly ionized N* and O are comparableto those published by
Gurvichetal. In addition, the computed entropy of formationsusing
hydrogenic approximation of the partition function for N, O, N*,
and O™ are also comparable to those published by Gurvich et al.

The thermodynamicfunctionsof the restof the air plasmaspecies,
N,, O,, NO, NO™, N7, OF, and e~, are obtained from Gordon
and McBride,'® where the computed data (up to 20,000 K) from
Gurvich et al.'® were curve fitted. The thermodynamic functions for
molecular species Nj, O,, and NO are regenerated up to 50,000 K
by incorporating the specific heat data computed by Jaffe.'

Laser Absorption

In computational plasma aerodynamics modeling!! of the laser
lightcraft flowfield where geometric optics is used to simulate the
local intensity of the laser beam, the laser beam can be split into a
number of individualrays. In the presence of absorption, the local
intensity of each ray follows Beer’s law:

! 1 12
&, el (12)

Through inverse Bremsstrahlung absorption, the rays are atten-
uated by free electrons in their path. The three types of inverse
Bremsstrahlung absorption, depending on what kind of particle
the electron is near when a photon is absorbed, are electron—
ion (free—free), electron—atom, and electron—molecular absorptions.
Accordingto Raizerand Tybulewicz,'® the long-wavelengthinfrared
radiation of a CO, laser at 10.6 um is absorbed mainly by free
electrons when it collide with ions. Hughes?® gives a theoretical
derivation of the electron-ion inverse Bremsstrahlung absorption
coefficient for radiation at frequency w,

Ky, =

1

nn; 22q08[1 — exp(—hw/kpT)1 ([ m, \* 13)
ubelcha’m? 6T

The advantage of Hughes® formula is its flexibility, that is, it

can be used for radiation in any wavelength. In contrast, Raizer

and Tybulewicz'® started with a different formulation from that of

Hughes,? corrected for stimulated emission in the single ionization
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range, assumed iw/kp T < 1, omitted the factor affecting only the
photoionization, and substituted iiw for CO, laser wavelength, to
arrive a formula of electron-ion inverse Bremsstrahlung absorption
coefficient
10.4p?
keo, = ——2t8. (14)
(T/10%2

where
g = 0.556[27(T/10Y% p, 3] (15)

Note the formula (14) does not take the second ionization (or
higher) into account. Also, electron pressure is used in lieu of elec-
tron number density. Both described formulas (13) and (14) con-
sider the electron-ion inverse Bremsstrahlung absorption only. On
the other hand, Mertogul*' computed the absorption coefficient for
hydrogen plasmas using all three types of inverse Bremsstrahlung.
The formula used for the computation of electron-ion inverse
Bremsstrahlung absorption coefficient is that given by Stallcop,?

Ko = 1.1,(256/3)(1/3) n*ead(Ey [h)* (Ey /5 T)

x {1 — exp[—(hw/ksT)]}g (16)

in which the free—free Gaunt factor was curve fitted from reported
data of Karzas and Latter®® at a wavelength of 10.6 pm.

The expression used for the electron-atom inverse
Bremsstrahlung absorption coefficient in the infrared limit is that
given by Stallcop,**

Ko = nnaicpT (215 x 107°)(Ey /hw)?[ exp(—4.862k;
x (1 —0.2096k; +0.017k2 —0.00968%3 ) ) /kr | (17)
and
1
kr = (kpT/Ep)? (18)

The expression used for the electron-molecule inverse
Bremsstrahlung absorption coefficient is that given by Caledonia
et al.” from the work of Dalgarno and Lane,?

Ky = 1o,y (.51 x 107 (D/T{1 — exp[—(hw/ksT)1) (19)

where D is a complicated power series represented as a function of
hw/kpT and was given by Mertogul in the Appendix of Ref. 21.

Fora CO, laser wavelengthof 10.6 ;um, this expressionof electron—
moleculeinverse Bremsstrahlungabsorptioncoefficientis only valid
for temperaturesless than4321.5K. In addition, Mertogul’s formula
was derived for hydrogen plasma, a deviation from our interest in
airbreathing laser propulsion. Nevertheless, Mertogul’s formula is
included in this study to compare the relative importance of these
three types of inverse Bremsstrahlung absorption.

Results and Discussion

Thermodynamics for Multiply Ionized Air Plasma

Figure 2 shows the computed entropies and heat capacities for N,
N+, N*+2, N+, N*4, N+, and N*°, whereas Fig. 3 shows those for O,
0+,072,0%3, 0%, 0", 0%, and O’ at 1 atm. The entropy curves
are S shaped, whereas the heat capacity curves are bell shaped.
The location of the action, that is, the value of the thermodynamic
propertiesthatchangethe most, is a functionof the heat of formation.
The peak value of the heat capacity increases with temperature as
the number of stripped electrons increases. Note that the peak heat
capacities are determined by the lowering of ionization potentials;
a constant peak value near 85.45 is obtained for all of the multiply
ionized atomsif the lowering of the ionizationpotentialis set to zero.

Effect of Multiply Ionized Air Plasma Absorption
of Laser Radiation at 1 Atmosphere

Thermodynamic functions generated from the properties shown
in Figs. 2 and 3 are inputs to the general thermochemical system
where equilibrium composition is computed to study the effect of
multiply ionized air plasma absorption of laser radiation by use
of a minimization of free energy procedure. Figure 4 shows the
air plasma equilibrium composition at 1 atm, considering single
ionizationonly. As temperatureincreases, the parent molecules (N,
and O,) disappear, and intermediate molecule (NO) and neutral
atoms (N and O) emerge. Then they disappear, whereas electron e~
and ions N and O emerge; eventually, only the electron and ions
are left in the system. The mole fractions of all three species level
off at about 32,000 K. The final electron mole fraction of 0.5 is the
resultof single ionization. Note that the concentrationsof NO™, N7,
and O are negligible.

Figure 5 shows a comparison of computed air absorption coeffi-
cients for CO, laserradiationusing the informationfrom Fig. 4. The
computed absorption coefficients are extremely low at low temper-
atures and rise sharply with increasing temperature around 8000 K.
Also plotted in Fig. 5 are points from Fig. 6.18 of Raizer and
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Fig. 2 Entropies and heat capacities for multiply ionized nitrogen atoms at 1 atm.
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mization of free energy at 1 atm.

Tybulewicz'® while allowing for (partial) double ionization. Pre-
computations have shown that the curves from all three formulas
are very similar qualitatively. They peak at about the same temper-
ature of 17,000 K, except the peak values are different because of
the obvious difference in their basic formulations. Note that same
Gaunt factor is used for both the Hughes?® formula and the Raizer
and Tybulewicz'® formula. The peak value of the Hughes?® formula
is always the highest, followed by that of Raizer and Tybulewicz,'?
whereas that of Mertogul?' is the lowest. The peak value is a direct
result of single ionization, and it is a function of electron pressure
(number density), which in turn is a function of the thermodynam-
ics. For convenience, we have elected to modify the Gaunt factor
such that the peak value of single ionization of the Hughes*” for-
mula matches that of the peak value of points read from Fig. 6.18
of Raizer and Tybulewicz."> The common characteristicof the three
computed curvesis that they drop monotonicallyfrom the maximum
as the system completes the single ionization, eventually approach-
ing zero beyond 100,000 K. None of them exhibitsarise at 25,000 K
as indicated by the (partial) second ionization curve of Raizer and
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Fig. 5 Comparison of air absorption coefficients at 1 atm.

Tybulewicz,'? which indicates an underestimation of the absorption
(or energy conversion) with a single ionization system if the second
rise due to double ionization can be reproduced.

Figure 6 shows a comparison of the electron—ion, electron—atom,
and electron—molecule inverse Bremsstrahlung absorption coeffi-
cients using the Mertogul?' formula. The electron-ion absorption
is apparently the dominant mechanism, whereas both electron—
atom and electron—molecule mechanisms appear negligible. Re-
member that (from Fig. 4) the molecules disappeararound 10,000K,
whereas neutral atoms emerge around 2000 K and disappear around
30,000 K. Therefore, the free—free inverse Bremsstrahlung absorp-
tion is indeed the dominant absorption process among the three,
as noted by Raizer and Tybulewicz.!* Because of its flexibility,
the electron—ion inverse Bremsstrahlung Hughes*® formula is used
exclusively for the following parametric studies and rewritten for
multispecies, multiply ionization as

n( Y, Z2n)q%8[1 — exp(—ho/icsT)] ( o )f
= (20)
6T

Kw
ubeichw’m?
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with a modified Gaunt factor
el
g = 0.636[27(T/103 p, 7] 1)

To provide the number densities of electron and multiply ionized
atoms for the absorption computation, a series of equilibrium com-
putations were performed up to full ionization. The simpler first
thermochemical system containing only atoms and ions was cho-
sen, and the equilibrium state was achieved by solving the Saha
equations. Figure 7 shows the computed electron mole fractions.
The electron mole fractions increase from 0.5 for single ionization
t0 0.67,0.75, 0.8, 0.83, 0.86, and 0.88 for double, triple, quadruple,
quintuple, sextuple, and full ionizations, respectively. The sextuple
and full ionization are not invoked until about 400,000 K. Figure 8
shows the computed electron number densities. At high tempera-
tures, the electronnumber densitiesincrease as the degree of ioniza-
tionincreases,but the increase becomes marginal beyond quadruple
ionization. Figure 9 shows the computed air absorption coefficient
until full ionization. This time, there is an apparent second peak
caused by the electrons produced with second ionization. The rise
part of the second peak matches reasonably well with that of Raizer
and Tybulewicz.!* As the system completes the second ionization,
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Fig. 8 Electron number densities using Saha equilibrium up to full
ionization at 1 atm.
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Fig. 9 Air absorption coefficients using Saha equilibrium up to full
ionization at 1 atm.

the absorptioncurve againrises due to the electrons produced by the
triple ionization, although there is no apparent third peak, and so on.
Again, the amount of increase decreases with the increased degree
of ionization. Again it is estimated that the increase of absorption
coefficient becomes marginal beyond quadruple ionization. Note
that the area under the quadruple (or full) ionization curve is about
twice that of the single ionization. Figure 10 shows the computed
equilibrium air plasma species composition during full ionization.
Multiple peaks of multiply ionized N and O atoms appear as tem-
perature increases, whereas the electron mole fraction appears to
level off beyond quadruple ionization and does not rise again until
sextuple ionization (or 300,000 K).

As discussed earlier, the improvement in the computed air
plasma absorption coefficient becomes marginal beyond quadruple
ionization. This is important for computational plasma aerodynam-
icsanalysisbecausethe computationalcostis approximatelypropor-
tional to the square of the number of species considered. Figure 11
shows the quadruply ionized air plasma equilibrium composition,
using the second thermochemical system and minimization of free
energy for achieving the equilibrium state. The multiple peaks of
species N, N*2, N*3, O+, O*2, and O* caused by single, double,
and tripleionizationsare very similar to those of Fig. 10. The plateau
value of the electron mole fraction also approximatesthat of Fig. 10
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Fig. 11 Quadruply ionized air plasma equilibrium composition using
minimization of free energy at 1 atm.

for quadrupleionization. The information from Fig. 11 is then used
to compute the absorptioncoefficientas shownin Fig. 12. The curves
of single, double, triple, and quadruple ionizations match very well
with those shown in Fig. 9, which demonstrates that the quadru-
ple ionization effect can be reproduced in computational plasma
dynamics analysis using curve-fitted thermodynamic functions.

Effect of Pressure on Multiply Ionized Air Plasma Absorption of Laser
Radiation

During optical breakdown of air at sea level, the pressure rises,
as indicated in Ref. 11. This pressure rise increases the absorption
coefficient. On the other hand, the ambient pressure decreases as al-
titude increases. That pressure attenuation decreases the absorption
coefficient. Therefore, the effect of pressure needs to be addressed.
This is accomplished by performing a series of assigned temper-
ature and pressure computations, by the use of the Saha equation
for achieving the equilibrium state with the first thermochemical
system, assuming full ionization. Figure 13 shows the computed
electron number densities at these three pressures. The peak elec-
tron number density at 100 atm is about an order of magnitude
higher than that of the 10 atm. In turn, the peak electron number
density at 10 atm is about an order of magnitude higher than that at
1 atm. The computed electron number density exceeds the critical
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Fig. 12 Air absorption coefficients using minimization of free energy
equilibrium up to quadruple ionization at 1 atm.
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Fig. 13 Comparison of electron number densities using Saha equilib-
rium and full ionization.

value at 100 atm for temperaturesranging from 20,000 to 45,000 K.
Plasma resonance occurs when the critical electron number density
isreached. A critical electron density above which the laser beam is
totally reflected can be obtained by equating the angular frequency
of the incident laser with that of the plasma.!!

Figure 14 shows the computedair absorptioncoefficientsat 1, 10,
and 100 atm. Note that the absorption coefficient is divided by the
square of pressure. The computed curves agree reasonably well with
those of Raizer and Tybulewicz'? and essentially expand their par-
tial double ionization curve to full ionization. The computed double
ionization peak occurs at about 30,000, 35,000, and 40,000 K for 1,
10, and 100 atm, respectively. The curves flatten out as the pressure
increases. Figure 15 shows the computed full ionization air absorp-
tion coefficients at 0.01, 0.1, 1, 10, and 100 atm. The second peak
due to double ionization occurs at around 23,000 and 27,000 K, for
pressures of 0.01 and 0.1 atm, respectively. The absorption coeffi-
cient increases about two orders of magnitude each time as it goes
from 1 to 10 atm and from 10 to 100 atm, respectively. It reduces
abouttwo orders of magnitudeeach time asitdropsfrom 1 to 0.1 atm
and from 0.1 to 0.01 atm, respectively.
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Conclusions

A thermophysics characterization of inverse Bremsstrahlung ab-
sorption of laser radiation is performed. High-temperature thermo-
chemical properties of multiple ionized air plasma species are gen-
erated using hydrogenic approximation of the electronic partition
function. Three formulas for absorption are studied, and a general
formula is derived for multispecies, multiple ionization absorption
computation. A series of thermal equilibrium computations are per-
formed to show the effect of multiple ionizationon the free electron
concentrationand on the inverse Bremsstrahlung absorption coeffi-
cient. The computed second ionization absorptioncoefficientagrees
reasonably well with that of literature. The area under the quadru-
ple (or full) ionization curve of absorption is about twice that of
the single ionization, which demonstrates the importance of mul-
tiple ionization on the modeling of energy conversion processes.
The effect of pressure on the air plasma absorption coefficient is
presented. The result of this study can be applied directly to the
computational plasma aerodynamics modeling of laser propulsion
physics.
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