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\ SUMMARY

‘S In a laser triggered spark gap (or spark column) breakdown is
initiated by a laser which creates a narrow_preionized column between the
electrodes., This small plasma column, of diametexr = 50 um, expands to an
arc with a diameter of 0.5-1.0 mm on a time scale of 100 ns, and is capable
of carrying a current in excess of 10 kA. During the expansion phase, the
resistance of the plasma column decreases from many kilo-ohms to as little
as a few tenths of an ohm. For many applications, the duration of the
current pulse through the spark gap is only 100-200 ns and therefore is
commensurate with the time required for the plasma column to expand.
Therefore during the time of interest, the spark column changes from being
a dominant resistive loss to being a lossless circuit element in comparison
to the load. In order to optimize the performance, and minimize the
losses, of laser triggered spark gaps operating under these conditions, it
is desireable to hae a detailed understanding of the physics of the
expansion phase of the spark. This report summarizes the fi.st phase of
development of a irodel to achieve that goal. We discuss a model which,
from first principles, describes the growth of the arc in a laser triggered
spark gap in a gas mixture of a noble gas and a diatomic molecule , (- - - ~————
(eqg.: Ar/ﬂz). The model makes no assumptions as to therma2l equilibrium of
the plasma column. Heavy particle hydrodynamics, electron kinetics,
radiation transport, and an external circuit are included in the analysis.
Skin depth affects for the penetration of the applied electric field int»
the plasma are also included. Results from the model are discussed. tUe
find that the expansion of the spark column is primarily by convection from -
the hot ionized core. An ionized channel of low mass density is corfined
within a high mass density compression (or shock) wave. The convective
expansion of the core is augmented by thermal- and photo-ionization of the
neutral gas at the interior of the high mass density shell. Based on the
results of the model, and a thermodynamic analysis, a simple thermodynamic
model for a laser tziggelxed spark gap is presented.
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SECTION I

INTRODUCTION

Spark gaps are traditionally triggered by overvoltage or by internmal
auxiliary electrodes. The use of lasers as trigger sourras for spark gaps
has significant advantages over these methods(x' ~1.9) Laser triggering of
spark gaps has been demonstrated as a method whereby jitter can be ‘
minimized. l"dr applications where many spark gaps must be triggered
simultaneously, las>r triggering provides a method whereby this can be
accomplished. :

In laser triggered spark gaps, a laser is used to initiate the
electron aralanche and breakdown of the gas. A laser with sufficient
intensity to ionize the gas is focused between the electrodes of the
.device. (See Fig. I-1) Although the potential across the spark gap may be
insufficient to cause self breakdown, once a plasma column is initiated by
the laser, the voltage is sufficient to sustain and expand the column. The
duration, location and intensity of the laser can be carefully controlled,
and therefore go can the time of breakdown of the spark gap.

Although many sgstematic studies of laser triggered spark ?aps have
been performed‘I:171:?) ana some modeling has been donel T4 1-10) ", £irae
principles model of a laser triggered spark column has not been presented.

- A first principles model would treat all the basic phenomenon without
uiaking any apriori assumptions as to the thermodynamic ntate of the gas,
and would include hydrodynamics, electron and heavy particle kinetics,
radiation trangport and an e_xternai circuit. Development of such a model
is described in this report. we have attempted to fully describe all the
pertinent physics in the plasma column without prejudice to a particular
preconceived notion of the dominant processes. Although this method is not

- the most computationally expedient technique, it is the most revealing.

Reference is made in this report to experimental measurements. These
meagsurements were made under contract to the Naval Surface Weapons Center
{Contract N60921-83-C-A057) concurrent to the development of this model.

We acknowledge the support and advica of NSWC in the experimental program.

The model is described in detail in Sec. II. Simulated spark column
characteristics are discussed in Sec. III. (We use tho phrases “"spark gap"
and "spark column” synonymously.) The rates of arc formation and expansion
are discussed in Sec. IV. The simulation of interferograms from resuits of
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the model, to compare witl: saperimental data, is discussed in Sec. V.
Based on the results of the experimental and theoretical studies, a simple
thermodynamic model for a laser triggered spark gap is described in

Sec. VI.
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" SECTION II

DESCRI™TION OF THE MODEL

The model explicitly treats a spark column with an initial gas
aixture of aryon and molecular hydrogen. The energy levels included in the
wodel, discussed below, were chosen accordingly for these species. Sparks
in other gas mixtures though, can be approximated by scaling the ensargy
levels and atomic masses used in the model from those of argon and hydrogen
to those of the desired species. To approximate a diatomic molecule other
than hydrogen, the mass of the desired molecule (and atomic constituient)
is used in place of that of hydrogen where-ever mass appears in the model.
The energy levels of molecular hydrogen, and their excitation rates, remain
unchanged. The energy levels of the atomic constituient are scaled in the
same fashion as that for substituting a different rare gas for argon.

To approximate a rare gas other than argon, the same mass
substitution as described above is used. The appropriste electron momentum
transfer cross section, thermal conductivity, and iocnization potentials for
the new gas are also used. The energy levels appearing in the code,
selected for argon, are scaled in the following manner. The threshold
onérqy of the first excited state is revised to that of the new rare gas.
The jonization potential of the first excited state is then used as the
scaling parameter. The separation in energy between adjacent levels is
increased o decreased in the ratio of the ionization potential of the
first excited state for the desired rare gas as compared to that of argon.
The revised values of the energy levels are used in the calculation of
excitation rates as required,

II.A. Heavy Particle Collisions

The importance of heavy partical collisions which result in the
change. in the level ol excitation of one of the collision partners is
particularly important with respect to expansion of the arc., The arc can
expand by only one of three mechanisms. A partially ionized fluid element
can convect from an inner radial point to an outer radial point, electrons
can diffuse from an inner radial point to an outer radial point, or local
sources can provide the seed electrone required for avalanching and
subsequent rapid ionization of the gas. Two major local sources exist for
these seed electrons; photoionization and thermal ionization.

1121
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As the gas temperature is raised in the cozre of the plasma column,
the increase in thermodynamic pressure provides the driving fo.ce for an
expansion wave to propayate radially outwards. At the ocuter limit of the
expansion wave is a shock or compression wave., The compression wave is a
thin region of gas with a mass density thar is large as compared to the
quiescent gas beyond the shock. To a good approximation, this gas
undergoes an adiabatic compression and therufore has ar associated increase
in gas temperature. FPor a Ap/po (ie.: change in mass density divided by
the initial gas density) in the compression wave larger than 3, the gas

temperature is increased to a value in excess of 1000 K. At these

temperatures thermal ionization of the gas (as opposed to direct electron
impact ionization) is no longer a process that can be ignored. Although
the rate of thermal ionization is many orders of magnitude less than that
by electron impact ionization, its importance is manifested by the fact
that in the absence of free electrons (and ignoring for the moment
photoionization), thermal ionization is the only local source of electrons
in this region. Once local free electrons are generated by thermal
ionization, and in the presence of a sufficiently large applied electric
field, the more rapid rate of electron impact ionization dominates that of _
the thermal ionization and initiates a local electron avalanche. The non-
corivective expansion of the plasma column progresses radially outward as
the electron density of the newly avalariched region approaches that of the
core of the plasma. The electron avalanche alsc serves to rapidly heat the
heavy particles, thereby raising the local thermodymmic pressure and
perpetuating the convecting expansion wave.

Concurrent to thermal ionization in the adiabatically compressed
shock, thermal dissociation and vibrational excitation also occur.
Locally, thermal dissociation and vibrational excitation are not important
in directly providing an impetus for the electron avalanche to occur. The
inportance of thermal dissociation is manifested indirectly by chances in
electron transport properties that may occur as a result of the relative
change in atomic and molecular densities. Por example, electron impact
excitation of vibrational modes of the molecular species is one of the more
efficient processes by which electrons lose energy and hence by which the
electron temperature is constrained to a relatively low value. If in the
adiabatically heatel region a large fraction of the molecular cpecies is
thermally dissociated, the rate at which electrons lose energy as a result
of vibrational excitation will be reduced., This reduction enzbles a higher
average electron temperaturs, a larger rate of electron impact ionization,
and therefore a more rapid avalanche of the gas. AaAnalogously, the
importance to the avalanche process of thermal vibrational excitation of
the molecular species is not direct; rather it is an indirect effect

I1-2
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manifested by changes in the rate of electron impact ioniwution. The
ionization potential of a vibrationally excited species is smaller than
that of the ground state molecule by a value equal to that of the
vibraticnal excitation energy. For a given electron temperature, the rate

. of ionization of the vibrationally excited molecule is therefore larger

than that of the gruund state molecule. A large fraction of molecules’
vibrationally excited by thermal collisions can accelerate the avalanche
process by providing a reservoir of molecules with a lower ionization
potertial than that of the ground state molecules. Although not direct
contributers to the avalanche process, thermal dissociation and excitation
of the molecular species can indirectly be responsible for a rapid rate of
electron avalanche by the influence the products of these processes have on
the rate of electron impact ionization.

The rate of thermal disbociation of molecular species in the

'adiabaticany heated gas was obtained from the literatute and ig given in

Table II-2. The rate of thermal ionization was approximated as being gas
kinetic with an Arrenhius factor exp( —zi/k'r ), where qi is the ionization

.potential of the heavy particle and 'rg is tge local gu temperature.

|

_ Photoionization, in analogy to thermal ionization, is not, on an
absolute scale, an important source of ionization. 'rhle importance of
photoionizaticn is that it provides a Jocal source of iionization in the
neutral gas exterior to the plasma column. As discussed above, local
sources of ionization, independent of local electron . llision processes,
are necessary to provide the se2d electrons required r an electron
avalanche. An electron avalanche initiated by local siburces of ionization
in orce neutral gas is the only non-convective mechanism by which the arc
may increase its radius, and is the only mechanism by which new mass can be
entrained into the ‘xpanding core.

I1.B. Photoionization and Radiation Transport

The radiation which produces photoionized seed electrons in the
region exterior to the arc originates in the plasma within the arc. The
flux of radiation at location r of frequency v, 0(; ,¥), resulting from
volumetric sources of radiation at location ; ', S( ;:‘ ',v), is given by

I1-3




 Saardl "t

- Y
exp[-f_:"ai(?' ',y)dli" e l]

b Y
KT, v) = |S(T'.v) ar (11-1)

-a 2
amiT %)

where a(; **',¥) is the photon absorption coefficient for frequeucy v at
location r''. The integral in Eq. II-1 (called the photon tramsport
integral) has, in general, no analytic solution if either the source
function or absorption coefficient are complex functions of radius. Por
our conditions, S(r.,v) and a(r,v) axe not functions of a single variable
(eg.: temperature) but rather represent the sum of many processes which
depend on the electron density and temperature, and the density of a large
number of excited states. The integral in Eq. II-1 must therefore be
performed numerically for an "exact™ solution. Por conditions where either
S(T,v) or a( L ,v) change rapidly for the time scale of interest, repeated
numerical evaluation of Eq. Ii-l1l is costly and approximate solutions to

Eq. II-1 must be used. Approximate solutions can be obtained provided that
S(; V) and a( T , V) are constant over some finite region, or the integral in
the exponent in Eq. II-1 is neglibly small. Both of these criteria hold to
some extent for our conditions and are exploited to obtain approximate
solutions. '

To a good approximation, photons generated within the plasma column
can be classified as being optically thick or optically thin. Optically
thick photons are those photons that have a high probability of being
absorbed over the path lengths of interest. Por our conditions, these are
photons of sufficiently high energy that they are capable of ionizing
ground state species. Optically thin photons are those photons having a
low probability of being absorbed over the path lengths of interest. Por
our conditions, these are photons of low enough energy that they are
incapable of ionizing ground state species, but are capable of ionizing
excited states. These two photon groups naturally arise from the form of
the photoionization cross section and the energy separation of excited
states.

l;or hriregenic levels, the photiocnization cross section scales as
(emvy’,CI-1) Grere € is the ionization potential of the level and hv is
the photon energy. Therefore photons with energy far in excess of
threshold have a small photoionization cross section for that level.
Recall that for hydrogen and most noble gases, the ratio of the ionization
potential for the ground state as compared to the first excited state is
about 3 to 5. Therefore photons which efficiently ionizxe the ground state
do not have a large cross section for ionizing even the firast excited
state. Photons that are near threshold for ionizing excited states, and

II-4
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therefore have a large cross section for doing so, are not energetic erough
to icnize ground states. By grouping photons into energy groups which
satisfy the optically thin and optically thick criteria described above,
two different approximate solutions of Eq. II-1 can be applied.

Por optically thin photons, the exponential function in Bq II-1 can
be ignored and the integral reduces to
3
_ 5,(T*) a r
o (1) = -3 {11-2]
anix'-xl

where Ok(; ) is the photon flux at location r for optically thin photons
grouped into an enerqgy range denoted by k. We used cylindrical coordinates,
assumed azimuthal symmetry, approximated that the axial dimension is laxge
compared with the radial dimension and that the photon sources were
constant over in a cylinder of thickness Ar and radius r. With these

conditions,

R] . ‘ ' | '
f[;;] ri<R‘
O (R) = LS, [x,] 8z, r r ’ (rr-3)
; [Eel] = |

where the summation in Eq. 1II~3 is over cylindrical shells. The function
£(L) is '

£(1L) = %‘rﬂ - d¢ el : —_
° v[l + 2 - 2!.cos¢]

For optically thick photons, we approximate that a(r,v) is constant over
t! e path between the point of emission and the point of observation. Por
the same geometry a3 the optically thin case, we define the parameters

a =t j./R, bi'At j./R, and c=z/R. The integral in Eq. II-1 reduces to

P

exp[ﬁk[-l + Zaicose + a: wz]]

, 2
[1+ Zaicosa + ai 4+ cC ]

b

O (R) = g}: CHCVER N a6 ac (II-5)

i

= %Ii: Sk (21)25P39(2;-58)

5

o

wheres the average absorption coefficient of the path length of interest is

II-5%
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The upper limit of integration for the axial direction is chosen such that
(4/R)8 » 1. The integral in Eq. 1I-5 was performed numerically and
parameterized as function of a, and A. The results werc compiled into a
lookup table (function g in Eq. II-5) for use during execution of 't:he

program.

For our plasmas of interest, the absorption coefficient is the sum of
two dominant termd. The first, and of lesser importance in the partially
ionized phase, is inverse bremsstrahlung or free—free absorption. The
aborption coeffiecient for photons of frequency v in a plasma with
temperature T is

{ nNZe6

Tppl¥) = 3/2 7 9¢¢ [1 “"p[:khrl]] Ol (1r-7]

where the factor Iee ~- 3], Ni is the density of ion i. and zi. is the
ionization state of ion i. ‘fhe second and dominant absorption wechanism
during the partially ionized phase is bound-free electron tranritions, or
photoionization. Por hydrogenic states, the photoionization absorption
coefficient for frequency v is approxmately '

(] < hy
a(v)= L 7.9x 107t N, [—hlvi 13 f11-8)
1,5 3 1 13 > v

where Ni is the density of species i excited to level j and ei 3 is the
ionization potent.ial for that state. In practive, photons were grouped
into energy bins with widths of a few electron wvolts, When doing so the

- absorption coefficient for a particular energy bin was the average value of

of Eq.8 II-7 and II-8 for the range of energy of intarest. When the plasma
becomes fully ionized, and at longer wavelengths. inverse brel_mstrahlung
becomes the more important absorption mechanism.

I.C. Radiation Source Terms
Although line radiation is included a3 an energy loss mechanism

(ie.: spontaneocus emission), radiation transport in calculated only for the
continuum component of the spectrum. The radiation source function S(i" V)

I1-6
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( photons/cma-s) for this continuum componen’ results from free-bound
radiative recombination and hrems3trahlung. The former source is the more
important source at lower electron temperatures and densities. The latter
is the more important source at higher electron temperatures and
"densities. Assuming hydrogenic levels, the source function for free bound
radiation resulting from recombination of electrons with temperature Te
recombining into a level with ionization potentional eo and emitting
. radiation with energy between ek and €141 is ¢

A

) m, [elu-l oj]

f ;= L nnNam) f sxp(-fx) 2x (11-9)
Gk > €°j 2 ¢ [-—5 + x],
[ oj] 4

where the summation is over all atomic and molecula.r states in the plasma
which satisfy the energy criteria e > € - m e/(2e Yo 2and 8 =
m/(2KT,). N’ is the density of atoms in ?:he next higher ionization state
than the level to which recombination is occuring and A('r ) is a
normalization constant to insure that the sum of photon sources equals the
rate of radiative recombination.

L s =L nnr | : {(II-10]
x 7 L MeMitiy

The source function for free-free (bremstrahllung) radiation
resulting irom electrons with temperature '1'e colliding with ions of charge
state 2 a:;dzd)ensity Nf and emitting radiation with energy between ek and

€x41 1a¢
}: n u (2,7, €., ] {rr-11]
- :[z 're ek'€k+.1;] - ftr-1z]
20 21 - €0, [2.8,6.¢
(mr) 373 ["'e] 'I‘k ££ (% € 6 Sl
[3
Rale A
Oge (21860 6p1y) - | (rr-23
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8 2nzze2 ez mc2 mln[£,€k+1] 1 . [[EI/Z _ (E—u)llzl
3 hc 2 [ Ie u " u

k

B
1/2 1- exp[— "1‘/_21
R - £ au
1/2 B
(€-u) 1- exp[-—-—-—;;;]
(

xX-u)

4 2z 2
n Ze
B = , 12
%]

m

e
In Eqs. II-11 to II-14, r(z,'re,ek, €k+1) is the rate constant for the
process by Maxwellian electrons with temperature ‘1‘e and aﬁ(z,e,ek, €k+1)
is the analogous cross section for a single electron having energy £.

Eq. II-12 is the averaging of the cross gection for energy £ over the
Maxwellian electron distribution function.

(II-14)

II.D. Hydrodynamic and Thermodynamic Equations

In this section, we will describe the hydrodynamic and thermodynamic
equations used to model the plasma column. These equations treat the
plasma as a single fluid but with two temperatures. The nearly fully
ionized core in the center of the arc is close to being in thermal
equilibrium and a single temperature might suffice. Exterior to the core,
the electrons and heavy particles are not in themmal equilibrium and
therefore two temperatures are required, the electron temperature and the
heavy particle, or gac, temperature. Conceptually, each temperature is
associated with a given mass fraction. 1In similar situations, cae would
require two fluids to accurately describe the pertinent hydrodynamics,
electrons and heavy particles. For our conditions, though, the two
particles are sufficiently well coupled that a single fluid convective
velocity suffices. This fact results from the high ion density, low rate
of diffusion, and high heavy particle collision frequency.

For our conditions, the ion density is sufficiently high that
electron transport is accurately described by the ambipolar approximation.
Using this approximation (see below for details), the diffusive motion of
electrons is constrained to that of the ions, the rate of which is
increased as a resuit. The region of charge separation, though, is small
compared to our spatial resolution. Therefore the density of electrons and
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' - ions are locally equal. The low rate of diffusion for all particles, as
- ' . compared to the convective motion, insures that the ions convect at the

! same velocity as other heavy particles. The high collision frequency
between heavy particles insures that all heavy partxs.les can be described
with a single temperature.

S ' In the amdbipolar diffusion approximation, the radial electric field

~ )
; can be written as
AN ) ] VPe -
- o E, = en, : . (11-15]

where Pe is the thermodynamic electron pressure and n o is the electron
density. The force of this electric field acts only on the ions. However,
due to the high collision frequency between heavy particles, the mowentum
acquired by the ions is distxibuted among both ions and neutrals in a
nearly uniform fashion. The contributior &f the rac’al electric field to
* momentum equation is therefore weighted b;' the mass fraction of ions

- ‘ied by their charge state.

With a single fluid, albiet with multiple tewperatures, there is no
relative motion between species. The convective velocity, though, is

'\. sufficiently large that :he linear dimension of the regicn of intevest may
. : change by more than an order of magnitude during the discharge pulse while
o - the entrained mass changes by a significantly smaller value. Under these
) conditions, a Lagrangian formulation c¢f the transport equations is
PP appropriate. Using this formulation, the fluid mass within each

e

S computational cell remains constant while the cell boundaries move with the
cqnvective velocity. In this manner, the density of mesh points tends to
increase in regions of compression where gradients are likely to be large.

) The fluid continuity and momentum conservation aquations used in the
R model are

- _p 3 o _
dt T ar(m) o _ (II-16]
! Fias
PO i \ a E zip ] a
: ' du 1 i 1 B 1
T pa —-—-—-—Ep we+wl~-57—a (rB) (11-17]
i
. In Eq. II-17, the aum is over heavy speciu and zi is the charge state of
: spec;les i. The last term in Eq. IX-17 is due to the effect of self
N generated electromagnetic fields and is the source of the compressive force
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in "pinch" plasmas. For our collisionally dominated conditions, this
effect is not important.

Separate energy equations were written for the electrons and the
heavy particles. Energy is coupled into the plasma through the
acceleration of electron by the applied electric field, Heavy particles
are heated by collisions with electrons. The energy equations are coupled
to the momentum equation through the pressure gradient.

The eléctron energy conservation equation is

d[—n.kT ]
2e e
= (1I-18]
aT
13, za[ ' e] 2
- perar‘ru) rdr “ea: +J /0

' €. . '
3 - 2m - - S | '
2"~ (Te Tg])-;: Ny [ni]"i izj €i5"% | Ny "je"p[ k-re”'ij

(3 T 2.4c (3 r]
L n N ri [2%Te * ‘i] +L n Nir  [3KTe + €y
i i,3 :
z+ r [3 ] 2 1/2
;25 neNi rij[sze E xneziNiTe
[

+ E I O(V)ai(v)[hv - ei -nge] dv.

The single subscript Mi refers to a particular state of a given species and
the double subscript ri. for a rate constant or energy refers to
transitions or enerqgy differences between species i and j. In Eq. II-18, Pe
is the partial pressure of the electron gas, xe is the electron thermal
conductivity, J is the curxent density, 0 is the electrical conductivity,
ei is the energy separation between species i and j, and e: is the
ionization potential of species i. The rate constant for excitation of Ni
to N, is r_ ., the rate constart for ionization of Ni is r?, the rate

qong ant for collisional radiative recombination of ion Ni to form species
Niz i)+ is r: and the analogous rate constant for raﬂ%?tive recombination
is T vi is the electron collision frecuency, and oi(v) is
photoionization cross section of species i for frequency v.

The term3 in Eq. II-18 are for heating of the electrons by adiabatic
compression of the electron component of the fluid, thermal conduction,

II-10
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joule heating, thermalization of electrons with the heavy particles,
inelastic and superelastic excitation collisions with heavy particles, -
ionization collisons with heavy particles, electron heating due to
collisional radiative recombination, energy loss due to radiative
recombination, energy loss Qu& to bfemsstrahlung radiation, and energy
inputs to the distribution resulting from ghoto;o;nzag;on. In the temm for
bremsstrahlung loss the constant % = 10 ev -clm /8 which is small
compared to joule heating. The thermal conduction term serves to smooth
the electron temperature distribution as a function of radius, howeve.
because electron transport is dominated by collisions with heavy particles,
this term is not a dominant contributor to the total.

Recombination heating is the transfer of thermal and potential energy
of a recombining electron to a second electron during the collision which
occurs during collisional radiative recombination. Radiative recombination
differs from collisional radiative recombination in that in the fo.mer
process the kinetic and potential energy of the recombining electron is
released only by emitting a photon. Recombination heating is a
particularly important term. In the core of the arc where quasi-steady
state conditions are obtained, the rate of recombination is equal that of
ionization, and the dominant form of recombination is collisional :
radiative., For illustrative purposes, assume that thre second colliding
electron carries off or{ 91.'he average twice the thermal energy. Then for an
electron density of 10 and elecg:ron temperature of 4 eV, the rate of
recombination heating is 15 Gd/gm , which is comparable to the rate joule
heating, approximately 90 GW/cm . Recombination heating is not a true
heat socurce in the sense of being an external source of energy.
Recombination heating returns to the electron distribution the kinetic
energy of electrons previously "lost” as a result of inelastic ionizing
collisions. This energy is stored as the potential energy of electrons <n
the continuum relative to the excita.tion level of the state from which the
ionization occured.

The heavy particle energy conservation eqﬁation is

d{pc T ]
___55_2_ = (11-19)
' aT
19, 13 [ g]
=P et 3% )‘g ar

3 2m
s 2n k(T e—Tg]E N, ['ﬁj v
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where c¢_ is the heavy particle specific heat, A_ is the heavy particle
thermal conductivity and vi is the electron colgision frequency with
species i. The terms of j are for heating from adiabatic compression, heat
transpcrt due to thermal conduction, and joule heating by collisions with
hot .electrons. 1In the last term of j, for changes in internal erergy due
to heavy particle collision processes, ri X1 is the endothemic rate at
which reactants i and j collide, resulting in product species k and 1. The
activation energy for the process is € i kvl‘ "l‘he reverse excthermic
reaction results in heating of the gas. Examples of these heavy particle
collision processes are :

a;i) + u(3) L glk) g0, (1) - 4.5 eV (11-20)

€i5x1

(X) , (1)

+€44xy = 05 &V (I1-21]

SN ¢ S R S D I -
Bz(v 0) + M7 Hz(v 1)

|
where M is any sec?nd or third body. The forward heavy particle reactions

are especially imp{)rtant in the dissociation of the molecular species.
This results from the rapid heating of the gas by electron collisions and
the relative inefficiency with which electrons dissociate molecules as
compared to heavy LISaxticles of the sar.> temperature.

|
II.E. Kinetic |[Equations

The hydr c and thermodynamic equations described in the
previous section yield the fluid density, heavy particle temperature, and
electron temperature at a given radial point. The specific properties
required for solution of the hydrodynamic ard thermodynamic equations
(ie.: energy loss rates, electrical conductivity, thermal condut.jtivity) are
obtained by solution of kinetic equations which provide the density of
individual species within the given computational cell. PFrom these
densities the necessary thermodynamic properties and reaction rates are
obtained. The species included in the model, as functions of radial
position and time, are list2d in Table II-1. Por atomic neutral and ionic
species, the notation (n) in Table II-1 indicates an excited state. FPor
hydrogen, the first ten states of atom were used. Due to the large number
of excited states for neutral and ionized argon, actual states were grouped
into pusedo states, comprising.tihe actual st_:-aites lying inside an energy
interval approximately 1500 cm to 3000 cm wide. This represents a
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somewhat coarser selection éf states thar that used for calculation of
partition functiuns. (See Sec. VI.) The statistical weights of the pseudo
states are the sum of the statistical weights of the actual levels falling
within the energy interval. The energy levels used fcr Ar 1 to Axr VI are
listed in Table II-3. -Although properties are included.in the model for up
to five times ionized argon, most of the results discussed here are for
calculations where the highest ionization state included is Ar III. The
density of Ar III for these conditions is suffiéiently small that higher
ionization states are not necessary,

FPor computation of the electron tempeirature both vibrational and
electronic states of H, were included. However only the v = 1 vibrational
state and Hz (€ = 8.85 eV) electronic state were carried as kinetic
variables. FPor our collisionally dominated plasmas, th? lifetimes of these
states are very short as they relax to the ground states (or first
vibrational state) quickly. Inulusion of the electron impact process for
excitation of the state while not including the state as a kinetic variable
is equivalent to having an instintaneous relaxation of the state.

The processes included in the kinetics portion of the model are
summarized in Table II-2. Conservation equations for each species were
written. The entries in Table II-2 are for processes which change the
density of a particular species as a result of electron or heavy particle
collisions. The change in density of a particular species due to non-
collisional processes (ie.: convection) is a quantity derived from the
hydrodynamic equation for heavy particle density. 1In the Lagrangian
formulation, the hydrodynamic equations provide the mass dengity in each
computational cell, while maintaining a constant total mass in the cell.
Therefore the fractional change in mass density in the cell, resulting from
expansion or contraction of the cell boundaries, manifiests a similar
fractional change in the particle density of each species within the cell.
Therefore a correction term for convective effects is included in the
conservation equation for eaclr species. A typical conservation equation
for a kinetic species in the model is

-
i

3t " ' ' [11-22}

)j:"e[’ji"j - zijai] - n, :"’1 +n [:’ + r Tn ]H

+n [0 [0, 4 0, + 2 xy(u, +myv)0, 4 x AL 5.5
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In Eq. II-22, b i denotes that the process only pertains'to the hydrogen
excited state n t i and Nk denotes a third body which has associated with
it a unique rate constant also having subscript k. The following terms in
Eq. II-22, in order of presentation, have rate constants that are functicn
of electton tenperature: electron excitation of Hi frem level H. (rate
constant r ), electron collisional relaxation of H to H, ( r, }:; electron
impact ionization of H (ri ); recombination of a popula ing a by
radiative recombination (r ) and by collisional radiative recwbination
(r ); dissoczative recombination of H+ populating H(1) and 2 higher
exc:.ted state (rd); electron impact dissociation of Hz' az(v). and Ez
(td,\. The following terms in Eq, II-22, in _ordet of presentation, have
rate constants that are functions of heavy particle temperature:
collisional quenching by heavy particles of a higher lying level j to Bi
(r ) and of Hi to a lower level j (r j)' thermal disscciation of H

** H2(v) H2 * H2
H v), , and H (rate constants r dk rdk O . rdk : and
reassociation of H atoms to_ make Hz. The last term in Eq. II-22 is the
correction to the density of H 5 resulting from convection.

II.P. Circuit Equations

From a system point of view, the spark column is merely a reactive
element in a discharge circuit. The driving force for the kinetics and
hydrodynamics for the spark column is the applied electric field from the
discharge circuit. The coupling between the microscopic properties of the
spark column and the measureable macroscopic parameters is described by the
external circuit model. '

A schematic of the external circuit model is in Pig. II-1. The
capacitance of the equivalent external circuit is cz, its inductance I‘E'
and its apparent resistance PE The spark column of length £ has
resistance Rs and inductance Ls. The parallel resistance RP (=~ 1000 N) is
that associated with diagnostic probes. The resistance of the plasma
<olumn is
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where d is the column diameter, j(r) is the current density, o(r) is the
electrical conductivity and I is the total current through the column. The
column resistance is equivalently written 2s

R, = C = (I1-24)
n (r)t
Id/? v 2nxdr
0 e C

where n_(r) is the eslectron density, m, is the electron mass, and vc is
the electron collision frequency. The spark column inductance is

By
2e 4/2 B g [ ]
4.._. A -25
I‘s . fo dt in @) (r1-25}
where the magnetic field at location r is
2 .xr .
B(xr) = = Ir') 2wr'ar’ -~ (I1-26)
o .

In Eq. II-25, Rc is the radius of the current return path. The total
current through the spark column, I, is the integral of the current dens.ty
3 over the cross sectiouul area of the plasma. The local current density
is simply written as e\ J)E{r) where u.(r) is the electron mobility and
E(r) is the local elec r.. ‘ield. PFor our conditions E(r) is truely a
local variable and therwiore must be obtained by solution of Maxwell's
equations. (That is, E(r) is not necessarily Vv/1.) The electric, or
equivalently the magnetic field, applied to the spark column must “diffuse®
into the interior of the plasma. This effect is known as skin depth. The
local current density is therefore obtained from solution of

g-"-5-5’—2-;1—'3314»° 13 "'a%[%%%” (11-27}

dat 3r * anr 3r
3 3
- a5 & 38 (F atuon)

With the quantities defined above, the equations solved for the external
circuit are :
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wvhere the voltage drop across the plasma column is

R

Por conditions where the L, is small, vp - I(RSRP’/“RS"RP)‘ '

I1.G Transport Coefficients
I1.G.1. Electrical Conductivity and Electron Collision Frequency

T™e electron collision frequency enters into the model in at least
three places; electrical conductivity, electron thermal conductivity, and
momentum transfer to heavy particles (ie.: gas heating). In a partially
ionized plasma, the electron collision frequency, ¥ g is the sum of the
collision frequency with neutral particles, v o’ and with ions, ch. The
former frequency, V N’ is given simply by the product of the neutral
particle density with the convolution of the momentum transfer cross
section and the electron distribution function, in this case a Maxwellian
characterized by the tomperature T P The later frequency, V is
normally given by the Spitzer value,

cr’

2

172 /2 2 .
427) / ) ) '
Ver = E Z N 3 k're wmem nA (11-30]

]

where the sum is over ions in *he plasma hav g charge zk and density "k
When the ion collision frequency is large eonpued to the neutral collision
frequency, the conductivity approaches the sﬂitzer 1mt.“ -3) In this
limit, the conductivity is only a first order| function of electron
temperature. There is a weak dependence on electron density as a result of
the appearance of n e in the expression for A.
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The conductivity of interest is that value for motion perpendicular
to the magnetic filed, o 1° This value, as opposed to Oy is used because
our plasma is highly coliisional and satisfies the criterialIl-3)

13372
1.2 x1C B’I‘e

wc/vc - zlnAne <1 . (rr-32)

where w e is the electron cylcotron frequency, vc is thae electron collision
frequency, B is in c;ausg,"x‘e is in eV and ne is inem .. Por our typical
values,wc/vc -~ 2x10 .

The derivation of Egqs. II-28 and II-29 assumes that there are many
electrons within a Debye sphere, or equivla.%entsl f ( 4_/3 )"AXD" 1~ A>],
This condition requires that n_ € 3 x 10 T cm , where the electron
temperature is in eV.(n‘” !"gr our plasmas,ethis conditions is not
necessarily met. A first order correction to Eq. II-30 is to replace fnA,

which in itself is an approximation, with the exact expression.

3 2
2
tnn « b — 2 e fanla 4] -2 (11-33)
2 .
0 [1 + x ] 1+4A
Purther refinement in the value of v cp Feduires detailed kinetic
modeling. For non-Debye plasmas, the conductivity is usually lower than
the value one would calculate in the Spitzer limit. Semi-emperical
refinements in this value have bheen made.(I ‘ o

11.G.2. Thermal Conductivity

Thermal conductivity enters into the calculation in both the heav
particle and electron energy equations and is a mechanism whereby spatial
variations of the internal energy of the plasma are smoothed in the absence
of convection. . The conduction of heat in the heavy particle fluid is
important only at the boundary of the hot, low density core and the
relatively cold, high density shock wave. Conduction of heat from the core
into the cool shock contributes to thermal ionization. Recall that it is
only by thermal ionization or photo-ionization and subsequent electron
avalanche that the plasma column can expand by non-convective means.

The electron thermal conductivity is a function of the electron
density, temperature, and collision frequency with heavy particles.(n'l)
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where v cH is the electron collision frequency with all heavy particles.

The analogous expression for heavy particles cannot be readily
written. Although the thermal conductivity of a high temperture gases has -
been measured, we require the value for arbitrary mixtures of Ar and a in
non-equilibrium conditions. We therefore must resort to the first
principles expression. The thermal conductivity for a mixture of heavy
particles is ' ’

o [22) s [y

A =T (II-35)
" 8 znsr I/ZQBI
LN ] ==
o r Mﬁ QSS

where Ns is the density of species s, 'Hs is the mass oc species 8, "sr is
the reduced mass between species s and r, 'r. is the ratio of specific
heats for species s, !.s is the mean free path of spe: es 8, and Q,r is the
collision cross section between species s and r. The sums are ovevr all
heavy species. Por collisions betweeg neutral species, the collision cross
section was approximated by st ~ rrpr s’ where pn is the Lennard-Jones
parameter between speces r and 8. Values for pnused in the model are
listed in Table I1I1-4., Por coll%sions between neutrals and ions, a
collision cross section of 10 A was used. PFor collisions between ions,
the Spitzer crosa section for charged species was used. '

IT
8-

: Y )
_Q =67 zrzs] [rzn——é-;ﬁ] inA o {I1-36]}

where A is as given in Eq. II-31.

The ratio of specific heats was assumed to be 5/3 for all monnatomic
species. Por the diatomic species Bz and B:. Y=C c, vas obtained by
separately calculating ¢_ and cv. The specific heat at constant pressure,
C_ was obtained from the formulas and constants for the appropriate species

ound in Ref. II.5. The specific heat at constant volume, c'v, is calculated
by noting that c, = T(3S/AT) and obtaining the entropy S from the formulas
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and constants in Ref. II.S.
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TABLE II-1

SPECIES INCLUDED IN THE MODEL

Hydrogen: Bl az(v)', .u=1,2
| H, . H,, €=8.85 eV, 12 eV

. H(n), n=1,10

Axgon: Ar(n) I, n=1,11 ‘ Ar{n) II, n=1,7

Ar(n) III, n=1,6 Ar(n) IV, n=1,5
Ar(n) v, n=1,3 Ar vI
Az, * Ar+
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} ‘ Table II-2
| ' ELECTRON IMPACT AND HEAVY PARTICLE COLLISION RATES
PROCESS . rare’ ' REFERENCE
e+ﬂz--nz+e a) . 1
. v
. e+ Hz - az(v-l,Z) +e a) ) 2, b)
, *'l‘l‘ '
; e+ﬂz*nz + e a) v 3, b)
. e+H,-2H+e _ a) &
| e+ H, = H) 4+ 2e € = 15.4 eV ©).4) 5.6
s .
: e+82'*~2n+e € = 12.0 eV @)
e+ H, - H; + 2e € = 3.4 eV c)d) 5,6
A e+Hy -8 +H+e a) ?
) e + Hn) = Hn) + e . a) 8
A ’/‘ : .
/ 2 2
- , e + H(n) - B(n+l) + e : en-13.5(1/n <1/(n+l1) ) g) 5,6, b)
+ 2 '
e + Hn) = B + 2e € = 13.6/n" ¢),d) s,6
+
e + az 2H
e+ Ar = Ar + @ a) 10
@ + Ar(n) = Ar(n+l) + & 9) , 5,6
e + Ar(n)Z = Ar(1)Z*! 4 20 a).9) 5,6
e+ Xe < Xe+e a) ' 10
3,2
e+ Mt ¥ s e z.s(-s)zr(l\)/('re’ Y¥(2)
£) v 11,12

e+ uz+ - "(2-1)+

Z+ |, W(Z-1)+

e+te+ M + @
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B, +M~B+H+M M=Ar s.sz(—s)T'l‘ozsexp(-snsz/rg) 13

3/2
M=H_ 2.95(=-4)T
M=H 2.0(—6)’1‘;

M+ (H),H (vel)) = M + 2H h)
u+n;-n+a+_+n _ h)
Hz(v-o) + M- Hz(vwl) + M M=Ar 4.153(-—29)’1‘4'3 11
' M=H, 2.461(-27)T_°
M=H 3.32(—10)exp(-1369/T§)
+ .
M+ M M +M+e 1(-16)vthexp(-ei/kTg) i)
1 2] * 2,5)
H +M~H +M - M=Ar,H 1(-18) gm
M=H, 1(-17) cm
e * 2’j)
Ar + M =< Ar + M M=Ar,!:11(-18)?n

M=H, 1(-17) cm

+ 5(-7) ®= 5 X 10-7,; Rates are in units of cm3-s-1 unless noted otherwise. Te in eV, T

in X

a) Cross section in indicated reference was averaged over a Maxwellian
electron distribution function to obtain collision rate as a function of
electron temperature.

b) Reverse rates are by detailed bhalance.
C) Rate is a function of threshold energy, €, as indicated.
d) Subject to lowering of ionization potential.

e) Cross section and rate from Refg. 5 and 6 were used where the threshold
energy is equal to the dissociation energy.

3 1,2
£) 7(2) is the Spitzer correction term and A = 1.55(10X(T_/n_) /. For
P(A), see sec. 1I-C.

g) Por threshold energy, see Table II-3.

h) Same rate as for Hz except for Boltzmann factor with which the actual
dissociation energy is used.

~
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.
1) eI is the ionization potential and vth is the thermal vélocity. See
Sec. IlI-X. ' ' C
~ j) Estimate
R
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TABLE II-3

Argon Psuedo State Energies and Degeneracies

Ar I

(I.P.= 126881,

-1
Energy (cm )

0.
93450.
95000.
104100.
105500.
106100,
107900.
111750,
113600,
116200.
119250,

Ar III
(1.P.= 329383,

-1
Energy (cm )

0.
14010,
33270.
115000.
144000,
187000.

-1
cm )

9total

W b ©

-1
cm )

9total

W o = o0

II-25

Ar II

-1

(I.P.= 222434. cm )

-1
Energy (cm )

0.
1432,
108722
132500,
135000,
139000.
157000,

Ar IV

(I.P.= 481512.

-1
Energy (cm )

0.
21000.
34000.
117€00.
145000,

eotal

N

20
12

20

-2
cm )

Ytotal

4
10
6
12
10




pa*

Ref.:

" Table II-3 {cont.)
Ar v \
'(1.P.= 6040U4. cm )

Energy (cm"1 )

Itotal
0. 1
16300. _ 5
121000. 15
141000, 9

C.E. Moore Atomic Energy levels, Vol, 1, National Eureau of

Standards, NSRDS-NBS 35, 1971.
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II-26

~

.

f e e mems e BN Omar . - ¢ s s 9cara -.q'.uﬂ4"";'5‘\'W\'\_\.\;\&\L‘\l\'.\'\\’\’\'ﬂ".'\' (AE QL A




Table II-4

Lennard-Jones Parameters for Calculation of
Collision Cross Sections

Collision - i Lennard-Jone:
Partners Parameter (A)
A-A : 3.44
A-H 2.7
A - Hz 3.2
82 - Bz 2.97
ﬂz - H 2.6

H-H 2.0

Ref.: J.0. m.zschfelder, C.P., Curtiss, and R.Byron Bird, Molecular Theory
of Gases and lLiquids, Wiley, New York, 1954.
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Schematic of External Electrical Circuit.
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SECTION III
SIMULATED SPARK COLUMN CHARACTERISTICS

In this section, simulated densities. temperatures, and circuit
quantities for a spark column in a mixture of Xe/ﬂzxo .01/0.9% will be
examined. The initial gas p essure is 2 atm and the charging potential is
40 kV. The electrodes are separated by 1.2 cm and the current return path
is 14 cm in diameter. The external 11nducta§ce is 20 nH. The on axis
~reionization electron density is 10 cm and has a radius of 50 um.

The duration of the preionization pulse is assumed to be very short so that
the initial electron density appears instantanecusly. The intent of this
exercise is to illustrate the canonical characteristics of a laser
triggered spark column. The general trends discussed here apply to a wide
range of initial conditions and gas mixtures; the details, of course,
change.

III.A. Rydrodynamic Quantities

The density of heavy particlesa, in unitrs of Ap(p are is plotted in

Pig. III-la. The initial density is 2.7 x 10 g/an . The same data is
plotted in Pig. III-1b in absolute units. The pressure and and gas
temperature fields for the same conditions are plotted in Pigs. III-2, and
I11-3 respectively. The velocity field is plotted in Frig. III-4. The
radial pressure gradient is the accelerating force for the convective
velocity. The magnitude of the accelerating force is proportional to the
density of contours in the horizontal direction of Pig. III-2. The gas
remains nearly motionless during the first 10 ns as this is the time
required for the electron density to avalanche to a sufficiently large
value to begin heating the heavy particles. Concurrent with the increase
in gas temperature (Pig. III-3) the gas pressure begins to increase, first
near the axis and later at points at larger radii. The maximum pressure
within the arc is approximately 600 atm. The subsequent pressure gradient
initiates convective motion of the gas \PFPig. III-4).

Convection, and subsequent expansion of the ionized ccre of the
spark, begins as the gas within the core is heated by electron impact
collisions. Although numerous and hot, the pressure of the electron fluid
contributes to the pressure gradient only in the ratio of the ion mass to
the total heavy particle mass. This is a consequence of the conditions of
ambipolar diffusion. (See Section II., C,) As the hot gas begins to
convect radially outward, a low density core is left behind and a region of -
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increased heavy particle density begins to form at the 2dge of the ionized
v region. (See Fig. III-1) Although cold, the pressure of this high density
3 gas increases to the point that it too begins to convect. At this point, a
shock begins to form. The shock is initially strong (Ap/po > 5) and thin
{width < 5 um), and later weak (Ap/p° = 5) and thick (width > 30 um).

2- The mass density of the hot core is reduced to a value < 0.05 that of its
initial value, and the core is nearly isothermal. The inner contour in

! Pig. III-3 corresponds to a temperature of 50,000 K. The temperature

{ gradient between this high value and its abmient value occurs across a thin

region of gas just interior to the shock and penetrates into the shock for
approximately half its width. These conditions impact heavily on the
distribution of atomic and molecular species in the plasma column. (See
Sec. 1II. B.) ‘

A A

o % L

After the first 20 ns of convection, the pressure gradient within the
core decreases leaving nearly isobaric conditions. As the arc continues to
-: é:qaand, pressure in the isobaric core slowly decreases. Steep pressure

gradients are delegated to the outer regions of the arc. The transition
. between the core (pressures of many hundreds of atmospheres) and the cool
:' ) gas exterior to the core (pressure of a few atmospheres )' occurs across the
shock that has a thickness of only tens of microns. The location of the
maximum velocity is just interior to the shock front. At a particular
radial location, the convective velocity monotonically increases to its
maximum value., Although remaining positive, as the convective velocity
! decreases from its maximum value it may oscillate, responding to small
i changes in the pressure gradient. These pressure and velocity oscillations
result in oscillations in the height of the shock front (Pig. III-1), the
| . amplitude of which damps in time. ‘

L 2> K

Convection is the spark column‘s attempt to reduce a pressure

: gradient The convective velocity continues to increase until the pressure

gradient is reduced to a low value as a resiult of the redistribution of

mass by convection. The direction of the convective wvelocity can reverse
. with a sufficiently large change in the sign of the pressure gradient.
This is an effect which is commonly seen in bounded systems, such as an arc
sustained within a discharge tube where convection will cause mass to
accumulate at the wall thereby increasing the gas pressure at that
location. In our system, though, the walls are sufficiently far away that
expansion of the spark column during the first 100 ns is not hindexed by
significant reversals in the pressure gradient. Any reversal in the
pressure gradient is not large enough in magnitude or long enough in
duration to reverse the convective velocity. CUnder certain conditions, ‘
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though, significant reversal of the pressure gradient can occur. These
conditions will be discussed below in Sec. V.B.

‘The shell of high neutral particle density serves two nearly opposing
functions; to both limit the rate of growth of the column and to provide
the seed electrons required for an avalanche the gas, thereby expanding the
gas by non-convective means. The accumulation of mass in the shock front
increases the pressure gradient required to accelerate that mass to a given
velocity. The high density shell also presents a region with a low E/N
which inhibits the electrons from avalanching. In these respects, the high
density shell confines the arc. The high density shell serves as a source
of seed electrons by trapping ionizing radiation from the core and Ly
thermal ionization resulting from its adiabatic compression. The fact that
the photoionization occurs in a region of low E/N is unfortunate as the
probability for avalanche is low. The use of additives having an
ionization potential below that of hydrogen and xenon, and therefore can be
ionized by radiation to which the shock front is transparent is a method to
increase the rate of arc expansion.

III.B. Atomic and Molecular Densities: Ion and Neutral
Electron density for the spark column examined in the previous

secition is plot}:%d in Pig. III-5. The contours span the range from 2 x
10 to 1 x 10 . To an accuracy of a few percent (see below) this

" Pig. 1II-5 is also a plot of the of the density of H . The electron

density reaches its maximum value near the axis and early during the
discharge pulse before the heavy particle density has been depleted by
convection. The maximum electron density does not correspond to the
maximum in fraction ionized. As the gas convects, thereby lowering the
mass density in the core, the electron density decreases by a smaller
fraction than the mass density thereby increasing the ionized fraction.
After 35 ns, the core is fully ionized. FPor gas mixtures that are greater

" than 95% hydrogen, the electron temperature in the core exceeds 15 eV.

This elevated temperature results from the fact that after the molecular
hydrogen has been dir3jociated and ‘he atomic hydrogen ionized, there is not
a significant density of species remaining with which electrons can have
inelastic collisions. The only remaining energy loss mechanisms for
electrons in the core at this time are elastic collisions with ions or
bremsthrallung, neither of which are efficient dissipators cof energy.
Cooling of the electrons occurs as the core expands, lowering the impedance
of the discharge and the resulting E/N. '
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The densities of Xe' and Xe'' (the highest ionization state
congsidered for this calculation) are plotted in Pig. III-6. Xe I has the
lowest ionization potential of all the species in the mixture and therefore
is the first to be ionized. At the high electron temperature afforded by
tné high fraction of 82, Xe I is rapidly ionized to create a reg_ion where
all xenon species are Xe II, which in turn are ionized to leave a core

where virtually all xenon is Xe III.

Although initially the most abundant neutral species, 32 is also a
highly volatile speries in the hot spark column environment. The
dissociation potential of H, is 4.5 eV and that of H, is 3.4 eV.
Dissociation proceeds by electron impact collisions and by thermal
dissociation, requiring only moderate heating of the gas (> 5000 K) to
result in significant dissociation. The additional mechansim of
dissociative recombination is also available to the ion. Once the
molecular species are dissociated a major electron energy loss mechanism,
that of vibrational excitation is eliminzated, thereby enabling the electron
temperature to climb to a higher value, The higher local electron
temperature leads to rapid and ultimately total ionization. This sequence
of events is illustiated in Pig. 1I1-7 where there are plots of the
densities of ¥ 2° ﬂ;. and H. At early times, before the gas has
significantly heated or avalanched, molecular hydrogen is only slowly
depleted near the axis. After about 20 ns, molecular hydrogen begins to
first ionize and then dissociate. To the left of the low density contour,
Hz is fully dissociated. The density of az is high in the shock wave,
however the width of the region in which Hz is at high density is narrower
than that of the shock. (See Pig. III-1b.) This indicates that nz is
thermally dissociating on the inner side of the shock and being replaced by

atomic hydrogen. (See Pig. III-7b.)

After the first 30 ns, atomic hydrogen exists only within and just
interior to the shock. It is in this region where the gas is hot enough to
fully dissociate H_ however the electron density is not yet high enough to

~deplete, by ionization, the atomic hydrogen. The density of nz proceeds \

through a similar, but even more volatile sequence. (See. Pig. III-7c. )‘
Early in the discharge, H is the most abundant ion. As the gas heats
the electron density increases, 82 is rapidly dissociated. The region in
which the rate of ionization of H exceeds the rate of dissociation and
recombinatiovn of n is confined to a very narxrow portion of the shock.
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SECTION IV
RATE OF ARC FORMATION AND EXPANSION

In this section, the rate of arc formation and expansion will be
examined for various initial conditions including preionization electron
density, charging voltage, and gas composition.

IV.A. Delay Time for Voltage Collapse

There are two time quantities of interest in laser triggering of
spark gaps. The first is delay time, the time between the laser induced
breakdown and voltage collapse of (or current flow through) the gap. The
second quantitity of interest is jitter, the scatter in delay time for a
given laser intensity for a large number of trials. The former quantitity,
delay time, was examined with the model as a function of initial electron
density. These results are plotted in Pig. IV-1. The delay time for this
figure is defined as the time between laser triggering, that is the time at
which the preionization laser instanteously produces the indicated electron
density, and when the current reaches a value of 100 A. Clearly, the délay
time decreases with increasing initial electron density. True avalancning,
and hence current flow, does not occur until multistep ionization becomes a
significant fraction of the total rate of jionization. The final
characteristics of the spark column are relatively independent of the
initial electron density. Obtaining a given value of current or eiectron
dengity is merely shifted in time by a value equal to the 4delay time.

To compare the computed values for delay time with experimental
muutmnts,(w'” an assumption must be made as to the laser ionization
process. The ionization potential of the neutral gas is 12.5 eV for Xe
(mole fraction .01) and 15.5 eV for az (mole fraction 0.99). The enexgy of
the laser photon iz = 4.4 eV Therefore, a minimum of 3 photons are
required to ionize the Xe and 4 photons are required to ionize the az. 1f
we assume the ionization to be a ~-photon pgoceu, then the initial
electron density, n 00’ is proportional to I , where I iz the intensity of
laser used for preionization. lu‘sing_gzhil assumption, and nor.malizigig an
initial electron density of 10 cm to an intensity of 10 W/om ,
experimental points are also plotted in Pig. IV-1. The agreement is very
good indicating that the ionization process may indeed be by 4-photons.

Iv-1
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IV.B. Effect of Molecular Weight

Recall that the sound speed of a gas at temperature T and of average
molecular weight M is(rv‘z

€s © [2:_1‘] i | | ’ (Iv-1]

Providing that the dominant expansion mechanism for our arc colinmns is a
hydrodynamic sonic expansion of the hot plasma, the expansion rate can be
effected by a change in plasma temperature or in molecular weight of the
gas. Arc radius (defined as the outer radius at which the electron density
falls to .05 of the instantaneous maximum value) as a function of time for
three different Ar/ﬂz gas mixtures are plotted in Pig. IV-2 to illustrate .
this effect. As the average molecular weight of the mixture increases, and
the average sound speed decreases, the rate of arc expansion decreases. -
Note, though, that for the first forty nanoseconds, which includes the time
delay discussed obove, the rate of expansion for all cases is nearly
identical. Althougn the heavy particles within the core are hot (T_>
15000 X) there has been insufficient time for the pressure gradient to
acclerate the particles to a significant velocity. During this period,
radiation transport and subsequent photoionization of the neutral gas
outside the plasma column is responsible for expansion of the arc. As the
gas accelerates, convection becomes the dominant expansion mechanism. At
this time, the expansion rate for plasmas with different me lecular weights
begins to diverge. The gas mixture with the lower averaga molecular
weight, and corresponding high sound speed, expands at the higher rate.

IV.C. Recombination 4s a Plasma Hea;ting‘nechaniu

Cellirional radiztive recombination is believed to be the domirant
recombination mechanism for the arcs of interest. The rate coefficinet for
this process is inversely proportional to the 9/2 power of the electron
temperature.uv'a) Therefore in hot plasmas (many electron volts), the
recombination rate coefficient is 1. The total rate of recémbination,
though, is proportional to the cube of the electron density. Therefore
even in hot plasmas with large eiectron densities, the tctal rate of
recombination can be large. In a collisional radiative recombination, a
portion of the kinetic and potential energy of the recowbining electron is
carried off by the electron that is its collision partner. Thias energy
remains in the electron gas. The total electron density, though, is
reduced by one electron. The result is that the total average energy of
the electron distribution increases. is process is known as
recombination heating and is a mechani by which a significant amount of

IvV-2
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enargy is retained in the gas. Recombinat.on is not an external source of

b . enexrgy, as is joule heating. Rather, recombination heating is a mechanism
o whereby the energy of the recombining electron is distributed to the
. remaining electrons. This energy is originally put into the system by
- external means and is stored in the kinetic and potential energy of the

recombining electron. Had the recoubination been purely radiative instead
of collisicrnal radiative, then the enexrgy of the recombining electron could

- only be recovered if the resulting photon is absorbed by the plasma.
The rate of recombination heating, R, is given by
& : 3 '
R_ = [-3-k-r + (1-£ ] Ire - : v-2
g r ” (2¥Te * (1700 272 | o L1v-2]
- Y :
- o~ where the €_ is the ionization potential of the state into which the
electron recombines and f is the fraction of that energy that is radiated
. away during the recombination. The first term of Eq. IV-2 is for the
. Ej thermal (kinetic) energy of the recombining electron and the second therm
* is for the potential energy of ths recombining electron. Por typical
values in our plum% (jJ =3 MA/cm , O = 100 f1-cm) the rate of jpule
L ! . : heating is 90 GW/cm . The rate of tscombin?tion heating (T e = 4 eV, € i -
K - S eV, n, ™ 10 ) is approximately 1% GW/cm , and is an appreciable
- fraction of the total energy input. Energy by this process can have a

siginificant impact on the arc dynamics.

The degree to which recombination heating is important in the
‘s expansion of the arc was investigated with the modal, the results of which
are plotted in Pig. IV-3a. Arc radius is plotted as a function of time for
two case which differ énly in the inclusion or absence of recombination

™~ ™
~

-P'.
e .
~ heating (Eq. IV-2). The arcs are for mixtures of Ar/H2:0.2/0.8. Electron
temperature for the same conditions at 30 ns after triggering is plotted in
','.: Pig. IV-3b, The rate of arc expansion is faster for the case with
T recombination heating, though only marginally so. The electron temperature
. for this case is only about 10% higher near the axis however it is
* o . siginifcantly higher towards the edge of the spark column, (Note the
r decrease in electron temperature in high density region where E/N is low.)
:::: Small perturbations in the temperature of the plasma, as plotted in
’ Pig. IV-3b, can cause significant changes in the properties of the plasma,
especially electron density. Recall that the rate of ionization scales as
L oz:p(—eI/T.), where ‘I is the ionization potential, while collisional
~
~
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radiative recombination scales as 'r;g/ 3 merefore a small increase in
the electron temperature not only increases the rate of ionization but also
decreases the rate of recombination. Using these simple scaling laws, one
can show that
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Electron density for the two cases discussed above is plotted in Pig. IV-4

as a function of radius approximately 30 ns after triggering the spark

N

}f’ column. The case with recombination heating has an average electron

- density about twice that of the case without recombinition heating, and

- also shows more "shell structure” than the case without heating. This

Q. region of high electron density corresponds to the region of higher

i electron temperature in Pig. IV-3b. (Note that both cases also show a

" penetration of the plasma into the high density shock wave, a result of

- ‘ local sources of photo— and thermal- iénization.)

oy : IV.D. Arc Expansion as a Punction of Charging Voltage

! The rate of arc expansion can be expected to be a function of both

hy the magnitude of energy deposited in the plasma and the rate of
deposition. Computed .1ass density and arc radii for spark columns having

:f-' different values of charging voltage are plotted in Pig. IV-5. As one

- would expect, the rate of arc expansion increases with increasing charging
voltage. Note other qualitative trends in the plots of mass density as

!{ charging voltage, and hence rate of energy deposition increaes. The

- thickness of the shock decreases and its height (in terms of Ap/po)

increases with increasing charging voltage, while the local minimum in

E: shock height occurs at progressively earlier times with this increase. The
average mass density with:n the core cf the spark also increases as

charging voltage increases. This trend indicates local reversals in the

SO pressure gradient resulting from rapid heating of the interior of the

' shock. Reversal of the pressure gradient can slow, or reverse, the

:,: radially outward directed convection.
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SECTION V

INVERSION OF COMPUTED DATA TO SIMULATE INTERFEROGRAMS
AND COMPARISON WITH EXPERIMENTAL DATA.

V.A. Introduction

Experimentally obtained interferograms of laser triggered spark
columns record the product of the change in index of refraction from the
ambient value with the path length. This product can be related to the
local electron density and the change in heavy particle density. The
measured values are line of sight (LOS) data. In order to obtain data as a
function of radial position within the column, an Abell inversicn must be
performed. For LOS data recorded as a function of the transverse
coordinate x, F(x), the corresponding radial function, G(r) is obtained by
performing the integral V.l

[axe)
l _R dx
B Miparame vz (v-1]

G(r) = - 1/2 dy
| Ty )

where R is the radius of the cylinder of interest. For our purposes, the
function F(x) is tlie fringe shift of the probing laser resulting from
changes in heavy particle density or electrons. In order to separate the
contributions of electrons and heavy particleuy in the inteferograms, and
hence obtain their densities, inteferograms at two different wavelengths
must be inspected, and their inverted profiles subtracted. In principle,
this is a straight forward exercise. 1In practice, though, lccal values of
the fringe shifts change on time scales comensurate with the duration of
the laser and commensurate with the jitter (or uncertainty) in measuring
the time delay between initiation of the spark column and interferogram.
Since inverted profiles from two different interferograms taken on
different spark columns (though with the same initial conditiors) are
subtracted, it is extremely important that the delay time of the two

'interferograms be the same. If this condition is not met, deconvolution of

the fringe shift data for comparison to computed results is difficult.

An equivalent comparison between this model and expérimental data is
to construct a £ringe pattern from the computed densities and compare the
result to the experimentally obtained interferogram. This process requires
one to compute the integral




e @)

P(x,t) -m J‘ At J‘o + y,] ,t'] dy at’ (v-2]
t—
2 .

where now P(x,t) is the simulated transverse fringe shift at time t, At is
the time duration of the probing laser, A is the wavelength of interest
and G(r,t) is the change in index of refraction from unity as computed with
results from the model G{(x,t) has contribution from heavy particles and
from electrons. Por heavy particles,

Ap(rx,t)

Gﬂ(t,t) " 7( (v-3]

where p is the mass density, po is its initial value, and Ap is the _
change in mass density from its initial value. The eonstant Y depends

weakly on the gas mix and for our purposes, ¥ » 2 x 10 . 2) For
electrons, Ge is given by the plasma dispersion relat;onship.(v's) t

|
1 2 . ) . i
Ge(r.t) =3 B\ ne(t:) ; (V-4]

~1e
where ng is the electron density and in cgs units 8 = 8.95 x 10 ’

I

The integral over time in Eq. V-2 is necessary because during 1the
time duration of. the laser pulse (5 ns), the shock front of the plasma
column can move a distance comparable to the resolution of the ;
measurement. Quantities of interest, such as electron density, sc:an ialso'
change appreciably during this time. With a velocity of 5 x 10 om/s, a
shock wave can travel a distance of 25 um during the laser pulse. '*‘he
result is the fringes are broadened and the apparent thickness of the shock
front increased. The thickness of the fringes associated with the
undisturbed fringe pattern is accounted for by displacing the simulated
fringe patterns by a distance equal to the undisturbed thinkness.

V.B. Simulated Interferograms and Comparison to Experimental Data

Experimental interferograms for two Xe/H, gas mixes are in Fig. v-1.
In Pig. V-la, the gas mix is Xe/n :0.01/0.99 and in Pig. V-1b the gas mix
is Xe/Hz.o .03/0.97. The chargmg vcltage is 40 kv and gap spacing is 1.1
cm. The undisturbed fringe pattern is at the extreme right or left of the
interferograms. Positive displacements are due to positive Ap/po, while




negative displacements are due to negative Ap/pc and electrons. Recall

that these interferograms are of line of sight data. The fringe shifts

must undergo an Abell inversion to obtain data as a function of radius. .
The different appeazance of the fringes for a relatively small change in
gas mixture is dramatic. 1In the 10S data of Pig. V-la (Xe/nzzo.m/o.ss)
there appears to be a rather wide but fairly distinct shell of high heavy
particle density. The 10S fringe pattern in the center of the arc appears
somewhat circular and is characteristic of a column with a fairly uniform
electron density profile. In the LOS data of Fig. V-1b (Xe/nzzo.oa/o.m),
high density region appears less distinct. The fringe pattern in the
center of the arc is flatter than that of the low xenon mixture and has
approximately twice the total shift. The transition to the center plateau
occurs steeply in a region close to the high high heavy particle shell.
This fringe pattern is characteristic of "heavy" gas mixtures, whereas
»light” gas mixtures tend to have the more circular fringe pattern.

Simulated interferograms using results from the SPRAD code for the -
conditions of Pig. V-1 are plotted in Pig. V-2. The qualitative ag~vencnt
is excellent. The striking difference in the appearanc: 5. the fringe
pattern is best explained by referring to Fig. V-3, where electron density
is plotted as a function of radius for the two cases. For the low xenon
case, the electron density, confined within the high mass density shell, is
fairly uniform as a function of radius. The electron density penetrates
into the shock wave with only a moderate slope. In contrast, the
Xe/sto.oa/o.S'l case has a high electron density shell interior to the
shock wave. The LOS fringe pattern therefore mimicks that of a thin shell;
a flat center with steep sides. The shock wave of the Xe/ﬂzzo.01/o.99 case
is somewhat thinner but almost a factor of two higher than that of the the
xe/nzzo.oa/o.sv case. The mass density in the interior is rather uniform
as opposed to the distribution for the high xenon case which is both higher
and has structure. ' '

The diffe:enc.es in shape of the electron density profile, and hence
fringe pattern, between the 1% and 3% xenon~-hydrogen mixtures results in
part from the difference in average molecular weight (3.29 AMU vs 5.87
AMU), and therefore sound speed. The 1% xenon mixture is sufficiently
light that the gas responds quickly to pressure gradient. As a result, the
convective velocity is positive (radially outward) and the pressure
gradient is negative (pressure decreasing radially outward). The molecular
weight of the 3% xenon mixture, though, is sufficiently large, and the
response time of the gas sufficiently long, that similar conditions cannot
be maintained. (See Pig. V-4.) As a result of the lower convective
velocity, the high density region interior to the shock is heated thereby

v-3

-------------------------




creating a local maximum in pressure. This reverses the pressure gradient,
slows the convective velocity interior to the local maximum and may infact
reverse the particle flux to be radially inward. A local region of low
particle density results. This region has a correspondingly higher E/N and
therefore higher rate of ionization. The result is a shell of high
electron density interior to the shock.

Por certain "heavy"™ gas mixtures, especially with high fractions of
xenon and late in time during the disch2rge pulse, the fringe pattern
exterior to the shock is not flat, An example of which is shown in Pig. V-
5. Before reaching the shock, the fringes tilt upward in the direction
indicating Ap/po > 1. Por light gas mixtures the transition at the outer
edge of the shock is abrupt; that is the fringes remain flat until the
shock is reached. A simulated interferogram for similar discharge
conditions is in Pig. V-6. Results from the model indicate that the tilted
fringes are in fact a resuit of having Aﬁ:/po > 1 exterior to the shock.
Por the lighter gas mixtures, the rate of energy deposition as well as the
temperature excursion across the shock are Ix:th larger thereby resulting in
a steeper, thinner shock. Por the heavier gas mixtures, the slower rate of
energy deposition, as well as a smaller total fraction of deposited energy
being available for the thermodynamic expansion, results in an apparently
weakening and widening of the shock late in the discharge pulse.

V-4
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SECTION VI

THERMODYNAMICS OF HIGH TEMPERATURE Ar/H, GAS MIXTURES AND
A SIMPLE MODEL FOR LASER TRIGGERED SPARK GAPS

Vi.A. Introduction

From the results of our detailed modeling, and the results of our
companion experimental program‘VI'l). we have learned that arc growth in a
laser triggered spark gap can, to first order, be described as a convective
expansion of the hot ionized core augmented by thermal- and photo-
ionization at its periphery. With have further learned that the interior
of the arc is very nearly in local thermal eyquilibrium. With these facts,
a very simple model of a laser triggered spark gap can be constructed.

- This model is based on an energy balance between joule heating, accumulated
internal energy and energy lost by radiation during the duration of the
spark. To construct this model, the thermodynamics of Ax/ﬂz gos mixtures
must be known. Although conceptually only a solution of Saha's equation,
in practice obtaining the thermodynamic state of an arbitrary gas mixture
is difficult. A computationally simple method for cbtaining this solution
is discussed.

Within the central core of the spark column of a laser triggered
spark gap, as well as throughout the hot region of conventional arcs, the
thermodynamic state of the plasma is well approximated by assum.ng local
thermodynamic equilibrium (LTE). I» "TE. “".e electron temperature and the
heavy particle temperature are equ ... densities of various excited or
thermodynamic states of a particular species in-the gas are given by their
Saha equilibrium values. For charged species, <

z+ P (T) e
A m2t exp{-[EI eL[ne’z]]] (VI-1]
N LT XT | | A
372
z[ﬂkme]
a, = ————g—— (vI-2]

h

where n_ is the electron density, m, is the electror mass, Mz+ is the }
density of species M in charge stat» Z, and F"(T) is the partition cunction

for species M. The ionization potential of the higher state relative to the

lower state is EI and the lowering value for the ionization potential (see




below) is GL( ne,Z). For diatmomic heavy particle species that may
dissociate, the Saha expression for partitioning of densities is,

2 .
2 F -

M (Fu) [ al o ,

M GlF (| “Plxr) : (vi-3)
2 Mz

z[mmh] 32
QH=—————3—~ ' , ) [VI-Q]
h
where is the mass of the monoatomic species, the density of the diatomic

is “2' that of the monoatomic is M, and the partiticn functions are Pllz
and PH respectively. There may be many excited states permitted within a
given ionization state of the heavy particle species. The distribution of

these excited states are given by the Boltzmann expression. That is,
§ L

-€. . (vi-s]
i3 i3 kT

Mi5] = gijexp[-:;j]

where Ni. is the density of heavy particles of species i in excited state
3. 94 is the statistical weight of "i and ei 28 the excitation
pot:engial of the "1 relative to the ground state of "i‘ In principle, the
sums in Eq. VI-5 diverge because there is an infinite number of excited
states as the dissociation or ionization continuum are approached. This
problem is circumvented using two methods. Por species in which the next
higher species (in energy) corresponds to an ion, the ionization potential
is lowered from its nominal value. (See below.) This lowering of the
ionization potential effectively sets an upper limit to the quantum number
for excitecC states. For diatomic species in which the summation is over
vibrational - rotational states, the summation is terminated at a level

commensurate with the dissociation energy of the molecule. (See

Sec. VI.C.)

In a plasma with a high electron density, the effective ionization
potential of atoms is lower than that in the non-ionized gas. This
lowering of the ionization potential results from an effective broadening,
and hence coalescing, of energy levels near the ionization continuum. Due
to the difficulty in measuring this value, only theoretical expressions are
available. In this work, the lowering value for the ionization potential,
in eV, is given by

vIi-2




| ol

-7 173 243 ’
cl.[“e'z] = 6.96 x 10 ny Z (VI-6]

-3
where the electron density is expressed incm .

VI.B. Method of Solution

We are Interested in obtaining all the pertinent heavy particle
densities and thermodynamic properties for an arbitrary mix of Ar and 82
when specifying the total mass density and thermodynamic temperature.
Alternately, we would like to obtain the same quantities when specifying
the mass density and internal energy of the plasma. The temperature is
then a variable for which we solve. For a multi-component plasma, a large
system of non-linear equations consi'sting of the appropriate sSaha equations
must be solved. Traditionally, large matrix inversions are performed .to
achieve this end. PFor our system of equations where we specify the total
mass density we can exploit the principle of conservation of mass and
charge in order to obtain an iterative solution which converges rapidly.
Por a gas with a total density of Ar atoms of Ar,r

l,.lw )
A= L actt | , (VI-7]
1-0

where z = £ . is the maximum ionization state of Ar of interest. Note
that the saha equation for Ar + can be written as

(2-1)+
Ar D Tpn :
Ar"+ - ~ 1[ e] {vI-8)
e

where DI(T'"e) contains the ratio of partition functions and Boltzmann

‘factor. The dependence of D g on electron density is through the value of

< and therefore is weak. Therefore, in an interative fashion, we can
write

12
+ =
artt . a0 [vI-9]

The kernal value for Aro is _obtained from




Ar

o . r ) .
Ar = (vi-10]
2 DlDZ- - -Dl
{1 +Dy/m, +# DD /R + et -—-——n—r-—
e

We can write analogous expressions for the hydrogen species. For a total
density of hydrogen atoms of HT'

+ +
+ . + . -
HT-H‘H 252 232 (VI-11]
F ['r,n ]a F ['r,n ]H :
+ 1 E 2 el 2 2
H = = ,  Hy= = , H = Fa(T)Hz {(vi-12]

e . . e

Note that Eq's. 12 have as a kernal Hz. Solving for the value of Hz as a
‘function of H_, we obtain

T 1/2
4HTK
J
Hz = [-2-1_([[1 + Jz ] -1 = Fs[ne} {vi-13}

where J = F;/z(l 2 Fl/“e)/z and K = (1 + Pz/ne). The problem is then
soised by obtaining the kernals from Eq’'s. 10 and 13, which reduces to
solving for the electroa density. This last value is obtained by noting
that for our system,

L=
max

n =8 +8°+ ¥ ot (VI-14)
e 2 - :
The iterative solution consigts of specifying ArT, HT' and an initial quess
for n_ . New values for the ionic species are : btained by first obtaining
values for the kernals from Eq's. 10 and 13, and a new value for nebis
obtained from Eq. VI-14. This process repeats until the solution converges
to the desired accuracy. Only tens of iterations are usually required for
this method to converge to an accuracy of 10 .

Vi.C. Partition Functions

T?e partition function for a diatomic molecular species is given by
the sum' =~ ° S ‘

VIi-4




v J
max max

-3 ~(E(v,J)-E(0,0)) veq
F=3 )";‘ £ (2J+1)exp[ _ ; (VI-1s]
3 - .

E(v,J) = [v + %]“’e + [v + %] WeXq [v +-;-] We¥q + ByJ(J + 1) (VI-16]

2 2 1 2 2 1
- DeJ (J +1) —-deJ(J + 1)[v +-2-] -BeJ (3 +1) [v+—2-]

where w ' xe, y ' B ’ D ' a , and ,6 are the usual spectroscopic constants
and are lzsted m 'rable VI-1 for I-l and Hz‘,, The values of Jmax and Vmax
fpr Hz were obtained from Ref. VI. 4 Por Hz the value fot Jmax for a
given v was obtained from solving

E(v.3_,.] - E(0,0) = D_ ' (vI-17]

where Do is the H; dissociation energy (2.65 eV). The value of v was
obtained by setting Jmax = 0 in Eq. VI-17 and solving for v. :

Por wonoatomic species, the partition function is

. 2=t '
max “[Ey=€p["e 2] ) ]
P= E ‘g exp[ {vi-18]
1e0 ] XT

For both Ar and H, we obtained values for g, and E, from Ref. VI.S. s:or .
Ar, we calcuated values for ionization states up to and including Ar .

To reduce the number of levels to a managable size, excited states of Ar
were grou. .d into psuedo states which contained all levels within an eneri;y
width of approximately 1500 cm . The statistical weight of a given
pseudo state was then the sum of the statistical weights of all real levels
contained within the energy bin. -

VI.D. Thermodynamic Quantitities and Transport Coefficients

After solving for the number densities of the different species in
the plasma, various thermodynamic quantities and transport coefficients can
be obtained. Three quantities of interest are the inter:ial energy, '
electrical conductivity and radiation energy loss. Assume we have quasi-
steady state conditions and that out time scale ¢f interest is long
compared to the thermal equilikration time of a given column of gas, but
short compared to the thermal conducticn of energy exterior to the column.
Por these conditions, the internal energy of the plasma is maintained by a

VI-5




o

balance between power input to the column f:oum joule heatihg (proportional
to the conductivity of the plasma) and pover lost from the column by
emission of radiation. In principle, the internal enerjy of the plasma can
be arbitrarily large or small since the energy bzlance (in the steady
state) depends only on the €juilibration of the energy input and radiation
losses. The time required to reach the steau: state value of the internal
energy depends on the initial defect in the rate of joule heating to that

of radiation loss.
Tie internal energy of the plasma is simply

E ,.=1 [n [ _. x-r” + nk'r (V1i-19)
int 1,9 [7

where N is the density of species i excited to level j, E i3 is its
exc1tat10n energy relative to Ar(Z=0, n=0) or H (v-O). and 71 is the ratio
of specific heats. The terms in Eq. VI-19 are for electronic, vibrational,
and ionization energy stored within each species, translational energy of
the heavy particles and translational energy of the electrons.

To obtain the rate of radiation loss, one must know the emissivify of
the plasma. Por a cylindrical plasma of diameter 4 and length L, where d/L
« .1, the emissivity at frequency v, €(v,d) can be approximated by

€(v.d)y = 1 - exp[ [ _ a(‘;;‘i ' ] {VI-20]
14 0.7(a(v)a) '+ 0.08a(v)a

where the photon absorption coefficient is a(v). With é(v,d), the
volumetric rate of energy loss from the cylinder due to radiation, Erad‘ is
obtained by integra;ing the Planck function over wavelength; ‘

an
E a(T-9) = 3 f c(v) = 2"’“'] » (VI-211
o [ exp -3 ]

Absorption coefficients used for this calculation are identical to those
described in section II. B.

The electrical conductivity of a plasma,

2
en, 4
00 - - ey (vi-22}
L [ cx ]
CN 1.97%
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is a proportional to the electron density and inversely proportioral to the
electron collision frequency. The electron collision frequency is the sum -
of two terms, collisions with neutrals, v o’ and collisions with ions,

ch‘ As the ion density, and hence ion collision frequency, becomes
comparable to that of the neutrals, the electrical conductivity asymptotes
to a maximum value, called Spitzer's conductivity. Oace this limit ia
reached, from ion density congiderations, the electrical conductivity can
only increase by increasing the temperature of the plasma. For '
sufficiently dense plasmas, called non-Debye plasmas, the assumptions with
which the ion collision frequency is derived are no longer valid. The
limit of validity is when there is less than one electren within a Debye
sphere, that is the mean separation between electrons is less than a Debve
iength. When this limit is reached, the electrical conductivity decreases
from the Spitzer value. 1In the Spitzer formulation, the electron collision
frequency in a plasma with temperature T, summed over ions with density N,

and charge zi is *

1,2 (m 3,2 ; 2 2
- 4(2m) [_e_] _ e _
Ver LN, =5 kT [4116 - ] fnA (vi-23]
i oe
32
12me s2 '
kT :
A= sjz ¢ 1)/2 (VI-24]
Ze ne

The last factor in Eq. VI-23, fnA, is obtained assuming that A » 1, which
is the condition for a Debye plasma. The first order correction for non-
Debye plasma, that is when the inequality involving A does not hold, is to
replace the above factor with its exact expression; ‘

a 2
!nA-'% inly + A%) - =0

3 (VI-25]
1+A

In the limit that A » 1, Eq. VI-25 reduces to inA.

VI.E. Simple Scaling el for Spark Column

Given the values for electrical conductivity and rate of radiation
loss, a simple scaling model for spark columns can be constructed. Por a
given mass density and gas mix, we can calculate ae('r) and F.'R('r). Por a
total current I conducted tzhr ugh the spark column, having current density
J, and diameter d (I = jmd /4), energy conservation requires that

vI-7




2

E {T,d)} At _ (VI-26]

5
int(T) = o (™) ~ % aa

where At is the time duration of the spark. Eq. VI-26 states that the
energy di ference tetween joule heating and ‘that which is radiated away
must equal the internal energy of the plasma. Recall that these
relationuiips critically depend on the cylindrical nature of the plasma and
the validity of the assumption of local thermodynamic equilibrium. For a
given total current, E__.(T.d), E . (T) and 0 (T), Eq. Vi-25 can be |
satisfied by a set of values for arc diameter, d, and temperature, T. In
.order to cbtain a unique solution, we must have another relationship
between 1 and T. To obtain this relationship, a model must be constructed
describing the expansion of the arc for a given temperature. Satisfying
this requirement is the motivation for the detailed kinetics, hydrodynamics
and radiation transport model discussed in prrvious sections. Por purposes
of obtaining such a relationship to apply in this simple model, we assume
that the arc diameter results from a combination of sonic expansion of the
initial arc column, augmented by a non-convective component dQue to v
radiation transport and thermal shock heating of neutral gas. Using thia
model, the final arc diameter ar a function of teuperature of the plasma is

yerr) /2 '
a, = ‘["1 + z[—r—] At] (vI-27)

where 8 is the non-convective augmeniation of the arc expansion (equal to
1 for a purely sonic expansion), d, ie the initial arc diameter, 7 is the
ratio of specific heats, and M is the mean molecular weight of the gas
mixture., If we agsume that as a result of the non-convective expansion of
the arc, mass is entrained into the plasms, then the final mass density of
the arc (neccessary for the calculation) is

2
[d.’ + dz———[‘e '1]]
i £ B’ _ : , :
pf = pi —3 - {vi-28]

a

where p i is the initial mass density.

VI.P. Results from the 'metmodyhamic Model for Mixtures of Ar/tlz

Number densities for a plasma in a mixture of 0.5/0.5=Ar/nz, as
calculated with the thermodynamic model, are plotted in Pig. VI-1l. Por



these results, the mass densit;_(_ 4is congta.nt ard corresponds co 1 atm at
room temperature (p = 8.6 x 10 g/cm ). ‘The values are plotted as the
ratio of number density divided by the total number density of all species
in the plasma including electruns. (Recall that the total number density
increases with increasing temperature as a result of ionization and
dissociation.) As the temperature ircreases, the density of Ar I decreases
and the density of Ar II increases. As the temperature increases further,
" higher ionization states become the dominant Ar species. The density of Bz
monotonically decreases as it is thermally dissociated. The density of
atomic hydrogen increases at low temperatures, a result of dissociation of
H_, but decreases at temperatures greater than about 1 eV due to

2 +

ionization. The density of Hz is never wery large.

The electrical conductivity for the O.S/O.Sshrlﬂz gas mix is plotted
as a function of temperature in Fig. VI-2. The approach to Spitzer
conductivity is clearly indicated as the neutral molecular and atomic
species are digsgsociated and ionized, leaving a fully ionized plasma. The
Spitzer limit is indicated by a straight line on the log-linear plot.

Fhoton absorption coefficients as a function of photon energy and
temperature are plotted in Pig. VI-3. The atomic levels were not Stark or
Dopplar broadened in calculating these values. At low temperatures, there
is structure in the wavelength dependence of the absorption coefficient as
a result of ionization of excited states of H and Ar 1. At the higher
tempertures, we have two local maxima in aborption. The maximm in
absorption at low photon energies is due to inverse Brelmstrallung. Por
low temperatures, first exuiled ntates of H and Ar I have appreciable
densities, thereby accounting for the absorption peak around 4 eV. As
these atoms are ionized, and inverse Brehmstrallung becomes more important,
this peal is lost to the continuum. The second maximum in sbsorption,
occuring from 12 to 15 eV, is due to photo-ionization of ground state H and
Ar I. The gradual shift of the threshold value of this peak to lower values
as the temperature increases is due to the lowering of the ionization
potential. The reduction in the absolute value of the pea'kA at higher
temperatures is due to the jonization, and subsequent dapletion of the
ground state.

Power radiated frcam the plasma cylinder, for LTE conditions, as a
function of wavelength and temperture is plotted in Fig. VI-4. At
sufficiently high temperature, the emission app~ars thermal in character.
The sudden jump in power loss at approximately 12 eV is a result of the
large emissivity for photons with that energy and above. An observer far
from the plasma column, measuring the photon flux through a depth of




v -

P ARy

neutral gas, would not s )¢ these photons as they would be absorbed in the

intervening gas. These photons are absorbed in the shock front which
confines the expanding plasma column, and are in fact the wmechanism
responsible for the non-convective component of the expansion. To the
extent that these photons are initially absorbed in a region of gas which
does not carry current, the UV photons can be considered as being lost from
the system with respect to the energy balance. 1In reality, the plasma
col.oin is not a perfect cylinder but has a gradient in temperature and
electron density between the plasma core and cold gas exterior to the
core. These UV photons are absorbed in the gradient region where the
current 'density is small as compared to the core. Therefore, the
assumptions made for this analysis remain valid.

As discussed above, the en gy balance relationships between internal
energy, radiation loss, and * .o heating (Eq. VI-28) do not define a
unique relationship between diameter and temperature of the spark column.

' The expansion model (Eq. VI-29) is required to obtain this relationship.

An example of these relationships are in Pig. VI-5, where arc radius as a
function of diameter of the plasma column is plotted for total currents of
1-10 XA. The gas mix is O.S/O.S:Atlﬂz. The initial pressure of the cold
gas is 2 atm and the initial diameter of the spark is 100 um. The non-
convective (ie.: radiative) augmentation to the convective expansion is 8
« .5, and the spark duration At = 125 ns. Por a given temperature, '
larger diameter sparks are required to carry large: currents. Analogously,
at a constant diameter, a higher temperature plasma will carry higher
currents because the conductivity increases with increasing temperature.
T.ere is a large motiviation, with respect to minimizing the loss of energy
from the plasma, to wmaximize the diameter of the column. The rate of
ene~3y loss due to radiation is proportional to the surface area of the
column while the rate of joule heating is proportinal to the volume of the
column. Therefore, having a plasma column with a larger diameter reduces
tr ) relative loss of energy to radiation. This enables a higher
temperature, larger conductivity, and higher current carrying ability for a
given amount of joule heating.

Pig. VI-5 also contains a plot of Eq. VI-29, the model for arc
expansion, which defines the relationship between diameter and
temperature. The intersection of the line of this plot with those lines
defining the allowed values of 4@ and T (based on energy conservation) for a
given value of current establishes the plasma conditions for that
particular current. Arc diameters and temperatures for different mixtures
of A:/Hz, obtained in this manner, are plotted in Pig. VI-6. The initial
pressure is 2.0 atm. As the mole fraction of az increases, the arc
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diameter increases as a result of the reduced average molecular weight
having a correspondingly larger sound speed. In the Spitzer limit, the

| conductivity depends only on plasma temperature. Therefore to carry a
given current, an arc of smaller diameter (ie.: large mole fractions ot
argon) must be at a higher temperature. Analogously, as the mole fraction
of hydrogen increases and diameter of the arc increases (due to the larger
sound speed), for a given total current the required »lasma temperature
decreases. ‘

_ Arc diameters and plasma temperatures with an initial mix of
0.5/0.5:Ar/H, as a function of current are plotted i-. Fig. VI-7. Results
for initial pressures of 1-3 atm are plotted. Since the speed of sound
depends only on the ratio of specific heats and molecular weight, and not
on density, the diameter of the arc changes little as a function of
pressure for a given current. What change there is due primarily to a
change in temperature. Por a given current the plasma temperature
increases with ..creasing pressure. When the intial number density
decreaser, the ion density corresponding to the Spitzer limit represents a
larger fractioual ionization thereby requiring a temperature. To obtain
this fraction, a higher temperature is required.
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TABLE VI-1

: -1
Spectroscopic Constants of Hz and H; (em ) t
4+
"z "z
we : : 4395.2 2297.
WX . 117.99 - 62.
e e v
weye » 0.29 -
Be 60.809 29.8
ae 2.993 1.4
Do ) 2 36,045, _ 21,324,
ewexe Sa a‘ue
By = De % B 3
e e 24B
e
1 1 1
Dg =Dy * 2 We~ 3 Ye¥e * 7 “eYo

+ Ref.: G. H. Herzberg, Molecular Spectra and Molecular Structure
I. Spectra of Diatomic Molecules, 2nd Zdition, Van Nostrand, New York,
1950.
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Figure VI-2, Electrical Conductivity for an Ar/H2:0.5/0.5 Gas
Mixture as a Function of Temperature.
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Figure VI-4. Radiative Energy Loss from a Spark Column in an
Ar/H2:0.5/0.5 Gas Mixture as a Function of
Temperature and Photon Energy.
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