Arc expansion in xenon flashiamps
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Plasma arcs in large diameter (d > 1 cm) xenon flashlamps often do not completely fill the bore of
the discharge tube. The arc is usually initiated on one side of the discharge tube, adjacent to the
ground plane, and the fraction of the discharge tube filled with plasma varies as a function of axial
location. A model is presented that describes, from first principles, arc expansion in xenon
flashlamps. The mode! simultaneously solves a coupled set of one-dimensional transport
equations in different regions of the discharge tube to simulate two-dimensional effects in
hydrodynamics, electron kinetics, and radiation transport. Using this method, expansion of arcs
initiated at arbitrary locations within the discharge tube can be studied. Arc filling fractions are
found to decrease with increasing filling pressure of xenon, increasing diameter of the discharge
tube, and decreasing stored energy in the discharge circuit. The arc filling fraction also decreases
as the breakdown filament moves away from the axis of the discharge tube and towards the wall.
Arc expansion is slowed and ultimately halted by a lowered E /N (electric field/gas density)in the
gas exterior to the arc, rapid conversion of atomic ions to molecular ions and their subsequent
recombination, and by the efficient manner in which radiation dissipates energy which might
otherwise be available for thermodynamic expansion of the arc. The asymmetric expansion of the
plasma arc results in asymmetric heating of the inside wall of the discharge tube, also calculated in
the model. The growth of the plasma arc is also found to be in part responsible for changes in the
spectrum of radiation emitted from the arc for various angles of observation. This effect results

from wavelength-dependent absorption coefficients in the plasma.

I. INTRODUCTION

The operating characteristics of xenon flashlamps (e.g.,
current, voltage, emission spectrum) have been successively
described by empirical and semiempirical relationships and
models.’'* The basis of some of these models is that the
plasma arc of the flashlamp is in local thermodynamic equi-
librium (LTE). This approximation is quite good for fuily or
nearly fully developed arcs in which the plasma conditions
have reached a quasi-steady state. These models, though, are
incapable of describing from first principles the transient arc
formation state of the discharge, or any position dependent
phenomenon.

The fact that arcs in xenon flashlamps do not complete-
Jy fill the flashlamp bore has been reported by many investi-
gators.'>~!° Specifically, the arc is usually initiated on one
side of the flashlamp and expands in a nonradially symmet-
ric fashion.'®"'® After the arc has expanded to its maximum
extent, the fraction of the cross-sectional area of the bore
that is filled by plasma is not uniform along the axis. This
fraction, defined as the bore filling fraction, has a sinusoidal-
like modulation as a function of axial position. The modula-
tion has a period of about a half to a few centimeters. The
origin of the axial modulation of the bore filling fraction can
be found in the method of initiation of the arc.

The self-sustaining voitage of a xenon flashlamp having
a current density of 2500 A/cm? and having a diameter of
1.5 cm is about 60 V/(cm atm)."® In the absence of a dc keep-
alive or simmer current, this voltage is insufficient to break
down the initiaily neutral gas. To initiate breakdown of the
flashlamp plasma, a peaking capacitor is usually incorporat-
ed into the circuit. The purpose of this capacitor is to ring the

* Formerly Mathematical Sciences Northwest, Inc.

248%ownlda'agﬁ|'ﬂh%(§z(%b 1APsk 19851 15 148, Re%ggﬂ%%%ﬁ%@gfeﬁeﬂ %lo—’?h‘g)ense or @)E)%l‘r@ﬁ‘fnggcéaﬁ't&?}s%ﬂt&ogfa&ﬁ'&ﬁapoh a%%??sp

applied voltage to a value sufficiently high to break down the
gas. Since the purpose of using a flashiamp would be defeat-
ed by enclosing the discharge tube within a coaxial current
return, the ground plane is not symmetric with respect to the
axis of the discharge tube. The ground plane is usually the
relatively fiat reflecting surface placed close to one side of the
lamp or a trigger wire attached to one side of the tube.
When a high potential is initially applied to one of the
electrodes and there is no plasma, the electric field lines are
directed from the electrode to the ground plane. The initial
breakdown filament that develops tends to align itself along
these field lines and therefore propagates towards the side of
the discharge tube closest to the ground plane. {See Fig. 1.)
As a high plasma density forms near the wall, a sheath devel-
ops at the boundary.' The field lines are bent around the
non-neutral sheath and aligned more or less paralle} to the
discharge tube wall and collinear with the axis of the tube,
thereby also directing the filament down the tube. When the
breakdown filament propagates beyond the sheath region, it
is again directed by the electric field towards the wall. This
process repeats as the breakdown filament “skips” down the
side of the discharge tube in an oscillatory fashion until the
opposite electrode is reached. At this point a sheath shields
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FIG. 1. Schematic representation of propagation of the initial breakdown
filament. In the absence of a plasma, the electric field lines direct the break-
down filament towards the ground plane located on one side of the dis-
charge tube. As a sheath begins to form at the wall, the electric field lines are
bent parallel to the wall directing the breakdown filament in that direction
along the axis of the discharge tube.



the interior of the discharge tube from the ground plane,
therefore bending the electric field lines in such a manner
that the maximum electric field is aligned along the axis of
the discharge tube for the entire length of the plasma. The
imprint of the oscillatory motion of the breakdown filament
is preserved in the shape of the fully expanded plasma, the
manifestation of which is the sinusoidally modulated bore
filling fraction. We will see that the arc filling fraction at a
particular axial location is characterized by the radial coor-
dinate of the breakdown filament at the axial point. In gen-
eral, the bore filling fraction decreases as the location of the
breakdown filament moves away from the axis of the dis-
charge tube.

Clearly, a complete description of the process by which
anarrow breakdown filament expands to form an arc and fil}
the discharge tube requires a fully three-dimensional, time-
dependent hydrodynamic and plasma kinetics model. The
interior of the arc may be well described by assuming local
thermodynamic equilibrium while the edge of the expanding
arc channel is definitely not in equilibrium. The model must
therefore be capable of describing the transition of the state
of the gas from initially cold conditions, through an electron
kinetics dominated phase, and ultimately into a LTE phase.
All of these conditions may exist at different locations in the
flashlamp tube at the same instant in time.

In this paper, a model will be described which is an
attempt at a first principles description of the arc formation
phase of a xenon flashlamp, from initial breakdown filament
to fully developed arc. No assumptions are made concerning
LTE conditions. The model is time and spatially dependent,
and includes heavy particle hydrodynamics, electron coili-
sion kinetics, radiation transport, and an external electrical
circuit. A full three-dimensional theoretical formulation of
the problem was beyond the scope of this study. The perti-
nent physics, though, can be studied by a treatment we have
chosen to call “‘sector space.” With this method, the compu-
tation time increases only linearly with the inverse of the
mesh spacing as opposed to the inverse of the square of the
mesh spacing.

In Sec. II of this paper, the sector space method is de-
scribed, and the details of the kinetics, electrical and radi-
ation transport portions of the model are described. In Sec.
111, the model is applied to calculate arc formation rates and
other properties for large bore, subatmospheric pressure
lamps. The flashlamps of interest for the model are of the
type used in large, fusion class Nd-glass laser amplifiers.'®
The typical dimensions are 2-cm-i.d., 50-cm arc length, and
xenon fill pressure of 300 Torr. Concluding remarks are con-
tained in Sec. IV.

ii. DESCRIPTION OF THE PLASMA BORE FILLING
MODEL

A. Sector space formuiation

For arcs whose breakdown filaments are aligned along
the axis of the discharge tube, a radially symmetric calcula-
tion is sufficient. For arcs initiated off-axis a more detailed
computational method is required. The method used in this
model is called sector space. In the sector space formulation,
a point within the discharge tube is specified as the location
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at which the breakdown filament passes through the radial-
azimuthal plane for a given axial point. (See Fig. 2.) This
location defines the local point of symmetry for that axial
coordinate. Emanating from the center of symmetry are ra-
dial spokes of different lengths which terminate at the dis-
charge tube wall and define the center of a sector. The azi-
muthal extent, measured from center of symmetry, of each
sector is the same. A separate set of one-dimensional, time-
dependent partial differential equations describing the perti-
nent hydrodynamics and plasma Kinetics are simultaneously
integrated along each of the sectors’ radial spokes. If not for
the coupling of each sector through the boundary condi-
tions, discussed below, each of these sectors would appear to
be plasmas expanding in discharge tubes of different radii.
The weaknesses of this formulation are that the center of
symmetry may migrate during the arc expansion process
and that the direct exchange of mass between adjacent sec-
tors resulting from azimuthal convection (as referenced to
the nonaxial center of symmetry} can only be approximated.

The sectors are coupled through the boundary condi-
tions, through radiation transport, and indirectly through
the response of the discharge circuit. The most stringent
boundary conditions are that the hydrodynamic and kinetic
variables for all sectors must be equal at the center of symme-
try and that the volume (sector) averaged mass density must
be identical to the initial conditions (conservation of mass).
The latter condition is manifested through our approximate
treatment of azimuthal convection. Azimuthal convection is
approximated by allowing the thermodynamic pressures of
adjacent sectors to equilibrate on a timescale commensurate
with the local sound speed. For example if one of two isolat-
ed sectors is independently heated, its density is reduced and
its partner’s density increased in such a manner to equili-
brate pressures. Azimuthal convection is approximated on
only a sector-to-sector basis. That is, mass is exchanged
between sectors as a whole, as opposed to exchanging mass
between mesh points at the same radius in neighboring sec-
tors.

The different sectors also communicate through the
discharge circuitry. For the purpose of calculating the im-
pedance of the flashlamp, each sector can be viewed as being
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F1G. 2. Schematic diagram of the “sector space” formulation. The center of
symmetry is the point in the radial-azimuthal plane through which the
breakdown filament passes. Spokes of different lengths emanating from the
center of symmetry define the center of their respective sectors. Each sector
has the same azimuthal extent as measured from the center of symmetry.

M. J. Kushner 2487

Downloaded 11 Dec 2002 to 128.174.115.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



one of a set of parallel resistors. The resistance of the ith
sector is given by

R=—17" ()

2
f 2 4
A vc
where n is the electron density, m is the electron mass, v, is
the electron collision frequency, / is the arc length, and the
integral is performed over the area of the arc associated with
the ith sector. In practice, this integral is replaced by a sum-
mation over mesh points within that sector. If during the
development of the arc one sector happens to become more
conductive than the others, the impedance of the arc de-
creases proportionally. This in turn decreases the axial vol-
tage drop across the arc and therefore the local electric field
for all the sectors. Since the force function for expansion of
the plasma in each sector is gas heating, which is ultimately
driven by the applied electric field, rapid arc expansion in
one sector, and subsequent impedance collapse of the dis-
charge, inhibits the rate of arc expansion in the other sectors.
The various sectors are also coupled through radiation
transport, which is explicitly included in the model {and de-
scribed in detail below). For times later than about 100 us
after breakdown, the radiation is mostly continuum. The
dominant source of continuum radiation can be shown to
result from free-bound radiative recombination. Similarly,
the dominant absorption mechanism is bound-free pho-
toionization. Radiation emitted in one sector can be ab-
sorbed in a different sector, thereby changing the local rate
of ionization and influencing the absorbing sector’s rate of
arc expansion.

B. Electron kinetics and heavy particle hydrodynamics

Along each sector, and at each mesh point of each sec-
tor, the following species were included in the model: elec-
tron temperature (T,), heavy particle temperature (7, ),E

charged particle density (n), heavy particle density (¥ ), xe-
non excited states and molecular densities (see below), and
heavy particle momentum (pu). The voltages and currents
associated with the external circuit elements are global var-
iables (see below).

The electron distribution function was assumed to be a
Maxwellian and electron transport was verified to be accura-
tely described by the ambipolar approximation.?® In ambi-
polar diffusion, the radia! electric field is solved for by speci-
fying that the radial flux of electrons must equal that of ions.
This approximation is valid for charged particle densities in
excess of about 10° cm —2.?! The charged particle density is in
excess of 10'® cm™? at all points in the arc except in the
transition region between the arc and the cold neutral gas
exterior to the arc. In this transition region, which is a few
millimeters thick, the electron density decreases to a suffi-
ciently small value that the ambipolar diffusion approxima-
tion is not valid and electrons diffuse freely. By taking the
ambipolar limit, the diffusion rate of electrons in the transi-
tion region is smaller than might otherwise be calculated.

To verify that the ambipolar diffusion approximation
did not prejudice the calculation by underestimating the dif-
fusion of electrons at the edge of the arc, separate transport
equations were written for electrons and ions. The radial
electric field was then calculated by explicitly solving Pois-
son’s equation. When free diffusion at the edge of the arc was
allowed, the arc was found to expand only a few percent
faster but ultimately to the same filling fraction when com-
pared to a similar calculation using the ambipolar approxi-
mation. Since the amount of computer time required for the
formulation where Poisson’s equation is solved was more
than for the ambipolar approximation, all of the results dis-
cussed in this paper were obtained using the latter approxi-
mation.

The following differential equations were solved along
each radial spoke in the sector space formulation:

B 1240, (L 0F)
3t F o P\ F e 2
an 10 an ay,,
G T (im0, G 4 B, = S, o
J ne’E? 2m
—a—; (%nkTe) = — %nk(Te — Tg)ZVCi(—E)
mZvc,-
Qi r ] (9 aTe
+ ngTen riN, —n Ze,jr,-jN, - Ze,erN,- + ErfNj(Gj’+ %kTe)) +——\r, , (4)
iy i<j Y i r ar or
dlpc,T,) 1 d 2m 1 a7,
e 2% e T K(T, —T (Y 22, Ze
or r ar lpe, Tyu) + 3k (T B)ZV”(M,.)+ r ar (Mg or )’ )
dlou) 19, , P 13[ u 2134 )]
= — — —(rpu?) — — 4 — — 2= == .
ot r ar(p ) or + r or ar 3 ror ru) ©

Equation (2} is simply the heavy particle continuity
equation where p is the mass density and u is the convective
velocity. The last term in Eq. (2) is the correction to p in the
k th sector for azimuthal convection. The azimuthal coordi-
nate is 6, the tube diameter is d, and ¢, is the sound speed.
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Equation (3) is the charged particle continuity equation
where i, is the ion mobility, § is the radial ambipolar electric
field, D, is the ion diffusion constant, rf is the electron im-
pact ionization rate for species N, and r;; is the ion recom-
bination coefficient for species / by process j. The forces re-
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sulting from self-generated magnetic fields are incorporated
into the radial ambipolar electric field in a manner described
below. In Eq. (4), the electron energy equation, E is the longi-
tudinal electric field, m and M, are the electron and heavy
particle masses, v, is the electron momentum transfer colli-
sion frequency with species 7, 7; is the rate of electron impact
excitation or relaxation between levels i and j of xenon with
energy separation €, and 4, is the electron thermal conduc-
tivity. € is the ionization potential of species j. Heavy parti-
cle energy conservation is described by Equation (5) where ¢,
is the heavy particle heat capacity, and A, is the heavy parti-
cle thermal conductivity.”” Momentum conservation is giv-
en by Eq. (6) where Pis the thermodynamic pressure, and v is
the viscosity.?>?

For the flashlamps of interest (filling pressures of a few
hundred Torr and diameters in excess of 1 cm) the time re-
quired for the plasma to fill the bore is tens to hundreds of
microseconds.'®**?* This is also the hydrodynamic
timescale, the time required for the gas to convectively move
and hence the time required for the gas density to change
locally. We assume that the electrical input energy is signifi-
cantly less than the single shot explosion energy of the flash-
lamp, and hence we are in a regime where strong shock
waves are not likely to occur. The electron temperature and
density change locally on a somewhat smaller time scale,
microseconds to tens of microseconds. This time, though, is
still long compared to the time required for excited states of
the xenon atom to come into equilibrium with the local elec-
tron temperature and density, and heavy particle density.
This equilibration time is typically less than a microsecond.
In the model, we therefore made the assumption that the
excited states of xenon, as well as that of the molecular xenon
ion, are in equilibrium with the above mentioned quantities.
The densities of the excited states and molecular ions were
obtained by setting the derivatives of the appropriate rate

|

10-6
e+Xe' ~Xe" +o
10°7 e+Xe™~Xe' +2e
M erXe* ~Xe +20
10-8
® *-(e+Xe~Xe" +a) x 10
2 (e+Xe~=Xe* +g) x 10
5109 -
= (e+Xe =X +26) x 10
-«
o«
10010
10711
10—12 1 L 1
0.0 0.5 1.0 1.5 2.0

ELECTRON TEMPERATURE (eV)

FIG. 3. Electron impact excitation rates for collisions with atomic xenon.
Note that the rates for collisions with ground state xenon are multiplied by
ten. The electron temperature is typically about 1.0 eV after the arc has
expanded to its maximum extent.

equations equal to zero and solving for the quasi-steady-state
values.

Two lumped excited states of xenon were included in
the model. The excitation energy of these pseudo states and
the approximate corresponding actual states of the xenon
atom are 8.3 €V (6s) and 9.7 eV (6p,5d,6s). The rate equations
that were solved to obtain the quasi-steady-state densities of
these pseudostates, and those of the molecular xenon ion are
written below. The ground state of xenon is denoted by Xe
(level 0), the first excited state by Xe* (level 1) and the second
excited state by Xe** (level 2. The atomic ion, Xe™, is level
L

i[—;g= n, [ [Xelrg, + {Xe**}ry, — [Xe*rio+ri2+ r”)]
ﬂquL+%+Hmﬂ+mWHm+h+M%L Y
Tio Tc
3 [);i‘*] =ne{[Xe]roz + [Xe']"lz - lxe":|("20+"21 + "21) + [X€2+ ]rd + [XG+]{rr + nercr)}
_ {xe"](i+L+i+([Xe‘] + [Xe**Nir, + ) +M2’a) + [Xer ], ®
Tao Ta1 T ™
L)f;z-i: [Xe+ }Mzral + {Xe’;]zrae - [XCZ+ ]nerd’ (9)
t
_ﬁ§ﬂ:nmq+meMM%;Wmﬂ@m+mn+H@hnij (19
t r

The ratio of the density of the molecular ion to that of
the total ion density is

[Xes" ]
[Xe*] + {Xe;' ]

For our typical values, this ratio is approximately 10~%, The
atomic ion and heavy particle densities are obtained by solv-

_ nM?3r, + [Xet)’r.,
T nlnr, + Mr,)

(11)
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ILmg the partial differential Eqs. (2}-{6) discussed above. In
Eqgs. (7H{11), M is any third body, r; is the rate of electron
impact excitation between levels / and j, r;; is the electron
impact ionization rate for state f, 7, is the rate of radiative
electron-ion recombination, r,, is the rate of collisional ra-
diative recombination, and r, is the rate of formation of Xe?
from collisions between excited xenon atoms and third bo-
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TABLE L. Electron impact and heavy particle collision rates.

Symbol Process Rate® Reference
r, Xe* + Xe*—Xet +Xe + e 5(—10) 33,¢)
Toe Xe# + Xef—Xe;” +2Xe+ e 5(— 10} 33,¢)
., Xe** + Xe + M—Xet + M 1(=31)cm®s™" 33,¢)
r, e+ Xet—Xe + hv 6.4 — 13)/T)? 29,d)
re 2¢ + Xe*—Xe + e 5.4 —=27/T% emSs—! 29,35, d)
Far Xet 4+ Xe + M—Xe + M 2.5(—31) ecm®s™! 33,¢)
I~ Xer + M—2Xe + M (- 11) 33,¢)
r, Xexr +e—2Xe +e (-9 33
ry Xe,b + e—Xe** + Xe 2.5(—17)- 33,34, d)
[1 —exp(— 750/T )/ T)?
/73, Xe**Xe* + hv 5(7) s™! estimate
/7, Xe** + M—>Xe* + M 3(—12) estimate, c), €)
1/7, Xe*—2Xe + hv 207) s~ 36, f)
1/7y0 Xe*—Xe + hv 1(4) s~! estimate, g)
/75 Xe**—>Xe + hv 5(7) s™! estimate, g)
Tor e+ XessXe* ¢ b} 37
To2 e+ XessXe** +e b) 37
Tos e + Xe—Xet + 2¢ b) 38
o e+ Xe*sXe** + e b) 37,39
r e+ Xe*—Xe* + 2e b) 40
ry e + Xe**~Xe* + 2e b) 40,41
v, /[Xe] e+ Xe—Xe +e b) 42, h)
v /[Xe*] e+ Xet—Xe* + ¢ 2.9(— 6)In A /T3? 20, d), i)

2 5( — 7)=5x 10~". Rates are in units of cm® s~ unless noted otherwise.

 Cross section for process, from the indicated reference, was averaged over a Maxwellian electron distribution function to obtain rates as a function of
electron temperature. Rates are plotted in Fig. 3. Reverse rates were calculated by detailed balance.
) All rates for heavy particle collisions are listed for 7, = 300 °K. Rates were scaled in the model by (T, /300 °K)'"%.

9T, in’K, T, ineV.

°) Applicable for quenching of excited states to any lower level.
) Estimated average value, predominantly for triplet.

& Estimated values for radiatively trapped transition.

™ Applicable for a neutral atomic xenon species.

YA = 1.55(10(T**/n,}"/% T, ineV, n, incm >,

dies. The rate of formation of the molecular xenon ion
through the neutral channel is 7, and through the ion chan-
nel is r ;. r, is the rate of dissociative recombination of the
molecular xenon ion. Radiative lifetimes are denoted by 7;
or 7,, and collisional lifetimes by 7.. The electron impact
rates are plotted in Fig. 3. Heavy particle rates and lifetimes
are listed in Table I.

C. Boundary conditions and thermat conduction

The boundary condition for transport equations in geo-
metries with radial symmetry is that spatial gradients are
zero at the center of symmetry. This is not the case for the
sector space formulation. The length of the radius vector
180° opposed to a given sector is not necessarily the same
length, and therefore the rate of expansion along that sector
may not be the same as its opposing neighbor. Spatial deriva-
tives must therefore be explicitly calculated across the center
of symmetry. The only explicit boundary condition at the
center of symmetry is that the value for a given variable for
all sectors be equal. The boundary conditions at the opposite
end of the sector, that is at the wall,are T, = T,,, u =0, and
n =0 where T, is the wall temperature, calculated in the
manner described below.

The boundary condition for the electron temperature at
the wall is that V-{4, VT,) = 0. This boundary condition be-
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comes evident when one examines the sheath that exists at
the wall of the discharge tube. The sheath is a region in which
the electron density decreases rapidly. Since the electron
thermal conductivity is proportional to the electron den-
sity,?® the rate at which heat is conducted by electrons
through the sheath is negligible. The thickness of the sheath
is a few to about ten Debye lengths,*® which is only a few tens
of microns for our conditions and which is much smaller
than the grid spacing used in the calculation {typically a few
tenths of a millimeter). Structure in the sheath is therefore
not resolved, and as an approximation, we use the boundary
condition described above. In practice, the contribution of
electron thermal conduction to the electron energy balance
is small during the discharge pulse.

The average wall temperature of a xenon flashiamp will
increase by a few degrees many seconds after a single dis-
charge pulse. Due to the short duration of the discharge
pulse and low thermal conductivity of the quartz discharge
tube, though, the inner surface of the quartz envelope can be
heated many hundreds of degrees during the course of the
discharge pulse. The inside surface of the quartz envelope is
heated primarily by three sources; the thermal contribution
of the electron and ion flux flowing to the wall, the energy
released when electrons and ions diffusing to the walls re-
combine, and radiation emitted by the plasma that is ab-
sorbed in the walls. Of these three mechanisms, the domi-
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nant source of wall heating is by recombination at the
wall.?2" The thickness of wall material in which this energy
is deposited in is 4/~ (yAt )'/> where A is the heated thick-
ness, 4t is the discharge pulse length, and ¥ is the thermal
diffusivity of the wall. For typical values, (4f == 500 us,
¥ = 8X 1073 cm?/s), the heated thickness is approximately
20 m. Given this value, the inside surface wall temperature,
T, , at the terminus of each sector in the model is given by

a7, 1 A
a4
g (4L, Al

where ¢, is the heat capacity and A is the thermal conductiv-
ity of quartz. The heat flux, Fj, is*®?’

(12)

Fy= % [v,GKT, + E, — eg,) + .kT.e " ]. (13)
In Eq. (13), v; and v, are the ion and electron thermal veloc-
ities, 7; and 7, are the ion and electron temperatures, 7 is
the electron and ion density in the plasma adjacent to the
sheath, ¢, is the sheath potential, and E, is the xenon ioniza-
tion potential. The sheath potential is given by’
kT, .
In{MT,/(mT;)],

2e -
where M and m are the ion and electron masses, respectively.
A separate wall temperature is computed for the terminus of
each sector. This value becomes the boundary condition for
the gas temperature at that location.

¢s=~‘

(14)

D. Magnetic forces and radial electric field

The magnetic forces generated by a high current arc or
discharge may be sufficiently large to perturb the plasma.
This force is the mechanism which compresses “pinch” plas-
mas. The origin of the force is that the current generates a
magnetic field described by Maxwell’s equation

1 JE
VXB =— "=+ ujj.
¢ ot Hod

The magnetic field in turn induces a force on the charge
carriers

F =ejXxB.

(15)

(16)

For our geometry, this is a radial force pointing towards the
axis or center of symmetry. For the conditions typical of
xenon flashlamps the transport of charge carriers is colli-
sionally dominated and the transverse motion of electrons
and ions is dictated by ambipolar diffusion. For these condi-
tions, the radial force resulting from the arc’s magnetic field
can be expressed as an effective drift velocity. This drift ve-
locity, and the associated flux, is then used in the calculation
of the effective radial ambipolar electric field. The magnetic
field at radius r from the center of symmetry is
petn [ ELA"
27 Jo r

where o is the electrical conductivity, E is the longitudinal
electric field, and the current density isj = oE. The magnet-
ic force at radius 7 is therefore

F, - W EV) [ E A"
Jo !

2T r

(17)

(18)
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Assuming quasi-steady-state conditions, the magnetic drift
velocity is v,, where

(19)

where v, is the electron or ion collision frequency and M is
the particle mass. Substituting for F,,, the magnetic drift
velocity is

b o E*M f’ ofr')dA’
T v, o ro

(20)

where the electrical conductivity is en/mv, and the longitu-
dinal electric field is independent of 7. The effective radial
electric field is obtained by setting the radial flux of electrons
equal to that of ions. This is the ambipolar diffusion approxi-
mation. For our conditions, diffusive motion is a second or-
der correction to the convective motion of the heavy parti-
cles. Solving for the radial electric field,

§: H: - (ue +‘vm,) + (UI +vm,)

+ (D, — D)Vn/n]/ . + p) (21)

where u is the convective velocity, u is the particle mobility,
D is the free diffusion coefficient and the subscripts e and /
refer to electrons and ions. The magnetic drift velocity is
only important at low pressure (€100 Torr) and high current
density (> 3000 A/cm?). This effect results from the fact that
the magnetic drift velocity is proportional to the third power
of the mobility, which is in turn inversely proportional to the
pressure.

E. External circuit

The external circuit used to drive the flashlamp is
shown in Fig. 4. The storage capacitance is C, and the cable
(or peaking) capacitance is C, . A series resistance of R, may
also be in the circuit. The circuit equations used in the model
are (see Fig. 4 for notation)

W _Zhopyy oLy
dt c, i C,
SWITCH
v(t) Ly Lo
A A RA!
V1 V2 R
__Cs __ % R
R
RS

FIG. 4. Discharge circuit used in the model. C; is the storage capacitor and
C, is a peaking capacitance, either in the electrical cables or added to the
circuit. The inductance L, is added to the circuit to obtain the desired LC
time constant for the circuit length and the inductance L, is geometrical.
Each lamp has a resistance R and R, is a series resistance.
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dt L, dt L,
where 7 is the number of lamps in series in the circuit and R
is the resistance of each lamp. This last value is given by Eq.
(1) for every sector, and each sector is treated as one in a set of
parallel resistors. The function ¥V {¢) simulates the circuit
switching device (e.g., a spark gap or a thyratron). The final
results from the model are insensitive to the precise form of
this function since the time required for the circuit switching
device to conduct is very short compared to any other time of
interest and is independent of other circuit parameters. V' (r)
is approximated by

_ VO o~ t/T

V(’)-—-—'—T*—‘,

(23)

(24)

where ¥ is the charging voltage and 7 is the switching time
(r=10 ns).

F. Radiation transport

During the first few hundred microseconds of the dis-
charge pulse of a xenon flashlamp having our dimensions
and conditions of interest, the emission spectrum is initially
dominated by line emission. After the first few hundred mi-
croseconds, the spectrum is dominated by continuum emis-
sion.**'® Line emission decreases in apparent magnitude in
part due to increased Stark broadening by an increasing den-
sity of electrons. The continuous emission is otherwise domi-
nated by radiation from electrons making free-bound recom-
bination transitions.>*® The transformation from line to
continuous emission occurs as the plasma within the arc ap-
proaches LTE conditions, and as the arc grows to sufficient-
ly large size that the emissitivity of the plasma is large. Recall
that continuous emission at frequency v from a grey body at
temperature T is S(7,v)e(T,v) where §(T,v) is the Planck
blackbody emission function and ¢(7,v) is the emissivity of
the source, equal to unity for a black body. The emmissivity
of a cylindrical plasma with diameter 4 and absorption coef-
ficient a(T,v) can be approximated by**

e~ —exp ( {25)

—ad )
[1+0.7(ad)"? +0.08ad |/
For spectral emission mimicking that of a blackbody, the
product ad must be large. Since « is relatively constant as a
function of position within the arc, the emissivity of the plas-
ma increases as the arc expands only as d increases. The
emissivity of xenon arcs is a function of wavelength because
a is a function of wavelength. & and € are farge in the visible
and infrared, and small in the ultraviolet. This disparity in
emissivity is manifested in the angular distribution of radi-
ation from a flashlamp (see Sec. III D).

Radiation transport in this mode! was computed for
only the continuum component of the spectrum, although
line radiation (i.e., spontaneous emission) as an energy loss
mechanism is included in the kinetics portion of the model.
The local source of continuous radiation was assumed to be
free-bound electron transitions. The radiation source func-
tion (photons/cm® — s) is obtained by summing the radia-
tive contributions from electrons making free-bound transi-
tions {radiative recombination) to the ground and excited
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states of neutral xenon. The source function for photons hav-
ing energy between ¢; and €/ resulting from radiative recom-
bination of electrons with temperature 7, into a neutral xe-
non level with ionization potential £, is*®

dx, (26)

— mx
Sy =7 ZJ%(G:_E’J exp( 2kT, )
k=Y, ———

€ — 2F
e~ £y ( k + x)
m

where ¥ is a normalization constant (see below}. For use in
the model, photons were grouped into five bins for the pur-
pose of generating a coarse spectrum. The upper boundaries,
in wavelength, of the first four photon groups are 0.104,
0.345, 0.564, and 5 um. The fifth photon group comprises
photons with wavelengths longer than 5 um. The first three
boundaries correspond to the threshold for ionization of the
three neutral states of xenon used in the model, assuming a
fixed fowering of the ionization potential of 0.2 eV. The nor-
malization constant y is chosen such that the sum of S, over
the five photon groups and three neutral levels equals the
rate of radiative recombination.?” That is,

E’: i _S_',_k_ _ 6.4 10“3_

i=1k=1 n? T:,/z
The electron temperature is in electron volts. Contributions
are obtained only if €; > E, . The source function for group ¢
is simply

3
Si= Y S
k=1
Given the source function for photon group i at focation
r, S;(r}, the local photon flux, @, (r) is obtained by computing
the photon transport integral

e

(27)

(28)

d, (29)

o0 =|.
S4r')
where a, (r} is the photon absorption coefficient. The photon
absorption coefficient is the sum of a photoionization term
and a term for inverse Bremsstrahlung. The first term was
calculated by assuming hydrogenic bound-free photoioniza-
tion of all neutral levels.”® This photoionization cross section
is maximum at threshold and decreases with the third power
of the energy defect. The average absorption coefficient
(cm ™'} by this process for photon group 7 is

7.9%107"8 9 de
aP == N ,
' ; ek2<£,~ y (E,’ - f,-) €; (E/Ek)3

where N, is the density of atoms in fevel k. Photon absorp-
tion by free-free absorption, small in comparison to pho-
toionization, is given by*°
172
) v~3em~

Given the local photon flux, the rate of photoionization of
level k at r is then

Ry)= 3 &,malmm,ir).

6> Ey

For conditions where a,(r) and S, (r) are constants and

s.aip.org/japol/japcr.j
NCd. Kushner 243"

4rjr” —r'}?

(30)

afp=2.3X10‘[Xe+In(8:? (31)

e

(32)



the arc is radially symmetric, the integral in Eq. (29) can be
performed in closed form. For our conditions, though, this is
not the case. The integral in Eq. (29) was numerically evalu-
ated in the model using time dependent local values for the
source function and absorption coefficient. To save comput-
er time, the integrals for @, (r) were evaluated for sources
lying only within a distance corresponding to less than ten
absorption lengths {including axial extent). The radiation
transport integrals were also only evaluated at time intervals
of about 2-5 us. This time interval is short enough to capture
any significant transient behavior, but long enough to mini-
mize computer time.

ill. THE RATE OF ARC EXPANSION AND PLASMA BORE
FILLING

A. Hydrodynamic effects

Current density and heavy particle density during a
typical sequence of arc formation are plotted in Fig. 5. The
arc filling fraction is plotted in Fig. 6. The discharge condi-
tions are a xenon filling pressure of 300 Torr, a tube diameter
of 2.0 cm and an arc length of 50 cm. Three lamps are in
series in the electrical circuit and the charging voltage on the
storage capacitor {312 uF) is 16.3 kV. The stored electrical
energy in the circuit is 280 J/cm of arc length and the LC
time constant of the electrical circuit is 265 us. The arc was
initiated midway between the axis and the wall of the dis-
charge tube. Early in the discharge pulse, the arc diameter is
small and the impedance of the discharge is large. Conse-
quently, the local current density is large, though the total
current is small. As the low gas density arc channel begins to
form, the arc expands in a radially symmetric fashion. By
100 us, the arc has reached the wall on one side of the dis-
charge tube, but continues to expand on the other side. Near-
ly LTE conditions are obtained in the middle of the arc with
the gas and electron temperatures ~ 1.1 eV. (See Fig. 7.) At
250 us, the convective motion of the gas has increased the gas
density exterior to the arc to a sufficient degree as to stall the
rate of arc expansion. For these pulsed conditions, the last
frame in the sequence plotted in Fig. 5 is the maximum arc
diameter, representing an arc filling fraction of 0.68. The
siowing in the rate of arc expansion and its eventual stalling
before the bore is filled is, to first order, a result of electron
kinetic processes. The electron kinetic processes, though, are
constrained by the heavy particle density determined by hy-
drodynamics. The hydrodynamics are, in turn, driven by a
pressure gradient, which is a result of gas heating of heavy
particles by electrons.

As the discharge develops, the gas entrained within the
arcis heated, thereby raising the local pressure. The pressure
gradient drives an expansion wave into the cool gas outside
the arc, thereby increasing the gas density in that region. The
electron temperature is proportional to E /N (electric field
divided by gas density), and more specifically, is a function of
E /v (electric field divided by collision frequency). The de-
creasing gas density within the core of the arc and increasing
density outside the core of the arc leads to a disparity in local
electron temperature. The electron temperature is largest
within the arc (because N is small} and decreases as the gas
density increases towards the edge of the arc. This trend of

increasing electron temperature with decreasing radius into
the arc continues until the ion density becomes sufficiently
high that the collision frequency within the arc is dominated
by electron-ion collisions. At this point, the electron tem-
perature may then decrease within the arc. (See Fig. 7.)

As the arc channel expands, more gas is compressed by
the expansion wave into a smaller region at the arc’s edge.
The parameter E /N, and hence electron temperature, con-
tinues to decrease. Recall that the ionization rate is propor-
tional to exp( — €/7,), where € is the ionization potential,
while the recombination rate is proportional to 1/T
{n = 0.7 for radiative recombination, n = 4.5 for collisional
radiative recombination).?® The higher neutral gas density at
the edge of the arc also increases the rate at which molecular
xenon ions are formed, for which the recombination rate is
more rapid than for atomic ions.*® Therefore, as the gas den-
sity increases at the edge of the arc, the ionization rate de-
creases and the recombination rate increases. Eventually,
the electron temperature falls below a critical value at which
time the recombination rate dominates and the electrons are
not energetic nor numerous enough to avalanche or to heat
the gas at the edge of the arc. At this point, the arc expansion
stalls. Further expansion takes place at a much reduced rate
and by extension of the hot zone by heavy particle thermal
conduction or by reversal in the direction of convection (see
below). The reduction in electron temperature is exacerbated
by a decrease in the impedance of the flashlamp as the arc
channel expands. The lowered impedance results in a lower
local electric field, and hence lower electron temperature.
The lower electron temperature provides a smaller heat
source, the driving function for the hydrodynamic pressure
gradient.

The asymmetric expansion of the arc to the interior wall
of the discharge tube results in asymmetric heating of that
surface. The computed wall temperature at the interior sur-
face of the discharge tube is plotted in Fig. 8, and reflects the
asymmetric expansion of the arc. The dominant wall heating
mechanism is the kinetic energy of ions accelerated through
the sheath and recombination heating. Severe localized heat-
ing of the discharge tube is thought to be a failure mechanism
when flashlamps are heavily electrically loaded. Thermal
conduction within the discharge tube wall and throughout
the volume of the glass, averages the azimuthal extent of the
wall heating when measured on the outer surface of the wall.
Even though, thermocouple measurements of the exterior
wall temperature after a discharge pulse show a severe de-
pendence on azimuthal position.>’ The measured tempera-
ture is highest at the wall location closest to the ground plane
or trigger wire; at the azimuthal location one would expect
the breakdown filament to be closest.

B. Electrical energy loading

The fact that the arc does not entirely fill the bore in
large diameter flashlamps is a result of the transient nature
of the excitation pulse. For sufficiently long electric dis-
charge pulses, the extreme example being continuous excita-
tion, diffusion and therma! conduction through the neutral
gas will eventually heat the regions exterior to the arc chan-
nel. This is a much slower process than that of the initial
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FIG. 5. Typical sequence of arc expansion in a xenon flashlamp for various times after propagation of the breakdown filament. The initial conditions are an
electron density of 10'* cm 2 confined to a diameter of 0.1 cm at the location of the filament. The gas density is initially quiescently uniform. The breakdown
filament was located halfway between the axis and wall of the discharge. Plotted on the left is the neutral xenon density and on the right is the current density.
The diameter of the discharge tube is 2.0 cm and the initial filling pressure is 300 Torr. A plot of the initial neutral gas density would appear as in Fig. 2, and
initially there is no current density. The arc maintains the profiles as given for r = 275 us for another 200 us, yielding a bore filling fraction of 0.68.
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FIG. 6. Time history of the arc filling fraction corresponding to the condi-
tions of Fig. 5. The arc filling fraction is defined as that fraction of the cross-
sectional area of the tube in which the current density is greater than 0.1 of
the instantaneous peak value of current density.

expansion mechanism. As the denser gas in the outer part of
the arc heats up, the pressure gradient reverses, causing a net
convection of gas back into the interior of the arc. This pro-
cess continues until a steady-state temperature and density
profile is obtained, the description of which is given by the
standard steady-state heat transfer equations.

The eventual reversal of the pressure gradient and con-
vection of gas back into the core can be observed on shorter
time scales in flashlamps of relatively low pressure by in-
creasing the electrical input energy to a sufficiently large
value. An example of this process is shown in Fig. 9 where
the heavy particle density for two values of electrical input
energy are plotted. In each case, the arc was initiated on the
axis of the tube. The discharge tube diameter is 5 cm and the
initial fil] pressure is 75 Torr. In Fig. 9(a) the electrical input
energy in 70 J/cm,; in Fig. 9{b) the input energy is 285 J/cm.
In the former case, the input energy is sufficient to form the
arc channel, however, it is sufficient to heat the gas exterior
to the arc within the duration of the discharge pulse (hun-
dreds of microseconds). In the latter case, the arc expands to
fill the entire bore in about 250 us. The denser gas in the
outer portions of the arc is heated, thereby reversing the

1.25r
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0.75r 6E‘
~ o o~
2 Lo E
- = <
z
0.25+
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0 0.5 1.0
RADIUS (cm)

FIG. 7. Typical arc parameters for a symmetrical arc (i.e., the breakdown
filament located at the center of the discharge tube). Conditions are plotted
for t = 90 us after breakdown, about halfway through the arc expansion
process. The plasma is nearly in LTE in the core of the arc.
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FIG. 8.Typical calculated interior wall temperature of the discharge tube at
the end of the current pulse. Conditions are similar to those of Fig. 5. Wall
heating is asymmetrical due to the initial breakdown filament being located
off the axis of the discharge tube.

pressure gradient and refilling the arc channel.

As implied above, the arc filling fraction is a function of
energy loading of the lamp, and more accurately, a function
of both energy deposited and the length of time for energy
deposition. A discharge current pulse of time duration sig-
nificantly less than the sound speed transit time across the
discharge tube is not of sufficiently long duration to allow
the arc channel to form by convective motion during the
energy deposition phase. Conversely, the arc filling fraction
for current pulses longer than the sound speed transit time is
a function only of the stored electrical energy and energy
deposited in the discharge. This dependence is illustrated in
Fig. 10 where the arc filling fraction is plotted as a function
of energy loading (tube diameter = 2.5 cm, filling pres-
sure = 300 Torr). The arcs were initiated on the axis of the
discharge tube. The arc filling fraction increases with in-
creasing energy loading, rapidly at low loading and less ra-
pidly at high loadings. This is also the experimentaily ob-
served behavior.'®?* The roll off in arc filling fraction with
larger energy loading is in part a result of radiation becoming
a more efficient energy dissipation mechanism. The role of
radiation in the arc expansion process is discussed in Sec.
I D.

C. Pressure and geometrical effects

As described above, for otherwise identical conditions,
the rate of arc expansion and arc filling fraction are functions
of the electrical energy loading. They are also functions of
the radius of the discharge tube, xenon filling pressure, and
the radial location of the breakdown filament. Clearly, for
otherwise identical conditions, the rate of arc expansion and
final arc filling fraction increases with decreasing filling
pressure.'® (See Fig. 11.) For constant energy loading, the
energy available per gas atom, and hence the largest possible
arc temperature, increases with decreasing fill pressure. The
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increase in temperature in the core of the arc, though, is
small (1.1 eV at 300 Torr and 0.9 eV at 400 Torr). The in-
crease in filling fraction with decreasing gas pressure is a
result of an increasing E /N at the edge of the arc. When the
arc channel forms, a region of high gas density at the edge of
the arc is created by convection. It is the lowered value of E /
N at the edge of the arc that has major responsibility for
stalling the arc expansion process. At lower fill pressure, the
arc can expand to a larger radius before the critically low E /
N is obtained in the high gas density region at the edge of the
arc.

The radial location of the breakdown filament at each
axial point determines the bore filling fraction at that point.
In general, the bore filling fraction is maximum when the
breakdown filament is on the axis. The bore filling fraction
decreases as the breakdown filament moves from the axis
towards the wall. (See Fig. 12.) This effect is a function of
xenon filling pressure, with high pressures being most sensi-
tive to the location of the breakdown filament. To under-
stand this phenomenon, think of the expansion wave propa-
gating along each sector as having to displace a given
amount of gas in order to form the low density arc channel.

1.0 T T T T

08 m

0.8 4

0.4 -

ARC FILLING FRACTION
=T
1

0 1 1 1 1
o] 200 400 600 800 1000

STORED ELECTRICAL ENERGY (J/cm)

FIG. 10. Arc filling fraction as a function of stored electrical energy per
centimeter of arc length. The discharge tube is 2.5 cm in diameter, arc
length is 112 cm, and the initial xenon filling pressure is 300 Torr. Stored
electrical energy was varied by changing the charging voltage on the storage
capacitor (C, = 431 uF). The voltage corresponding to 250 /cmis 11.4kV.
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FIG. 9. Xenon density for two values of
stored electrical energy per centimeter
of arc length; (a) 70 J/cm and (b} 285 J/
cm. The initial filling pressure is 75 Torr
and the diameter of the discharge tube is

)‘ﬁ;g 5 cm. The breakdown filament passes
% through the center of the tube.
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Since the system is bounded, the displaced gas accumulates
in front of the wave, thereby requiring a larger pressure gra-
dient across the boundary to continue the expansion process.
The amount of gas that must be displaced, and therefore
accumulates in front of the expansion wave, is proportional
to the square of the length of the sector. Breakdown fila-
ments at off axis locations have sectors that are dispropor-
tionately long, and expansion along those sectors is slow,
thereby accounting for a low filling fraction. {See Fig. 13.)
This effect is also seen in the dependence of bore filling frac-
tion on the diameter of the discharge tube. In Fig. 14, this
dependence is plotted for breakdown filaments located on
the axis of the discharge tube. The volumetric power loading
is the same for all cases. The bore filling fraction decreases as
the diameter of the discharge tube increases, a manifestation
of the effect discussed above.

D. Radiation and its role in arc dynamics

The internal energy of a plasma is calculated from the
heavy particle temperature and density, lowering of the ioni-
zation potential, and the partition function of the constitu-
ents of the plasma. For the conditions of interest (filling pres-
sure = 300 Torr, temperature = 1 eV) the internal energy of
a xenon plasma is approximately 6.5 J/cm®. The electrical
energy deposited in the plasma, though, is usually much
larger than this value. Typically, 95% of the stored electrical
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FIG. 11. Arc expansion for filaments located at the center of the discharge
tube for different filling pressures of xenon. The discharge tube is 2.5 cm in
diameter, and the stored electrical energy is 260 J/cm of arc length,
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FIG. 12. Arc filling fraction as a function of filling pressure of xenon and
location of the breakdown filament. A value of 7/R = O corresponds to the
breakdown filament being at the center of the discharge tube and a value of
r/R = 1 corresponds to the filament running along the wall of the discharge
tube. The diameter of the discharge tube is 1.5 cm and the stored electrical
energy is 105 J/cm of arc length. The arc filling fraction decreases with
increasing fill pressure and as the breakdown filament moves away from the
axis of the tube and towards the wall.

energy can be deposited in the discharge tube during a dis-
charge pulse lasting 500 us. This value corresponds to ap-
proximately 50 J/cm®. It would appear that there is suffi-
cient energy to raise all of the gas in the flashlamp to a
temperature in excess of 1 eV, and therefore fill the entire
bore with plasma. In reality, though, the internal energy of
the plasma is even less than the value one would calculate
using a heavy particle density given by the initial filling pres-
sure because that portion of the bore that is filled with plas-
ma and therefore at the high temperature, has a heavy parti-
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cle density significantly less than the cross-sectional average.
Therefore, the disparity between the internal energy of the
plasma and the deposited electrical energy in the plasma is
even larger than mentioned above.

The difference between energy deposited in the dis-
charge tube and that energy which is stored as the internal
energy of the plasma is the energy that is either deposited in
the wall of the discharge tube or radiated away. The former
is the smaller effect, accounting for less than 20% of the total
energy.’! The latter is the single greatest expenditure of ener-
gy in the plasma. Of the energy deposited in the plasma ap-
proximately 75% is eventually radiated away.’' As the plas-
ma in the interior of the arc obtains temperatures near 1 eV
and conditions approach LTE, the emissivity of the plasma
increases and the radiation process becomes quite efficient.
Electrical energy deposited in the plasma and would other-
wise be available for the thermodynamic expansion of the arc
channel is radiated away instead, thereby contributing to the
slowing down and eventual stalling of the arc expansion pro-
cess.

The partitioning of deposited electrical energy into ra-
diation and other processes in a xenon flashlamp is illustrat-
ed in Fig. 15. Here the total energy deposited in a xenon
flashlamp, and the total energy radiated by the lamp are
plotted as a function of time. The former plot was experi-
mentally obtained by integrating the product of voltage and
current of the flashlamp. The latter plot was experimentally
obtained by integrating the signal from an energy calibrated
pyroelectric detector. Also shown, by the horizontal line in
Fig. 15, is the amount of energy that must be deposited in the
plasma to raise the temperature of all the gas in the lamp to

1.1 eV. Clearly, the amount of energy deposited in the lamp
is sufficient to heat the entire bore to a temperature in excess
of 1.1 eV. The energy actually available to do so, though, is at
best the difference between the energy deposited in the gas
and the energy radiated away. This smaller amount of ener-

FIG. 13. Xenon density for fully devel-
oped arcs for different locations of the
breakdown filament; (a) center of the
discharge tube, (b) midway between
axis and wall, and (c) along wall of the
discharge tube. The discharge tubes
are 2.0 cm in diameter and the initial
filling pressure of xenon is 300 Torr.
The stored electrical energy is 280 J/
cm of arc length. The arc filling frac-
tions are 0.85, 0.7, and 0.5, respective-

ly.
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FIG. 14. Arc radius as a function of diameter of the discharge tube for an
initial filling pressure of xenon of 300 Torr. The stored electrical energy in
each case is 0.4 of the single-shot explosion energy. The stored electrical
energy per cm of arc length (in increasing order of diameter) are 170, 420,
and 965 J/cm.

gy is sufficient to raise only a portion of the gas to the desired
temperature. The bore filling fraction therefore has as a max-
imum a value necessarily less than unity.

We see then that the slowing down in the rate of arc
expansion and the eventual stalling of the arc expansion is in
part a result of reaching a state in which energy is radiated
away at a rate equal or comparable to the rate of energy
deposition and therefore this energy is unavailable for the
thermodynamic expansion of the arc. A system whose emis-
sivity is lower, and hence is a poorer radiator of energy, has
more internal energy available for the hydrodynamic expan-
sion of the arc channel. One would expect larger arc chan-
nels and larger filling fractions for such systems.

Radiation inhibits the rate of arc expansion and reduces
the arc filling fraction due to the fact that it is an efficient
energy dissipation mechanism. To the extent that radiation
is also a source of ionization, radiation transport increases
the rate of arc expansion, but does not appreciably change
the fina} arc filling fraction. Radiation serves to speed of the
hydrodynamic timescale during the early stages of the dis-
charge pulse when the applied electric field is high. While the
field is high, photoelectrons created at the edge of the arc are
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FIG. 15. Experimental data taken on a xenon flashlamp 1.9 cm in diameter
and having an initial xenon filling pressure of 300 Torr. The total energy
deposited in the discharge tube and the total radiated energy per cm of arc
length are plotted. The energy available for the thermodynamic expansion
of the arc is at best the difference between the two values. The banded region
is the approximate energy required to obtain an arc filling fraction of unity
with a temperature of 1.1 eV.
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able to rapidly avalanche, thereby expanding the plasma re-
gion, heating the gas, and spatially extending the pressure
gradient front. As the arc expands, arc impedance and ap-
plied voltage decrease, and the gas density increases at the
edge of the arc. The electron temperature in this region drops
below a value sufficient to allow photoelectrons to ava-
lanche. The electron temperature, though, is above the value
necessary to maintain the plasma. Photoionization still oc-
curs at the edge of the arc at this time, however the photo-
electrons are not hot enough to expand the arc channel to a
larger diameter.

The extent to which radiation increases the rate of arc
expansion is iftustrated in Fig. 16 where arc radius as a func-
tion of time is plotted for calculations with and without pho-
toionization. The example with photoionization expands
more quickly however the ultimate filling fraction is the
same as the otherwise identical example without photoioni-

zation.
Recall that the emissivity of a plasma is an exponential

function of the optical depth of the plasma. [See Eq. (25).]
The optical depth, the product of the absorption coefficient
and the photon’s path length, is a function of the angle of
observation. At shallow angles, the photons one observes
have, on the average, traversed a longer length of plasma
than have photons that are observed at right angles to the
axis of the plasma. As the arc channel expands, the path that
is traversed by photons observed at various angles lengthens.
Since the photon absorption coefficient is a function of wave-
length, the change in path length as a function of time and
angle of observation requires that the observed spectrum is
also a function of these values.

The angular dependence of the emission spectrum can
be directly calculated with our flashlamp model. With the
time and spatially dependent photon source terms and ab-
sorption coefficients generated by the model, one simply
computes the radiation transport integral [Eq. (29)] at a loca-
tion on the surface of the discharge tube for photons arriving
in a given cone angle. Doing so, we plotted in Fig. 17 the ratio
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FIG. 16. Arc radius in a discharge tube 2.5 cm in diameter with and without
photoionization. Radiation, as an energy loss mechanism, is included in
both calculations.
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FIG. 17. Ratios of radiated power for two angles of observation and arc
filling fraction, for a discharge tube 1.9 cm in diameter. The angles are for
viewing the lamp perpendicular to the axis (6 = 0°) and for viewing at a
grazing incidence to the tube (6 = 80°). The plotted ratio is of power radiat-
ed at UV wavelengths (4 < 0.345 ym) divided by power radiated at IR wave-
< lengths (4 > 1.0 um). Parallel lines for these ratios would indicate that the
additional path length, and hence absorption, that photons experience as
the arc expands has the same effect for all wavelengths. The dramatic in-
crease in the ratio for the grazing incidence as compared to the normal inci-
dence results from the UV photons having a smaller absorption coefficient.

of power radiated in the ultraviolet (4 <0.345 um) to that
radiated in the infrared (4 > 1 um} for angles of observation
of 0° (perpendicular) and 80° (nearly grazing), and as a func-
tion of time.

Recall that the absorption coefficient is large for the
infrared and smail for the ultraviolet. At early times, the arc
radius is small and optical depth for all photons is small. At
later times when the arc radius is larger, the optical depth for
the infrared is large, while that for the ultraviolet, increasing
by the same fraction, on an absolute scale remains fairly
small. At normal incidence, the absolute difference in the
absorption coefficient between the IR and UV does not in-
crease sufficiently for the ratio of radiated powers to change
significantly. At shallow angles, though, the photons tra-
verse a longer path through the plasma as the arc radius
increases. The absolute change in optical depth between the
IR and the UV becomes sufficiently large that the IR is ab-
sorbed relative to the UV. The ratio of power radiated in the
UV as compared to the IR therefore increases.*?

iV. CONCLUDING REMARKS

A mode] for xenon flashlamps has been discussed that,
from first principles, describes the arc formation process.
This model, using a pseudo two-spatial-dimension formula-
tion, shows that the arc filling fraction is a function of the
radial location of the breakdown filament, as well as of the
filling pressure, energy loading and diameter of the dis-
charge tube. The arc filling fraction is largest for arcs initiat-
ed on the axis, and decreases as the breakdown filament
moves off the axis toward the wall. The slowing and termina-
tion of the arc expansion process at filling fractions less than
unity results from a decrease in E /N in the high-density gas
exterior to the arc and from the efficient conversion, and
subsequent recombination, of atomic xenon ions to molecu-
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lar xenon ions. Radiation serves primarily to reduce the rate
of arc expansion by efficiently converting thermal energy in
the plasma to photons that escape from the system. The in-
crease in arc radius is manifested in the change in spectral
content of radiation observed as a function of angle. Photon
absorption coefficients are larger in the IR than in the UV.
Therefore when observed at shallow angles as the arc ex-
pands, the emission spectrum is increasingly blue shifted.
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