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Pseudosparks,and the back-lighted thyratron (BLT) in particular, are finding increasing
application as pulse power switches. An attractive feature of BLTs is that high current densities
( > tens of kA cmm2> can be sustained from metal cathodes without auxiliary heating. The
sourceof this current is believedto be electric-field-enhancedthermionic emissionresulting from
heating of the cathode by ion bombardment during commutation which ultimately melts the
surface of the cathode. It is proposed that a photon-driven ionization mechanism in the
interelectrode gap of the BLT is responsible for initiating the observed patterns of cathode
surface melting and electron emission. A g-dimensional computer model is presented that
incorporatesa photo-induced ionization mechanismto spreadthe plasma into the interelectrode
gap. It predicts a melting of the cathode in a pattern similar to that which is experimentally
observed,and predicts a rate of field-enhancedthermionic electron emission that is sufficient to
explain the high BLT conduction current density. In the absenceof these mechanisms, the
model does not predict the observedlarge-areamelting of the face of the cathode. The cathode
heating rate during the BLT switching phaseis maximum for operating parametersthat are very
close to the limit for which the switch will close (that is, the smallest possiblepressure-electrode
spacing product and smallest possible electrode holes).

I. INTRODUCTlON

Pseudosparksare low-pressure plasma devices ( < 1
Torr) now being developedas high-voltage switches.le5As
low-pressure switches, pseudospark switches are best described as thyratrons, which obtain holdoff by operating at
low values of pressure X electrode spacing (pd product).
In spite of operating at low pressures( .C1 Torr), pseudosparks have demonstrated the current carrying capability
of high-pressureswitches ( > 1 atm) such as spark gaps.
Holdoff voltagesof > 72 kV and currents of > 80 kA have
recently been achieved in a single-gapdevice.6
Back-lighted thyratrons (BLTs) are a variant of pseudosparks.lv3$These devices differ from conventional pseudosparks by being triggered by photoelectron emission resulting by ultraviolet (UV) illumination of the cathode. A
schematicof a typical BLT is shown in Fig. 1. The cathode
and anode consist of opposing hollow structures with a
central hole. Externally generatedUV photons are directed
through a window onto the inner surface of the cathode,
producing photoelectrons.The photoelectronsconvect under the influence of the vacuum fields and causeionization
in the central hole and gap. This ionization leads to an
electric-field configuration inside the cathode resembling a
hollow cathode, which is believed to be required for triggering.
The commutation and conduction phasesof BLT operation are distinctly different. During commutation, the
BLT appearsto operate as a conventional glow discharge
a)Present address: General Electric, Inc., Research and Development,
P.O. Box 8, Schenectady,NY 12301.
“Present address: Sandia National Laboratory, Albuquerque, NM
87185.
‘)Author to whom correspondenceshould be addressed.
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with current from the cathodebeing sustainedprimarily by
secondary electron emission.7>8
At this stage, the majority
of current appearsto pass through the cathode and anode
holes after having been generated by ion impact on the
interior surfaces of the cathode. Toward the end of commutation and at the onset of conduction, the source of
current quickly changesto the opposing faces of the cathode and anode (location A in Fig. 1) . The current densities
at these locations increaseto tens of kA cm-‘. Inspection
of the cathode surfacesprovides clear evidencethat there is
melting in an annular region surrounding the central hole
in spite of there being no auxiliary heating. The transition
to thermionic emission occurs on a tens of ns timescale.
Given theseobservations,Hartmann et al. 1*2have proposed that the source of current is electric-field-enhanced
thermionic emission. In this mechanism, the face of the
cathode is heated by ion bombardment during commutation while the voltage is still high. As plasma begins to
form in the gap, a sheath of only a few to tens of pm thick
forms at the cathode surface. This leads to a commensurately large electric field at the surface of the cathode
which, coupled with the cathode heating, is the source of
the electron emission. Other explanations have been proposed which suggestthat when the plasma density in the
gap gets sufficiently large, and sheath thickness sufficiently
small, the cathode surfacemay emit in a manner similar to
a vacuum arc. In either case, there must be a fairly high
plasma density ( 10’2-10’3 cmW3) in the gap before the
sheath is small enough for these electric-field-enhanced
processesto occur.
The details of thermionically enhanced electric-field
emission have been discussedin detail in the context of
sustaining current in the BLT and computer models of
plasma dynamics in the BLT have been published describ-
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FIG. 1. A schematic of the BLT that consists of opposing hollow cylindrical electrodes with central holes. UV photons entering through the
window generatephotoelectronsfrom the back side of the cathode, which
then avalancheas they are swept through the cathode hole. Locations A,
B, and C are the face of the cathode, surface of the cathode hole, and
surface of the hollow cathode, respectively.

ing the operation of the BLT.7-” The pertinent experimental observation that current comes from and melting occurs on the face of the cathodehas yet to be explained.The
missing component is the manner in which ions transport
from the axis to the inner portion of the gap or generated
in the gap to provide the necessaryion bombardment, or
how plasma is formed within the gap to shrink the sheath
so that electric-field-enhancedprocessescan take over.
In this paper, we present a possibleexplanation for the
onset of thermionic emission in pseudosparksbasedon the
results of hydrodynamic computer model for the BLT. The
model includes the pertinent electron and ion transport
equations,and detailed descriptions of cathodeheating and
sheath dynamics. An added feature of the model is the
inclusion of transport of ionizing radiation from the axis to
the gap as the source of seed ions for heating. In the following sections, we describe our models for the BLT, discuss the various mechanismswhich may be responsiblefor
generatingseedions in the gap, and finally present results
from our model which support the photoionization mechanism.
II. DESCRIPTION OF THE BEAM-BULK

MODEL

We previously presenteda model applicableto the triggering and switching phasesof BLT operation.739Z’
That
0
work serves as a basis for the model whose results we
present here. The previous model will be briefly described
followed by a discussionof the enhancementswe have implemented to study cathode heating.
The basic model is a 2hdimensional plasma fluid
model. An electron fluid and a singly chargedHz-ion fluid
are integrated forward in time along with Poisson’s equation for the electric field to self-consistently simulate the
time evolution of the plasma during commutation in a
BLT. Ions are always consideredto be in equilibrium with
the local electric field in the bulk plasma, and their drift
velocity and diffusion coefficientsare therefore given by the
local electric field. Electrons are less likely to be in equilibrium with the local electric field, so additional conser3375
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vation equations for momentum and energy can be included. Additionally, electron “beams” can be used in the
model to describe the highly energetic runaway electrons
which can form in the high ,!?/N (electric field/neutral gas
density) found in a typical BLT. _
The individual mechanismsin the electron model can
be arbitrarily included or excludedto test their importance.
At its simplest, the electron fluid is modeled as being in
equilibrium with the local electric field (a drift-diffusion
model). The most sophisticated possibility includes the
continuity, momentum, and energy equationsfor the electron fluid, and additionally models directed electrons as
monoenergetic “beams.” In previous work, for example,
we found that the predicted current rise I(t) (and hence
the switching time) was well characterized by the simple
drift-diffusion electron model. It was necessary,however,
to consider the electron momentum and energy equations
in order for the model to faithfully predict the formation of
an experimentally observedintense electron beam.5
Ill. DESCRIPTION OF THE CATHODE HEATING
MODEL

The goal of the present work is to extend the justdescribed model to study BLT cathode heating and electron emission. In this section, we will detail three significant additions to the previous model: an accurate
description of the BLT during the high-density conduction
phase, the addition of a realistic external circuit, and a
model of the cathode heating and emission. Even with
these processesincluded, however, the observed cathode
melting and superdenseglow cannot be explained. Additional physical mechanismswill be consideredin Sec. IV.
A. Modifications

to the plasma model

Gas-phasedissociation and ionization of the feedstock
II2 gas can occur during the conduction phase.Gas-phase
depletion is estimated to peak at l%-10% of the feedstock
density during commutation. The density of feedstock H,
is calculated during the. simulation by incorporating the
appropriate rate equationsto account for depletion by ionization while presuming negligible diffusion of the H, during the time of interest (tens to hundreds of ns).
Due to the high plasma density, the integration time
step At is dynamically determined and set to be O.lr,,
< At < TDR,where rDR is the dielectric relaxation time.”
Though an implicit time-integration scheme is desirable
and has been used to model BLT operation,’the time integration here is explicit. We have, however, reduced the
computational load by making the integration only firstorder accurate. (The models presentedin Refs. 9 and 10
are fourth-order accurate.) For all but the initial transient
(I( 1 A), the dielectric relaxation time is typically much
smaller than that required to satisfy the Courant limit for
electron fluid flow, so the first-order integration is both
stable and accurate.
Several mechanisms that are not important prior to
conduction, but which may become important during or
after conduction, have also beenneglected.Dissociation of
H2 into neutral atomic H may be significant. Such dissociSommerer, Pak, and Kushner
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TABLE I. Field-enhancedthermionic emissionparametersfor molybde
num cathode surface (see Refs. 13-15).
Symbol

Value

Description

cs

0.059 cal g-’ K-l
10.22 g crnw3
1.38 W cm-’ K-’
2895 K
55 A K-* cm-*
4.3 eV

Specificheat
Mass density
Thermal conductivity
Melting point
Thermionic emissioncoefficient
Work function

Pm

K
Ttf2
A

4

FIG. 2. Schematicof the external pulse forming line (PFL) circuit we
used in our model.

ation m ight increase the ambient pressureby a factor of
~2 and may therefore enhance electron multiplication.
Similarly, gas-phaseshockwaves and beam instabilities
have been considered as sources of enhanced gas-phase
ionization.3Thesemechanismscan be difficult to quantify,
both becausethe BLT operating environment is far from
ideal, and becausethe fluid plasma model doesnot contain
sufficient physics to accurately representshocks.
B. The external circuit

The triggering and switching phasesof BLT operation
can be modeledto first order by presumingthat the voltage
across the BLT is fixed. The model presentedin Ref. 9
presumeda constant voltage source with an external load
resistorin serieswith the BLT to simulate the initial phases
of the voltagecollapseduring switching. A proper model of
the commutation phaserequiresthat we considerthe iinite
energy available in stray capacitancesthat are close coupled to the BLT.
We have modeled the external pulse-forming line
(PFL) with the circuit shown in Fig. 2. The valuesof the
elementsof the circuit are uniquely specifiedby the impedance Z,, and two-way transit time tpFLof the PFL. The
BLT switch elementconsistsof a resistivecomponentRBLT
which is determinedby the plasma model, a load resistor
Rs, a head resistanceRH, and head capacitanceC,. Appropriate rate equationsare included in the model to describe the various currents and voltagesin the circuit. We
included ten stagesin the PFL with element values of C,
= 10 pF, RH= 10’a, and R,= 1 a. C and L were chosen
so that the PFL impedanceZ=2.5 a and we had a transit
time of 6.7 ns.
C. Field-enhanced

thermionic

emission model

Hartmann et al. ‘J have reviewedthe heating of metal
surfacesfor typical BLT conditions. The surface temperature at location s and depth x can be found knowing the
history of the power deposition on the surfaceP(Q),
K In

T(.v,x) - Tc=p
3376
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Here To is the initial temperature,~=K/(pc,),
where
c, and pm are the heat capacity and mass density, respec
tively, of the cathodesurface.K is the thermal conductivity
and P is the heating power flux, which is describedbelow.
We have chosenvalues for theseparameterswhich cormspond to a M O cathode surface (Table I). The location
variables correspondsto a position along the cathodesurface: hence, each s correspondsto a unique (r,z) coordinate. The power density at the surface is the sum of energetic ion impact and electron-ion recombination on the
surface.Once the surfacetemperatureand electric field are
known, the electron emission can be found from the
FowlerYNordheim-Bethe-Sommerfeld (FNBS) equation,16

jmss=AT2J:m
ln[l+exr(~)]T(Yld($)ac2
Here A is the thermionic emissioncoefficient,and T( V) is
a factor that takes into account the change in the work
function of the surfaceat high-electric-fieldvalues.T(V) is
determinedfrom the following equations (in mks units):
T(V)=l,

9--+<

=exp[-6.83X

v< co,

(3a)

10’~ (+- V)3’2f(y)/E],

-uJ<v<+s+,

(3b)

The surface electric-field strength is E, 4 is the cathode
surface work function at zero electric field, and f(v) is an
eliptic function that accounts for the image force, and is
tabulated in Ref. 16. The effect that results from including
the electric-fieldenhancementof the thermionic emissionis
a rapid turn on of emission at moderate temperatures.
Theseequationsare implementedby loading the results of
the numerical integral into an array and then interpolating
the array during executionof the model for thermal emission current as a function of temperatureand field.
Given an arbitrarily fine computational mesh, the
power flux and electric-field strength at the surface can be
directly obtainedfrom the BLT model from the solution of
Poisson’sequation and the ion continuity equations. The
sheathsof the cathode fall, however, becomeexceedingly
narrow during the BLT conduction phase(a few pm), and
an unreasonablenumber of meshpoints would be required
Sommerer, Pak, and Kushner
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FIG. 3. Relationship between the cathode face, the Child-Langmuir
(CL) sheath, and the numerical mesh on which the model calculates
electric potentials. When the thickness of the cathode sheath decreases
below the width of a numerical cell, the numerical mesh is displaced from
the surface of the cathode by the thickness of the CL sheath. The boundary condition for solving Poisson’s equation on the numerical mesh is
then V(cathode) + VcL. The ion energy striking the cathode is the sum of
the ion kinetic energy at the center of the boundary cell and the potential
energy measured to the cathode surface.

to resolve the near-cathode region on this spatial scale.
This situation is remedied in the following fashion.
During the initial phasesof BLT operation, the electric
potential is calculated on a mesh which is presumedto be
in contact with the cathode surface.The voltage at the last
mesh point is then the same as the cathode potential. As
the ion current increases,however, the cathodesheathcontracts. When it is z 1 spatial cell wide the sheath can no
longer be resolved and the calculated sheath becomes
“mesh limited” while the real sheathcontinuesto contract.
To further resolve the sheath under these conditions, we
assumedthat the collapsing sheathcould be representedby
a collisionless Child-Langmuir (CL) sheath sandwiched
betweenthe cathode surfaceand the first mesh point of the
adjoining numerical cell (see Fig. 3). This mesh point had
previously been on the cathode surface. If the CL sheath is
presumedto be one Debye length ;L, wide, then its voltage
drop can be found from the incident ion flux from the
gas-phaseplasma model. With this approximation we have
(4)
Here j, is the ion current toward the wall, mi is the ion
mass, e is the unit electronic-charge (e > 0), and e. is the
permittivity of free space.The computational cells adjacent
to the face of the cathode are usually 2-5 x lo-’ cm wide
3377
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in our model, which is comparable to the electron mean
free path in a typical BLT (0.5 Torr H,). Sheathslessthan
a half cell wide can therefore be considered“collisionless”
and are amenable to this procedure. The approximation
improves as the plasma density builds and the sheath
shrinks, and therefore should be excellent during the conduction phase. Since V, is a function of ion current,
which is a function of position on the cathode, the temperature and electric field at the cathode surface, and hence
the cathode emission, must be calculated at each location
on the surface of the cathode.
When the electric potential is obtained from solving
Poisson’s equation, boundary values are required on the
computational mesh adjacent to the cathode. With the CL
sheath, the potential on the computational mesh at these
points is not equal to the cathode voltage. The boundary
value for the potential on the computational mesh at location s (a function of r,z) adjacent to the cathode is then
Vb(s) = V,+ V,(s) where V, (negative) is the cathode
voltage obtainedfrom the circuit equationsand Vc, is positive. Poisson’sequation is solved using the method of successiveoverrelaxation.
After having just completed an update to the tluid
transport equations, these algorithms are implemented in
the following fashion sequence:(i) The ion flux toward the
cathode is determinedat the center of each cell adjacentto
the cathode; (ii) the Child-Langmuir voltage drop V,, is
calculated using the CL sheath width of one Debye length;
(iii) the electric potential is obtained by solving Poisson’s
equation using V,(s) as the boundary value on the computational mesh; (iv) the power flux onto the cathode due
is calculated to obtain the cathode surface temperature;
(v) the thermionic electron current is obtained from Eq.
(2).

The energeticion impact current used to calculate the
rate of cathode heating is obtained from the flux F of ions
in the center of a cell adjacent to the cathode surface,
JY=n,pe-DVPti, where ,u is the ion mobility and D is the
ion diffusion coefficient. The impact energy is taken to be
the sum of the.-linetic energy at cell center’mivf/2, the
voltage drop from the center to edgeof the computational
cell, and CL sheath voltage drop V,, (see Fig. 3,).
To calculatesthe surface temperature as specified”by
Eq. ( 1), the past history of the ion flux must be known. To
avoid storing an excessiveamount of data points (corresponding to the location s of each mesh point on the cathode surface at each recalculation of the impinging power),
the following storagemethod is used.The ion power flux is
held in an array of points correspondingto position s and
elapsed time 7. The power for the most recent time is
stored as P(s,T=O). The power for the previous two time
steps is averagedand stored as P(x,r= -AT), which. occupies a “bin” 2( Ar) wide. Each successively “earlier”
time bin is twice as wide iri time as the time bin immediately preceedingit (later. in time). When a new P(s,O) is
calculated, the P(s,T) ~arrayis shifted one Ar,
‘--I
P[s,T= ( -i)Ar]

= (1- l/i)P[s,~=

(-i)h~]
Sommerer, Pak, and Kushner
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FIG. 4. Electric potential contours for (top) vacuum and (bottom) 20 ns
after the start of phototriggering.The contour spacingis 2 kV. Operating
parametersare an initial holdoff voltage 20 kV, gas pressure0.5 Torr H,,
electrodeseparation0.3 cm, and electrodehole radius 0.25 cm. The penetration of the anodepotential into the hollow cathodeextendsto 18 kV.

-+ (l/i)P[s,r=

- (i+ l)Ar].

(5)
This shifting proceduremust start at i=n, the earliesttim e
bin. P(s,O) is then set equal to the current ion power flux.
For lo-ps-wide bins at T=O, only n= 16 tim e bins are required to hold the power flux history for z 1 ps. This
method also retains the greatestdetail about the most recent power flux history, the portion which is weighted
most heavily by the convolution integral in Eq. ( 1) .

that field-enhancedthermionic e m issioncan (given sufficient field and cathodeheating) explain the observedBLT
conductioncurrent densities.In the previoussubsectionwe
discussedthe addition of these mechanismsto the BLT
m o d e l. This m o d e l has been run for a variety of BLT geometries,chargingvoltages,and gaspressures.At no tim e
does the m o d e l predict significant cathodeheating, much
lessm e lting and field-enhancedthermionic e m issionin the
experimentallyobservedlocations.The heatingrate on the
face of the cathode(location A in F ig. 1) by ion bombardment from triggering to the onset of voltage collapseis
perhaps five orders of m a g n itude smaller than that required to reproducethe experimentallyobservedm e lting.”
Furthermore,the predictedheatingrate is maximumeither
inside the cathode hole (location B in F ig. 1) or even
inside the hollow cathode (location C in F ig. 1), and not
on the front face of the cathode,where superemissionis
experimentallyseen.Cathodeerosionhas beenexperimentally observedat all theselocations,however.
W e thereforeconcludethat additional physical mechanisms,beyondthosedescribedhere,must be consideredto
explain the observedcathodem e lting and formation of the
superdenseglow discharge.
IV. ADDITIONAL CONSIDERATIONS FOR CATHODE
HEATING

In this sectionwe will examinethe differencesbetween
experimentalobservationsand the resultsof the m o d e lpresented in Sec. III. W e will proposeadditional physical
mechanismsand test them by adding them to our BLT
m o d e l.
A. Discharge nonuniformities

The calculation for the cathodeheatingrate presumes
that the dischargeis uniform acrossthe cathodesurface.
D. Status of present model
Previous studies of BLT cathodesurfacesusing scanning
The explicit nature of the integration used here does electron m icroscopy have shown that the surface is not
not allow us to simulate in a fully self-consistentfashion smooth on a l-10 p m spatial scale.is5The sourceof this
the full voltage collapsefollowing the onsetof the ‘(super- roughnessis believedto be many cycles of m e lting and
denseglow” during the conductionportion of BLT oper- freezingof the surfacefollowing current pulses.It is thereation in a reasonableamount of computer time. It is pos- fore likely that the dischargecurrent is not m icroscopically
sible, however, to simulate BLT operation well into the
uniform, but is preferentially located on m icroscopicsurformation of the hollow cathodeeffect [Fig. 4(b)] and the
face protrusions where the electric field is enhanced.An
onset of the voltage collapse.Since the gap betweenthe
analogousenhancementis well known in vacuum breakplanar portions of the BLT electrodesis, by design,insu- down.‘* To accountfor this m icroscopicfilamentation,one
lating, the superdenseglow must be initiated before the
can assumethat ion current to the cathodeis collectedonly
voltage acrossthe BLT collapses.Simulation of the BLT
through a fraction of the surface fA representingthe
from trigger to the onset of voltage collapseis therefore electric-field-enhanced
spots. It is difficult to calculatefA,
sufficient to answer many questionsabout the processes however,by examiningscanningelectron m icroscopeimresponsiblefor eventualformation of the superdenseglow
agesof the surface one can estimate that fA is bounded
conductionphaseof BLT operation.Later we will makean
lo-‘< fA < 1. fA= 1 correspondsto a perfectly uniform
additional approximation that allows us to simulate the
glow, while fA=O.Ol correspondsto, for example,lymentire voltage collapse.In this subsectionwe will discuss diam m icrostreamerslaterally separatedby 3-4 pm.
the results of the just-describedm o d e l and show that adW e parameterizedj> in the m o d e l and found that if
ditional physical mechanismsmust be invoked to explain m icrofilaments were the only effect that increasesion
the extraordinarlyhigh ion bombardmentheatingrate and
power flux to the degreerequired for m e lting, fAGlO-‘,
subsequentsuperdenseglow formation.
which is unrealistic. Even with such an extremeassumpPreviousstudiestM3
have concludedthat ion bombard- tion, the m o d e l predicts m e lting on the hollow side of the
ment is the most likely cathodeheating mechanism,and
cathodeor in the cathodehole, which doesnot match the
3378
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experimentally observedpattern of melting on the cathode
face.r8Furthermore, there appearsto be no mechanism for
the high-current plasma on the BLT axis to migrate outward in the gap and lead to formation of the superdense
glow.
The aforementioned surface roughnesscan also lead to
electric-field enhancement.The enhancementin the surface
electric field at those points can also be characterized in the
model by a multiplicative factor fp (A value off E= 1 is a
perfectly smooth surface; large values of fE correspond to
a rough surface with significant enhancement.) Equation
(2) suggeststhat pure electron-field emission is insignificant for field strengths < lo7 V cm-‘. This high value for
the onset of emission is experimentally seen only for carefully prepared metallic micropoints. 16~19*20
The electric field
at the onset of emission for broad area electrodes nominally occurs at - lo5 V cm-1,*9*20corresponding to fE
= lo2 for our conditions, and may occur at much lower
field strengths, corresponding to f Bz 2000. Such enormous
field enhancementsare usually not entirely due to surface
roughness but are apparent enhancementsto the metal’s
emission characteristics due to surface oxides, hydrocarbons, and dielectric dust. These latter conditions do not
apply to a well-conditioned BLT cathode surface. Although oxides and hydrocarbon films should not be found
in an operating BLT, an adsorbed layer of H should exist
during holdoff as long as the device is near room temperature. This effect will be discussedbelow. In this work we
considered field-enhancementfactors which correspond to
clean metallic surfaces, 1 <f E < 102.When these values are
used in the model, we fail-to observe the onset of thermal
emission.
An electric field at the cathode surface enhanced by
f EC10’is again insufficient to explain the observedcathode
emission. It does, however, lead to some intriguing new
physical mechanisms in the gap region of the BLT. The
mac.roscopic field in a 0.2 cm gap for a 50 kV holdoff
potential is 2.5 X lo5 V cm- ‘. This electric field may cause
electron emission, though the field is still a factor of ~4
less than the fields nominally associated with vacuum
breakdown experiments.‘8 The magnitude of this field
emission current can be estimated from the measured“off’
state current of the BLT, which is no greater than PA-mA.
This is consistent with the field emission current found
from Eq. (2) by using reasonable field-enhancement factors fs < 102.
The cold cathode field emission pattern is strikingly
similar to the ultimate melting pattern; that is, the highest
fields during the holdoff phase are on the face of the cathode near the cathode hole. However, there does not appear
to be any method for this field to, by itself, initiate the
superdenseglow. Electrons that are field emitted during
holdoff stream nearly collisionlessly across the gap since,
by definition, the electrode configuration is insulating, at
least for pulse charging. The electrons impinge on the anode surface and can releaseadsorbed H with perhaps unit
efficiency and producing H+ with an efficiency of
~0 .01. 19,20They also likely result in a small amount of
gas-phaseionization. For typical dark currents, however,
3379
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the H and Hf desorption produce only a negligible increasein the neutral density and BLT current, respectively.
Nonetheless,this field emission and subsequentdesorption
and ionization probably preionizesthe gap region. Presuming a dark current of 1 mA cm-’ and that 0.01 Hf ions
are desorbed for every incident ion, the plasma density in
the gap during holdoff (20-200 kV cm- ‘) is small, on the
order of 105-lo6 cm-3. Again, when using this value of
preionization for the gap in the model, we fail to observe
the onset of thermal emission.
B. Photon-induced

processes

We have to this point examined only plasma and neutral particle production and transport mechanisms to initiate the observed superdense glow. These mechanisms
have failed both quantitatively (not enough heating) and
qualitatively (not heating the cathode face) to explain the
initiation of the superdenseglow. The primary failure has
been to produce an insufficient density of plasma between
the electrode faces at radii larger than the electrode holes.
Field emission from the cathode face produces insufficient
gap ionization, and the high density of plasma ions on the
longitudinal axis of a switching BLT cannot diffuse radially during the short time scale of BLT operation.
Recall that the three stages of commutation in the
BLT proceed from conventional hollow cathode emission,
to a stage in which there is high current on the axis, and
finally to a superdenseglow on the cathode surface. Visual
and spectroscopicobservations have been made of the optical emission from the on axis current to measureelectron
densities and to chart the stages of commutation.‘” The
light emission during the second stage is intense and given
sufficient photon energy, such photons also can desorb surface species, and excite and ionize gas-phase species.
Photo-induced ionization of gas-phase molecules in the
otherwise insulating gap in some senserepresentsan external source of ionization, and as such can make the gap
conducting. The time scale for these effects is essentially
instantaneouscompared to the electron or ion transit time
(one to tens of ns), or the ion diffusion time (ps-ms) . We
believe that photon-induced processesin the gap, and ionization in particular, resulting from UV emission originating from the on-axis current during commutation is largely
responsible for the onset of the superdenseglow.
We have previously determined that the photoproduction of electrons on the inside of the hollow cathode has a
negligible effect on the electron photoemission on the back
side of the cathode.9*‘7We have therefore included in this
study only the photoionizations resulting from photon production in the electrode holes and the electrode gap. To
examine these effects, we will parameterize the production
of UV photons as being proportional to the rate of
electron-impact ionization of ground state Hz (the “primary ionization rate”). This function is expressed as a
photon generation efficiency 7. During commutation both
the charged particle density and the primary ionization
rate are maximum along the BLT axis, and the q photons
eventually resulting from theseionizations are presumed to
radiate isotropically from the location of the primary ionSommerer, Pak, and Kushner
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ization. Photoionization in the gap, either directly or by a
multistep process, is included in the model by calculating
the ground-state ionization rate in the gap and multiplying
by q to obtain a spatially dependent rate of production of
radiation. Using this source function, we perform a photon
transport calculation to obtain the ionization rate in the
gap, while accounting for the particulars of electrode shadowing and divergencein the cylindrical geometry. We note
that becauseof the r-’ dependencein the radiating photon
flux the highest photoionized particle density in the gap
will always be near the BLT axis. The area of the cathode
face nearestthe cathode hole will therefore always receive
the highest ion power flux, and emissionfrom this area will
“switch on” before areas farther from the BLT axis.
Although we may speculate as to the exact photoninduced ionization mechanism, a thorough study of the
precise mechanism is beyond the scope of the present
work. Photons in the gap are produced by a variety of gas
mechanisms (recombination, direct electron impact, cascade processes)as well particle impact on metal surfaces.
The photoionization cross section we used here for ground
state Hz is z 1 X lo-t7 cm2 at 750 A.“’ Although the
amount of radiation at this wavelength is most likely small,
the photoionization process can proceed fairly rapidly
through a variety of multistep processes.Our goal here is
only to demonstrate that, given reasonableassumptionsfor
the ultimate photoionization yield, our model predicts significant heating of the cathode surface in the experimentally observedpattern, and that the postulated mechanism
can initiate the conduction phase superdense glow discharge. We will explore specific photoinduced mechanisms
in future work.
We now summarize the sequence of events of our
photo-induced cathode emission model: (i) Photons produced by electron-impact processeson the axis of the BLT
gap radiate instantaneously into the gap region outside the
electrode holes, leading to gas phase photoionization; (ii)
the FNBS equation predicts greater electron emission at
intermediate temperatures and surface field strengths
(where the BLT tends to operate) than one would expect
from a simple sum of pure thermal and pure field emission;
(iii) field-enhanced thermionic emission, coupled with
moderate photoionization of the gap, leads to the observed
pattern of electron emission and cathode erosion.
V. RESULTS FROM BLT MODEL WITH
PHOTO-INDUCED EFFECTS

We now present results from the BLT model including
photo-induced effects. In the cases presented below the
“beam-bulk” option of the model is not used. We found
that found that the I(t) behavior is adequatelyrepresented
by the drift-diffusion electron model with momentum and
energy accounting even during the switching phase when
the greatest nonequilibrium electron effects are expected.
In our parametrizations, we found that having a constant photogeneration efficiency (as a function of time)
from the beginning of commutation leads to premature gap
breakdown, a consequence of there being an external
source of ionization. We found that premature gap break3380
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down will occur if q is nonzero for currents <10m3 A.
Sincethe ultimate rate of photoionization dependson multistep processes,it is-reasonable to expect that q should
increase with increasing current. We also found that as
long as premature breakdown does not occur, the model
predictions are relatively insensitive to the details of the
dependenceof 7 on current. We have therefore chosen to
linearly increase77as a function of current to its final value
at 1 A.
A. Distribution

of cathode

heating

Voltage contours both at triggering and 20 ns after
triggering are shown in Fig. 4 for our baseline BLT conditions: 20 kV holdoff, 0.3 cm electrode gap, 0.2 cm electrode hole radius, and 0.5 Torr Hz. We note here that the
precise anode delay time is dependentupon the magnitude
of the triggering photon flux9 and as such is somewhat
arbitrary. We chose a sufficiently large initiating photon
flux so that the anode delay time is only a few tens of ns.
The results are otherwise insensitive to the anode delay
time. The holdolf condition [Fig. 4(a)] shows the expected
voltage contours for the electrode geometry and holdoff
voltage in the absenceof a plasma. At t=20 ns, the hollow
cathode effect is evident, as more than 90% of the anode
potential has penetrated through the cathode hole. Since
significant heating of the cathode has not yet occurred, this
result, along with predictions for other plasma parameters
such as density and ionization rate, are simiiar to those
presentedin a previous study.7
The cathode heating power at t=20 ns for the same
BLT conditions is shown in Fig. 5 (a) for photon generation efficiencies0 < 77< 10. For r])3, the highest power flux
is found near the cathode hole. As 77is increased,the maximum heating rate migrates from the inside the hollow
cathode (location C in Fig. 1)~to the face of the cathode
(location A in Fig. 1). The time evolution of the distribution of heating power for the baseline conditions is shown
in Fig. 5 (b). Note that, as a function of time, the power
flux increases logarithmically at all locations during this
phase of BLT-operation, while the power is preferentially
enhancedon the face of the cathode as one increases7.
B. Cathode heating dependence

on BLT conditions

The results of a survey of the cathode heating rate as a
function of BLT parametersare shown in Fig. 6. We have
fixed the photogeneration efficiency to be 77= 3 in all cases,
and have run the BLT model to a prespecilied current,
typically 10 A. As discussedin the previous section, the
peak ion heating power and the BLT current obey a powerlaw relationship versustime once initial transients are over
and before significant voltage collapse occurs. This allows
us to run the BLT model to a prespecified current and
compare cathode heating rates for various choices of till
gas pressure,electrode gap, cathode hole radius, and holdoff voltage. The results in Fig. 6 therefore representrelative
heating rates during the switching phase as a function of
initial BLT conditions, and as such gives some indication
as to how one might adjust operating conditions to alter
cathode heating and emission.
Sommerer, Pak, and Kushner
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FIG. 5. Cathode heating power as a function of location on the cathode
surface. The inset relates points on the plot to locations on the cathode
surface. (a) Cathode heating as a function of increasing effective photogenerationyield 77.Increasing 7 not only increasesthe heating power, but
changesthe location of maximum heating from the cathode hole wall to
the front face of the cathode. (b) Time evolution of the heating power for
7=3. Note that location of maximum heating power does not change. _

The peak cathode heating rate as a function of initial
holdoff voltage is shown in Fig. 6 (a). The heatmg rate is
plotted at two different currents. The tirst is-at a fixedvalue
of 10 A. The secondheating rate is at a current normalized
by the initial holdoff voltage: 7.5 A for 15’kV, 10 A for 20
kV, 12.5A for 25 kV, and so on. This roughly corresponds
to plotting the heating rate at the same fractional voltage
drop. We find that the heating rate increaseswith holdoff
voltage for a fixed voltage drop, but decreaseswith holdoff
voltage for a fixed BLT current. This trend results fromthe
fact that as the holdoff voltage increases,increasesin current are equally obtained by higher drift velocities as
higher plasma density. Since electron-impact rate coeiIicients are weak functions of voltage over this range, there
is less production of ionizing radiation.
_
_)_
The effectsof fill gas pressureand electrodespacingon
cathode heating are shown in Figs. 6 (b) and 6 (c) , respectively. The heating rate increasesas one-decreaseseither
the pressure or gap spacing (or their product) until one
approachesthe pressure-gapproduct below which the BLT
will no longer switch. At this point, the heating rate drops.
Similarly, the cathode heating is found to increaseas the
3381
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FIG. 6. Maximum heating power on the surface of the cathode as a
function of various BLT switching parameters. The baseline conditions
are an initial holdoff potential of 20 kV, 0.5 Torr Ha, 0.3 cm electrode
spacing, and 0.25 cm electrode hole radius. Each of these parameters is
then varied: (a) initial holdoff potential; (b) fill gas pressure; (c) electrode spacing; and (d) electrode hole radius. Heating power increasesas
the operating point is moved closer to the point at which the BLT,wilI no
longer close (lower values of pd or smaller cathode hole diameters).

electrode hole radius is decreased[see Fig. 6(d)], which
also correspondsto a higher holdoff voltage.’We therefore
conclude that the initial cathode heating rate is maximum
if one operatesat the minimum pressure-gapproduct and
hole radius for which the BLT will close when triggered.
C. Cathode syrface

melting during conduction

With somemodifications (discussedin the Appendix),
the BLT model can simulate the onset of thermionic emission and the superemissiveconduction phase. The predicted cathode temperature distribution is shown in Fig. 7
at a current of 182 A. The conditions are the same as in
Figs. 3 and 5 (b). At 182 A, a portion of the cathode surface is molten, both inside the cathode hole and extending
along the face of the cathode. A second hot spot on the
cathodesurface (which itself melts later in the calculation)
Sommerer, Pak, and Kushner
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FIG. 7. The cathode surface temperature at a BLT current of 182 A. The
conditions are the same as in Figs. 4 and 5(b). The inset relates points on
the plot to locations on the cathode surface.Melting occurs on the face of
the cathode and at the vertex of the cathode hole.

is at the edgeof the cathode hole nearestthe hollow cathode. We have basedour cathode heating calculation on an
investigation into cathode heating mechanismsby Hartmann et al’ In that work, a cathode heating power of 10
MW cm-* for 100ns duration was assumedfor illustration
purposes.We found that it was difficult to sustain this rate
of heating for as long as 100 ns. Although the mechanisms
ultimately responsiblefor the onset of thermionic emission
are very similar to those discussedby Hartmann et al. ’ the
actual rate of heating that we calculate is different. We find
that the cathode heating power peaks at log-lo9 W/cm2
over a narrow annulus ( < 1 mm wide) surrounding the
cathode hole for < 10 ns. A similar amount of energy is
delivered to the cathode surface over a shorter period of
time. The onset of thermionic emission so predicted is
therefore more abrupt.
VI. SUMMARY AND CONCLUDING REMARKS

At triggering, the electric field in the gap is sufficient to
cause some field emission of electrons from the cathode
given reasonableassumptions about the electric-field enhancement on a conditioned broad area electrode. It is
therefore likely that the.BLT gap is preionized to a relatively low plasma density ( < lo6 cmw3jby field-emitted
electrons.However, the gap is, by design, insulating, and
this moderateplasma density can neither trigger the BLT,
nor initiate the large area cathode surface heating and
emission that is experimentally seen.After triggering, the
3382
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photoelectronsfrom the inner surface of the cathode are
acceleratedin the vacuum fields and avalanche,leading to
an exponentialincreasesin the density and ionization rate
on the BLT axis near the electrodegap. Photons generated
by electron-impactexcitation, recombination, and cascade
processeson the BLT axis isotropically radiate into the gap
region, photoexciting and photoionizing the llll gas. These
photo-induced ionizations greatly increase (on a relative
basis) the plasma density in the gap on a time scalethat is
practically instantaneouscompared with the time for ion
transport. The ions produced in the gap are then accelerated into the cathode by the strong gap field, heating an
annulus on the face of the cathode outside the cathode
hole. Many more ions are producedon the axis of the BLT
(primarily through electron-impactionization). Theseions
are acceleratedinto the cathodehole and strike the cathode
on the inside of the hollow cathodeelectrode.However, the
electric field at theselocations is weak compared to that in
the gap which acceleratesthe photo-producedions, thereby
resulting in a lower heating rate. The gap field also leadsto
significant field emissionof electrons at moderate cathode
temperatures (less than melting). The combination of a
relatively low density of photo-producedions in the gap,
higher ion-impact energiesin the gap, and the very strong
fields at the cathode surface lead in our model to the observedbroad area of melted cathodesurface and high electron emission.
Given the combination of a hot or molten cathode
surface, electric-field strength at the surface (even in the
vacuum configuration) of > 5~ lo5 V cm-‘, and reasonable estimatesof the broad area surface field enhancement
the Fowler-Nordheim-Bethe-Sommerfeld
tfE<lo2),
equation predicts electron emission densities of 104-lo6
A cmm2, which is sufficient to account for the observed
BLT current. When these processesare incorporated into
the model, both the pattern of the observedmelting of an
annulus of the cathode face around the cathode hole, and
the pattern of field-enhancedthermionic emission, are reproduced.
A completeinvestigationof the possiblephoto-induced
ionization mechanisms was not with the scope of the
present work. We therefore chose to parameterizethe effect in the most generalterms possible (photon mean free
path, photogenerationefficiency, and threshold current).
A proper model of any photo-inducedeffects must necessarily include a detailed treatment of the H2 and H electronic energy levels, cascadeprocesses,and radiation trapping. Here we have simply demonstratedthat, given some
reasonableassumptionsabout a photo-induced ionization
mechanism,one can predict the observedBLT conduction
phaseheating and emissionpatterns.
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FIG. 8. Comparison of the cathode heating rate vs BLT current obtained
using the local-field approximation (electron and ion dontinuity equations
only) and the hydrodynamic BLT model (also including the electron
momentum and energy equations). Once the current has exceededz 5 A,
the local-field model is a good approximation to the more sophisticated
hydrodynamic model.

APPENDIX: SCALING IN THE BLT MODEL

The modification required to simulate the onset of conduction in a reasonableamount of computer time is to limit
the charge density that appearsin Poisson’sequation. This
removes the strong feedbackbetweenthe charged particle
continuity equationsand allows time steps well in excessof
the dielectric relaxation time TDa.The penalty for making
this approximation is that the maximum field gradient is
artificially constrained,and the hollow cathodeeffect is not
fully resolved. We refer to this model as the semi-selfconsistent (SSC) BLT model.
The details of the formation of the hollow cathode do
not greatly influence the heating rate of the cathode face
for BLT currents below 2 1 A. The power-current (P-I)
characteristic for the SSC model is therefore similar to that
presented in Fig. 8 for the fully self-consistent model
(FSC); that is, P--I. The SSC model does not predict the
change in slope (P-12.5) shown in Fig. 8 for currents
above z 1 A, and therefore underestimatesthe peak cathode heating rate relative to the FSC model as the BLT
evolves toward the conduction phase. We have therefore
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scaled the cathode heating power in the SSC model to
match the predicted power-current relationship of the FSC
model.
We conjectured earlier that the local-field approximation (LFA) used in the gas-phaseplasma model, found in
previous work to accurately predict the BLT current rise
I(t) , should be an evenbetter approximation as the plasma
density increases.The peak heating rates as predicted by
the LFA model and the hydrodynamic model are shown in
Fig. 8, and indicates that, except for moderate disagreement for BLT currents < 1 A, the simplified LFA model is
in excellent agreementwith the more sophisticated (and
computationally more intensive) hydrodynamic model.
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