Performance of and excited state densities in a linear thyratron
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A prototype of a new class of thyratrons having a linear geometry is described and
measurements of excited state densities in the thyratron plasma using hook method
spectroscopy are presented. The linear thyratron is conceptually scalable to high currents by
lengthening it in the axial dimension without changing any other critical scaling dimension
(such as the cathode-control grid distance). The prototype linear thyratron is a tetrode having
a 3 cm X 10 ¢cm slotted dispenser cathode with an effective area of 80 cm®. The thyratron has
separately switched 25 kV and 10 kA, with a maximum dJ /dt of 1.3X 10" A s™'. Using
helium as the working gas, maximum excited state densities of 6 X 10> cm~? were measured

for the 2°P state.

|. INTRODUCTION

Thyratrons are the electrical gas switch of choice for
high repetition rate ( > 1 kHz), moderate voltage (<45kV),
and moderate current ( < 5kA,dI /dt < 10'°A s™!) applica-
tions.'” When higher voltages, larger currents, and larger
dI /dt are required, spark or rail gap switches are usually
used.> Thyratrons are traditionally constructed in a cylin-
drical geometry. Scaling cylindrical thyratrons to higher
currents by increasing the diameter of the cathode has had
limited success because of the inability to uniformly utilize
the entire cathode surface. Scaling cylindrical thyratrons in
this manner increases their inductance (thereby decreasing
dI /dt) and increases the geometrical mismatch between the
switch and stripline modulators.

In an effort to increase the current and d/ /dt of thyra-
trons while avoiding the problems traditionally associated
with scaling cylindrical thyratrons, a prototype thyratron
having a linear geometry has been built and characterized.
The linear geometry is conceptually scalable to arbitrarily
large currents by lengthening the thyratron in the axial di-
mension while not changing the characteristic gap dimen-
sions or the distance between any spot on the cathode and
the control grid slot, the critical dimensions which deter-
mine the switching properties. This paper describes our pro-
totype device and reports on the density of excited states
within the linear thyratron measured with hook method
spectroscopy. The purpose of these measurements is to dem-
onstrate simultaneous broad area initiation of the linear
thyratron, and to improve our understanding of the oper-
ation of the linear thyratron to enable us to scale it to higher
voltage and current. These measurements have also pro-
vided data with which to compare and validate results from a
2}-dimensional, time-dependent plasma simulation code de-
veloped to model the linear thyratron.* The code models
electron avalanche and commutation in a thyratron operat-
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ing with helium. It consists of a Monte Carlo particle simula-
tion for electrons and a fluid representation for ions. Results
from the model include thyratron voltage, current, and the
distribution of excited atomic states, all of which agree well
with experiment. Details of the model will be described else-
where.

The linear thyratron and measurement techniques will
be described in Sec. 11, followed by specification of its electri-
cal performance in Sec. III. Measurements of excited state
densities in helium as the switching gas are discussed in Sec.
1V, followed by concluding remarks in Sec. V.

. DESCRIPTION OF THE LINEAR THYRATRON AND
MEASUREMENTS

The present prototype device, shown schematically in
Fig. 1, is atetrode and has a slotted, sintered barium titanate
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FIG. 1. Schematic cross sectjon of the linear thyratron. The cathode is 10
¢m in length.
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dispenser cathode® with dimensions 3 cm X 10 cm. The cath-
ode was furnished by Sprectramat, Inc. The effective surface
area of the slotted cathode is approximately 80 cm?. The
thyratron body is made of stainless steel and is sealed with
fluorocarbon O-rings. An external gas handling system is
used (base pressure 5 10~% Torr), thereby enabling the
use of a variety of gases at a selection of gas pressures. The
high-voltage insulator is made of Pyrex in a racetrack config-
uration and is 3.4 cm high. The auxiliary grid is made of
molybdenum and the control grid and anode are made of
stainless steel. The thyratron is equipped with a pair of 2.5-
cm-diam optical ports on either side of the cathode looking
perpendicularly into the cathode-control grid space, and a
pair viewing the control grid-anode gap. There are optical
ports on either end of the thyratron with a viewing diameter
of 6 cm which provide optical access to the entire cathode-
control grid space and through which the interferometer de-
scribed below was aligned with the linear axis of the thyra-
tron,

Spatially resolved excited state densities as a function of
time were measured using hook method interferometry.®
The thyratron was mounted on an x-y translation stage in
one leg of a Michelson interferometer. The interferometer
was illuminated by a wide-band (AA~8 A) nitrogen-
pumped dye laser (pulse duration ~2 ns), collimated by a
telescope to a spot size of 1 mm. The resuiting fringe pattern
was dispersed by a 1-m spectrometer equipped with a 1200-
l/mm grating and operated in second order. An RCA
TC2011 vidicon camera was used as a two-dimensional de-
tector at the output plane of the spectrometer. Fringe pat-
terns were displayed in real time on a television monitor and
recorded on videotape for later analysis. The time duration
of the dye laser is short compared to the characteristic time
over which the density of excited states changes. The inter-
ferometer therefore provides a measure of the instantaneous
value of the excited state density. A time-resolved measure-
ment is obtained by delaying the dye laser with respect to the
current pulse on successive firings of the thyratron. A single
measurement was made during each current pulse. Time and
spatial resolution is obtained by making measurements at a
particular spatial location at many delay times, changing the
spatial location, and repeating the process. A two-dimen-
sional map of excited states for a selected time is obtained by
interpolating the time-resolved measurements. Some
smoothing is required due to system jitter.

I ELECTRICAL PERFORMANCE

The thyratron is typically operated in either hydrogen
or helium. The performance of the thyratron was qualita-
tively the same when using either of the gases; voitage fall
time, maximum cathode current, and dI /dt were similar.
The exception was with high-voltage holdoff and maximum
switching voltage. At a given gas pressure, the maximum
holdoff and switching voltage was higher in helium than in
hydrogen, a consequence of the more favorable Paschen
curve for helium as compared to hydrogen. Holdoff in the
linear thyratron was limited to 25 kV by field emission at a
gas-metal-insulator triple point, resuiting in insulator flash-
over. This limiting voltage occurred at 1.5 Torrin Heand 0.6
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Torr in H,. The field emission problem was subsequently
corrected during a major modification of the linear thyra-
tron. Holdoff and switching at 95 kV were obtained with the
modified thyratron.” The details of the modification will be
reported elsewhere.

We obtained uniform and simultaneous* discharge cov-
erage over the entire area of the cathode by operating with a
dc simmer current (a few mA cm ™2 of cathode area)
between the cathode and the auxiliary grid. The simultaneity
and uniformity of discharge coverage were measured by ob-
serving time and spatially resolved emission from the plasma
in the cathode-control grid gap. These measurements were
made through the side optical ports by concurrently observ-
ing emission with a pair of photomultiplier tubes. Simulta-
neous cathode coverage was correlated with the simultaneity
of the pulsed plasma emission from opposite ends of the
cathode-control grid gap. In general, the simulitaneity of dis-
charge coverage decreased with decreasing gas pressure in
the absence of the simmer current, as shown in Fig. 2 for
operation in hydrogen. The use of the auxiliary simmer cur-
rent did not otherwise affect the thyratron switching capa-
bilities. By operating in this manner, we estimate that the
cathode can be scaled to many times its present length while
maintaining uniform cathode coverage.

Our prototype device has separately switched 25 kV, 10
kA, and a maximum d7 /dt of 1.3 10" A s~!. The latter
two values were obtained at different pulse lengths, although
we did not attempt to optimize all parameters at all pulse
lengths. The high current limit was obtained with pulse du-
ration of =40 us with a dI /dr of 2 10° A s~ while the
high dI /dt limit was obtained with a pulse duration of ~ 120
ns and a maximum current of 4.8 kA. These parameters
equal or exceed those for commercially available thyra-
trons.? The cited current ratings will increase proportionally
to an increase in the length of the cathode.

The cathode was typically operated without auxiliary
heating. We obtained nearly the same performance when
operating the cathode hot (800 °C) or at room temperature.
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FIG. 2. Time delay for plasma emission from opposite ends of the cathode
with and without a dc simmer current as a function of hydrogen pressure.
The dc discharge is sustained between the auxiliary grid and the cathode.

Kushner et al. 2767

Downloaded 09 Dec 2002 to 128.174.115.148. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



10+~ 5
8+ AMPS  _14
; ~—~
= =
6 43 =
w
o £
< o
- 4~ 12
o) 5
> VOLTS (&]
2+ -1
0 L L I_Jo
0O 25 50 75 100 125
TIME (ns)

FIG. 3. Current and voltage characteristics for the linear thyratron operat-
ing in helium at 1.2 Torr. The inductive component of the voltage has been
removed from the trace.

Current densities in excess of 150 A cm~2 were obtained

with both a hot and cold cathode, indicating that the emis-
sion mechanism for this cathode is not dominantly thermal.®
When operating with a hot cathode, the anode voltage fafl
time is longer and the jitter is worse than when operating
with a cold cathode. The jitter, normally about 5 ns when
operating cold, increased to 20~30 ns when operating with a
hot cathode.

The current and voltage traces for the thyratron operat-
ing in 1.8 Torr of helium appear in Fig. 3. The inductive
component of the voltage has been removed by computer
processing.® The thyratron switched 20 nF charged to 9 kV
into a 0.5-Q load. The cathode was not heated. The peak
current was 4.8 kA with a maximum 47 /dr = 1.3 10!
A s~ '. The thyraton commutation appears to occur in two
stages: 0~25 and 25-75 ns. The thyratron resistance at the
end of the first stage is 0.2 ) and after the second stage is
0.025 . These parameters represent the best short pulse
performance.

V. EXCITED STATE DENSITY MEASUREMENTS

Densities of the 2* P excited state of helium (4 = 5876
A) as measured with our hook spectrometer for similar con-
ditions (/. = 3.2kA,dI/dt =8.0x10" As~!) to those

for Fig. 3 are plotted as a function of position in Fig. 4. The
time is at the maximum in the excited state density (approxi-
mately 80 ns into the current pulse). Alsoshown in Fig. 4isa
framing camera photograph of emission from the plasma for
the same conditions. The framing width of the photograph
overlaps the entire current pulse. The bright patches at the
bottom of the photograph are the cathode surface shadowed
in the middle by a heat shield. The measured distribution of
excited states correlates well with the plasma emission. The
maximum excited state density is approximately 6 10'?
cm ~ 3, and occurs within the baffled region near the control
grid slot. The local current density at this time is 900-1000
A cm~?. Excited state densities behind the auxiliary grid
were barely at the detection limit ( < 10! ¢m ~* maximum
value). This indicates that there is no significant amount of
current flowing between the wall of the linear thyratron (a
conductor at the cathode potential) and the auxiliary grid.
Excited state densities are small immediately adjacent to
both the lower portion of the control grid and near the auxil-
iary grid. Other than the baffied region near the controtl grid,
the highest density of excited states was observed near the
vertex of the control grid, extending down from the baffled
region. Results from our plasma simulation model indicate
this is a region of locally high space charge.

Immediately above and parallel to the cathode, the den-
sity of excited states appears to have a local maximum. This
distance approximately corresponds to the negative glow as
observed with the framing camera and provides evidence for
the existence of a substantial sheath near the surface of the
cathode. The evidence would seem to suggest a nonthermal
mechanism for electron emission from this dispenser cath-
ode since a cathode supported dominantly by therma!l emis-
sion would not have a large sheath. This conclusion is rein-
forced by measurements of the maximum current density
that can be supported by this dispenser cathode. By visually
observing the transition of the plasma at the surface of the
cathode from a glow to an arc, we measured the maximum
cathode current density as a function of cathode tempera-
ture. Over the temperature range of 300-1300 K, the in-
crease in maximum current density was at most 209, there-
by indicating a small thermal contribution.

The density of the 2.5 state of atomic hydrogen was also
measured with the thyratron operating in 0.275 Torr of H,.
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The time dependence and spatial distribution of excited
states in hydrogen were similar to those measured in helium
for the same switching voltage and current. The maximum
excited state densities measured in hydrogen in the vicinity
of the control grid slot were approximately two thirds those
in helium, ~4.5x10'? cm~>. This represents a fractional
excitation, based on the initial H, density, of 5>¢10~*. The
current density corresponding to this demsity is =~1
kA cm~2. Penetrante and Kunhardt!® have calculated the
densities of excited states and ions for a steady-state positive-
column hydrogen plasma as might be found in a thyratron
during the conduction phase of operation. Their calculated
fractional excitation of the 25 state for similar discharge con-
ditions is 1.3 10~*. Our larger value most likely results
from the fact that in the vicinity of the control grid slot, the
electron distribution function has a high-energy tail. The
high-energy tail is a consequence of the penetration of anode
potential through the slot. This condition will result in a
higher rate of excitation near the control grid slot than in the
positive column.

The delineation between the highly excited region and
the relatively low excited region is quite sharp and the time
dependence of the excited state densities in the two regions is
different. In Fig. 5 excited state densities are plotted as func-
tion of time for two locations: adjacent to the control grid
and ~0.5 cm away from control grid (in the direction of the
auxiliary grid). The excited state density adjacent to the grid
has a higher maximum value and has a time dependence
similar to the total current. The offset between the extrema
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FIG. S. Density of the He 2% P excited state as a function of time at two
locations near the control grid for conditions similar to that for Fig. 4. The
locations are shown in the sketch.
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of the excited state density and current is due to the finite
lifetime of the excited state. The excited state density further
from the grid increases only during the first few tens of nano-
seconds. We interpret these results as indicating that the cur-
rent flows nearly uniformly through the region in front of the
control grid slot early during the current pulse when the grid
voltages are high. Later during the current pulse when the
anode and grid voltages are lower, current flows dominantly
near the control grid.

This interpretation is supported by comparison of the
effective excited state lifetimes at the different locations. If
one assumes that the rate of excitation is proportional to the
current, one can show that the effective lifetime of the state is
equal to the offset in time between the maximum of the cur-
rent and the maximum in the density of the excited state. The
effective lifetime 7 is given by 1/7 = 1/7, + 1/7., where the
subscripts denote the radiative and collisional lifetimes. The
23 P state in He is radiatively coupled only to the 2°S state
with a lifetime of 100 ns. The effective lifetime given by the
expression above for the location near the grid is =~20 ns.
Since this value is small compared to the radiative lifetime,
quenching of the state must therefore be dominantly nonra-
diative. Away from the grid, the lifetime of the state is =70
ns, close to the radiative lifetime. Assuming non-radiative
quenching is dominated by electron collisions, the longer
lifetime and lower maximum excited state density away
from the grid implies a lower current density.

V. CONCLUDING REMARKS

A thyratron using a linear geometry has been built and
electrically characterized, and has been shown to be a viable
option for scaling thyratrons to higher currents than is avail-
able with conventional cylindrical thyratrons. Uniform
cathode utilization has been demonstrated with a maximum
current of 10 kA and a maximum dJ /dt of 1.3X 10" As~!.
Excited state densities as a function of position and time in
the linear thyratron have been measured using hook method
spectroscopy. The maximum density measured for the 2° P
state in He is 6 < 10'2 cm ~ 2, and 4 X 10'2 ¢cm ~* for the 2§
state of atomic hydrogen when operating with H,. The flow
of current, as implied from the excited state densities, is non-
uniform. Improvements in the grid design have resulted
from these and similar measurements, lending credence to
the use of such spectroscopic measurements as a too! in the
design of thyratrons.
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