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Abstract—Prior to this research, we have developed high-gain
GaAs photoconductive semiconductor switches (PCSSs) to trigger
50-300 kV high-voltage switches (HVSs). We have demonstrated
that PCSSs can trigger a variety of pulsed-power switches operat-
ing at 50-300 kV by locating the trigger generator (TG) directly
at the HVS. This was demonstrated for two types of dc-charged
trigatrons and two types of field distortion midplane switches,
including a 100 kVDC switch produced by the High Current
Electronics Institute used in the linear transformer driver. The
lowest rms jitter obtained from triggering an HVS with a PCSS
was 100 ps from a 300 kV pulse-charged trigatron. PCSSs are
the key component in these independently timed fiber-optically
controlled low jitter TGs for HVSs. TGs are critical subsystems for
reliable and efficient pulsed-power facilities because they control
the timing synchronization and amplitude variation of multiple
pulse-forming lines that combine to produce the total system
output. Future facility-scale pulsed-power systems are even more
dependent on triggering, as they are composed of many more trig-
gered HVSs, and they produce shaped pulses by independent tim-
ing of the HVSs. As pulsed-power systems become more complex,
the complexity of the associated trigger systems also increases.
One of the means to reduce this complexity is to allow the trigger
system to be charged directly from the voltage appearing across
the HVS. However, for slow or dc-charged pulsed-power systems,
this can be particularly challenging as the dc hold-off of the
PCSS dramatically declines. This paper presents results that are
seeking to address HVS performance requirements over large op-
erating ranges by triggering using a pulsed-charged PCSS-based
TG. Switch operating conditions that are as low as 45% of the
self-break were achieved. A dc-charged PCSS-based TG is also
introduced and demonstrated over a 39-61 kV operating range.
DC-charged PCSS allows the TG to be directly charged from
slow or dc-charged pulsed-power systems. GaAs and neutron-
irradiated GaAs (n-GaAs) PCSSs were used to investigate the
dc-charged operation.

Index Terms—Fiber-optic triggers, high-voltage triggers, low
jitter triggers, photoconductive semiconductor switches (PCSSs),
pulsed-power trigger generators (TGs), triggering pulsed-power
switches.
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1. INTRODUCTION

UTURE PULSED-POWER systems will continue to ad-

vance in modularity, size, efficiency, and pulse-forming
capability. As the number of switches in large-scale systems
increases into thousands [1] and as the rise time and pulsewidth
requirements get shorter, the requirements for synchronization
increase. Programmable pulse shaping [2]-[6] will require in-
dependently triggered high-voltage switches (HVSs) or groups
of HVSs, resulting in separate trigger lines (i.e., cables, fibers,
etc.) between each HVS and the trigger generator (TG). Large
numbers of trigger lines and TGs can significantly increase the
cost and space requirements for a given system. Pulse shaping
that is achieved through independent triggering of HVSs also
places greater demand on the performance of the HVSs. HVSs
that are triggered later in time may be triggered at lower
percentages of self-break than the switches that are triggered
earlier in time [2]. Because of this condition, TGs that enable
a larger range of operation from the HVS may be crucial to
programmable pulse shaping.

High-gain photoconductive semiconductor switch (PCSS)-
based TGs [7]-[9] address several of the issues encountered
with multimodule pulsed-power systems. The 100 ps jitter
capabilities [10], [11] exceed the rise time and jitter require-
ments for most proposed systems. Both the TG cost and space
requirements could be reduced because the optical trigger
energy for PCSSs is four orders of magnitude smaller than
the optical trigger energy required for direct laser triggering
of conventional HVSs (3 uJ versus 30 mJ [8], [12]). Lower
optical trigger energy requirements allow fiber-optic trigger-
ing with multimode fibers and semiconductor lasers that are
significantly smaller, less expensive, and much more versatile
system components than high-voltage cables or line of sight
optics. The small footprint of PCSS allows the TG to be located
directly at the HVS while being remotely controlled with low
profile fibers [13]. Finally, high-gain PCSS device lifetime
testing under pulse-charged conditions has demonstrated that, if
PCSSs are held within appropriate design limits (20 A/filament
for 10 ns long pulses), devices can live for up to 10® pulses
[14]-[16], which is beyond the lifetime limits of components in
most pulsed-power systems.

DC-charged PCSSs can offer more compact and more sim-
plified TG designs but often at reduced voltages. DC-charged
PCSSs have been developed for 0.1-1.0 kV applications [17].
Extending this voltage range up to 100 kV would make higher
voltage dc-charged PCSSs more practical, but concerns with
dark current leading to self-triggering have limited these efforts.

0093-3813/$26.00 © 2010 IEEE
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Fig. 1. Circuit diagram for the updated pulse-charged PCSS-based TG.
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Fig. 2. Test bed for the pulsed-charged PCSS-based TG.

TABLE II
PULSE-CHARGED TG THAT IS USED TO TRIGGER
AN HCEI SWITCH AT 26 PSIG!

TABLE 1
PULSED-CHARGED TG COMPONENTS o | = - - 5 ‘
Symbol Value Symbol Value SSPI2E| .| 2|22 Ep L EY
R 2.5k Ry 100 TES|2E| QE AR
R, 10 kQ G 600 pF i ==
R 223 Q C, 100 pF (£kV) (kV) | (kV) (ns) | (ns) | (ns)
100 90 80 61 50 10 | 29 | 1.1
Ry 2300 L 700 nH 90 | 81 | 80 | 61 | 10 | 93
Ry 1 MQ sw, P/E 81B 80 [ 72 [ 80 | 61 [ 10 [139
trigatron 70 63 80 61 10 | 9.9
R, 100 MQ 60 54 80 61 10 | 40.7
These values do not include parasitics. 55 49.5 80 6l 50 135 | 31.1 1.6
100 90 | 100 76 50 | 7.1 | 325 0.7
90 81 100 76 10 | 6.6%
Dark current is produced by intrinsic, injected, avalanche, and 80 72 100 76 10 7.8
ambient photocarriers. The lattice defects that are produced 70 63 100 76 10| IS
with neutron irradiation act as recombination and scattering 60 54 | 100 76 10 | 14.2
sites, which reduce the dark carrier density and mobility [18]. 50 45 | 100 76 50 663|142 ] 1.3

Herein, conventional PCSS devices that are dc charged up to
39 kV/cm and n-GaAs PCSSs charged to 61 kV/cm [9], [18]
are utilized in TGs.

This paper presents work that takes advantage of the sub-
millijoule laser trigger energy required for high-gain PCSS to
create circuits that are capable of triggering HV pulsed-power
switches with nanosecond jitter under pulsed- and dc-charged
conditions. The laser pulse that is used to trigger the PCSSs
with ~500 ps rms jitter consisted of 70 pJ (measured at the fiber
output) of 532 nm light that is about 5 ns wide [19]. Where the
rms jitter is defined as

rms jitter =

(1)

The laser light was passed through a multimode 600 pm-
diameter 5 m long fiber [20]. Note that, in these experiments,
the laser energy was not minimized (by concentrating it into
the desired filament path) to previously achieved levels of
<10 pJ [8].

10.75 cm PCSS gap for the 80 kV data and a 1 cm PCSS gap for the 100 kV
data. 70 uJ of laser energy out of the fiber, negative voltage pulse produced
by the TG.

2 Shot # 27 in this data set triggered early. Including this shot the range
would be 46.3 ns.

3 Performance as measured includes the laser, PCSS, and HCEI switch.

4C, voltage is estimated using 2 GQ of PCSS leakage resistance [18].

SThis jitter includes the jitter of the laser and the PCSS.

II. PULSE-CHARGED TG

TGs that are designed with pulse-charged GaAs PCSSs
were used in previous research to demonstrate triggering of
radial pin [21], High Current Electronics Institute (HCEI) [22],
[23], and trigatron switches using pulses of up to 35 kV [8].
Pulse-charged PCSS is capable of holding off 70 kV/cm for
10-50 ps [24]. The circuit shown in Fig. 1 was used to generate
the trigger pulses. Table I contains the circuit parameters,
followed by a photograph of the circuit in Fig. 2. In this circuit,
capacitor Cy is initially dc charged up to 100 kV. Cs is pulse
charged to the opposite polarity of the power supply when
swiy[25] is triggered. If the PCSS is not triggered, then the
pulsewidth of the charge on C is about 6 us. The PCSS is
optically triggered near the peak of the voltage pulse on Cy,
sending a pulse to the trigger pin of an HCEI switch.
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Fig. 3. This plot shows the PCSS TG output pulse delivered to an HCEI

switch trigger electrode and to an open circuit. When the PCSS TG is triggered,
the charge voltage is divided as follows: 30 kV on Ry, ~5 kV on the PCSS,
and 15-20 kV on R3, R4, and L1 to limit the PCSS current.

Table II contains the triggering results for a PCSS-triggered
HCEI switch. The total jitter is measured from the commanded
trigger signal to current through the HCEI switch with initial
charges of 61 and 76 kV on C5. The HCEI switch during these
tests was operated with dry air and 26 psig for all experiments
listed in Table II. This placed the switch at 90% of the self-break
when charged to =100 kV. Note that trigger pulses that are
less than the 61 and 76 kV charge on C> were delivered to the
switch because approximately 3.75-5 kV is dropped across the
0.75—1 cm PCSS (in the on state), and 15 kV is dropped across
R3, Ry, and L; to limit the PCSS current. This can be seen in
the TG outputs shown in Fig. 3. Operating the HCEI switch at
lower percentages of the self-break not only increases the jitter
but also increases the delay until the switch closes (runtime), as
shown in Fig. 4.

The total delay jitter from the commanded trigger to HCEI
switch closure was 2.9 ns rms at a 61 kV charge on Cs and with
the HCEI switch at 90% of the self-break. 14.2 ns of rms jitter
was obtained with the HCEI switch at 45% of self break and
76 kV on Cj. This is an extremely important result because the
operating range of the HVS is a critical parameter for pulsed-
power systems that are being designed for pulse shaping [5].
Only one HVS prefire was observed in these data sets, and there
was no indication of damage to the PCSSs.

III. DC-CHARGED TG

Incorporating the pulsed-charged trigger circuit from Fig. 1
into a system design is not an optimal solution for slowly
charged systems. Eliminating the need for pulse charging would
simplify the circuit through the removal of C; and sw;. Un-
fortunately, the dc hold-off capability of GaAs is less than the
hold-off for pulse-charged PCSSs due to dark current limita-
tions. Research using n-GaAs PCSSs has demonstrated reduc-
tion in dark currents and an increase in dc hold-off [17], [18].

This section looks at the performance of a dc-charged PCSS-
based TG. The pulse-charging TG circuit was modified, as
shown in Figs. 5 and 6, by removing the trigatron sw; and
C: and by increasing the values of Ro and Rg. The initial
circuit parameters in the dc TG are provided in Table III.
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For some of the tests, the total current limiting resistance in
series with the PCSS (R3 + R4) was increased by changing
Rs. For the initial test with a nonirradiated PCSS, the power
supply was continuously left on during the 50 shots. For
all following experiments, the power supply voltage v,s was
ramped up for over 8.6 s and then was held constant for 1.1 s
until the triggering of the circuit. The power supply was turned
off 0.3 s after triggering. This charging cycle was chosen
to match the charging cycle for a new 5 MA pulsed-power
system that is under development by Sandia, which is called
Genesis [5].

Five 1 cm PCSS devices were tested in this circuit: one
nonirradiated and four irradiated, with 4.42 x 10'* Mev Si
equivalent dose [8], [9]. Table IV shows the PCSS device num-
bers and the initial voltages of the PCSS and the HCEI switch,
which was set at 90% of the self-break. It also shows the total
current limiting resistance for the PCSS and the total system
range and rms jitter. These results are considered preliminary
due to the limited testing achieved on each device. More testing
is required to achieve a sufficient statistical accuracy. Prefires
that are observed in these experiments were due to self-triggers
of the PCSS, not the HCEI switch.

Subnanosecond jitter of the trigger circuit, the laser, and the
PCSS was demonstrated by the results from device #2, which
was tested into a 2.5 k) load rather than the HCEI switch, as
shown in Fig. 7. Fig. 8 shows plots of the waveforms across the
2.5 k€2 load resistor. These results exceeded our expectations
for n-GaAs PCSS. This 1 cm-long dc-charged n-GaAs PCSS
demonstrated subnanosecond jitter at 57 and 61 kV/cm, ap-
proaching the normal operating limits of pulse-charged PCSS.
The jitter was 0.5-1 ns for the laser and the PCSS. The laser
may have been warming up and introducing more than the
500 ps jitter specification, or the PCSS may have been less
than optimally aligned and may not be delivering its previously
demonstrated 100 ps of the jitter [10], [11]. Pulse-charged HV
PCSSs are typically limited to 65-70 kV/cm to avoid surface
flashover at the semiconductor oil interface. Essentially, all
of the milestones for this project were met with these tests.
With the short time remaining, we focused our resources on
demonstrating HCEI triggering with the dc-charged PCSS TG.
Due to a limited time, we continued to use single filament
triggering, knowing full-well that the results may be affected by
the damage accumulating on the switch from excessive current
per filament.

All other results, using 450 €2 of current limiting resistance
into the HCEI switch trigger electrode, demonstrated total
system jitters (command trigger to the HCEI current) ranging
from 4.9 to 8.4 ns. A factor of 2-3 increase in jitter was
observed, comparing results from devices #1 and #3 to the
2.9 ns of the jitter obtained when pulse charging the PCSS.
During this analysis, a new device was installed after each set
of 50 dc-charged experiments. The cause of increased jitter may
have been due to the increased lock-on voltage due to neutron
irradiation and reduced lifetime due to PCSS damage. The large
number of PCSS self-triggers for device #3 indicates that a
lower TG voltage may have produced better results. Further
investigation is necessary, but possible causes of damage in-
clude increased likelihood of surface tracking due to the longer



2704

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 38, NO. 10, OCTOBER 2010

Current (A)
&
o
T

Power supply set to 80 kV charge on Cy, 61 kV charge on C,
T T i ¥ =y

40—
50 ;
50} i
0.05 01 0.15 0.2 025 03 035 04 0.45 05
Time (us)
Power supply set to 100 kV charge on C;, 76 kV charge on C,
B T I T =

Current (A)
&
o
T

40+
50
601
| 1 | |
0.05 0.1 0.15 02 0.25 03 0.35 04 0.45 05
Time (us)

Fig. 4. This figure contains plots of HCEI switch current waveforms. There are two key points to notice. The spread in the waveforms increases as the charge on
the HCEI switch decreases. Also, note that the delay of the closing of the HCEI switch increases as the charge on the HCEI switch decreases.
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Fig. 5. Circuit diagram for the dc-charged PCSS TG.

time that the PCSS was held at voltage, PCSS prefires, long
conduction times, and high filament current levels. Improve-
ments in lifetime may be made by limiting the PCSS current,
as demonstrated with device #4, or by triggering the PCSS with
multiple filaments. However, reduced trigger pulse rise times
can result due to the HCEI trigger pin capacitance which causes
higher HCEI switch jitter.

IV. CONCLUSION

Pulsed-power systems containing a large number of switches
or independently timed switches can benefit significantly from
lower cost high-performance optically controlled TGs that
are resident at the switches. This research has demonstrated

Fig. 6. Test bed for the dc-charged PCSS TG.

TABLE III
DC-CHARGED PCSS TG COMPONENTS!

Symbol Value Symbol Value
R 2.5kQ R, 100 MQ
R, 1 GQ Ry 1 MQ
R, 223 Q G, 100 pF
Ry 230 Q L 700 nH
R; 1 MQ

! These values do not include parasitics.

subnanosecond performance of compact optically controlled
pulsed- and dc-charged PCSS-based TGs.

Pulse-charged PCSS TGs demonstrated triggering of a
200 kV switch with a 3 ns total rms jitter at 90% of the
self-break and a 14 ns total rms jitter at 45% of the self-break.
The PCSS jitter was 700 ps (not optimized), with no signs of
PCSS degradation observed during these shots.
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TABLE 1V
DC-CHARGED TG THAT Is USED TO TRIGGER AN HCEI SWITCH AT 26 PSIG AND 90% OF THE SELF-BREAK1
© 1 @ N = -
g 5% | J%[z52E v |y |52 §§ g
5 @) .; = ah. @) = 45 : =1 *(;; 'g = "5 o— : &
A I AN S | = 5 E 7 > g =zl g% E
> o=@ E = ]
(=kV) (kV) | (kV) Ohms (ns) (ns) (ns)
non-irradiated +100 45 | 39 450 | 4750 | 27.8° | 5.02 high hold-off
lem gap 3 self-triggers
KF172-035XTA #1 +100 45 39 450 49/50 | 40.13 7.36 hich current agin
lem gap, irradiated 100 50 | 44 450 | 30/50 | 25.36 | 4.92 g £ing
--- 60 52 2950 48/49 3.8 - 1.074 demonstrates TG
KELT2-035XTA 72 65 | 57 | 2950 | 49550 | 4.1 | — | 086" | capabilitylaser
cm gap, irradiated S . ;
70 61 2950 50/50 | 2.6 0.56 jitter dominates
KF172-035XTB #3 +100 | 70 | 61 450 | 43/50 | 35.1 | 839 7 self-triggers
lcm gap, irradiated
KF172-035XTB #4 100 | 70 | 61 2730 | 43/50 | 146.7 | 30.7 150 ns risetime
lem gap, irradiated 7 self-triggers

1em PCSS gap, 70uJ of laser energy out of the fiber. The HCEI switch was at 90% of self break. Irradiated devices received 4.42E14 MeV Si eq.
2 performance as measured includes the laser, PCSS, and HCEI switch. Or for device #2 (with no HCEI switch installed) to the PCSS output voltage.
3 Fifty shots were taken for each experiment. The difference in the number of shots represents the number of pre-fires except for device #2 where shots were

missed due to data acquisition issues.

*This reduction in jitter for these three measurements is due to changes in laser performance which we suspect to be due to the laser warming up.
3 The power supply was continuously connected to the circuit for these shots allowing current to flow through the PCSS for longer periods of time. This is
expected to have shortened the lifetime of this device and possibly resulted in higher jitter than what would have otherwise been measured.

6 C, voltage is estimated using 2 GQ of PCSS leakage resistance [18].
7 This jitter includes the jitter of the laser and the PCSS.

v j_ Power
ps Supply

Trigger
command

L AAA—
R,

Fig. 7. Circuit diagram for the dc-charged PCSS TG with a resistor load.

DC-charged PCSS TGs delivered output pulses with 560 ps
rms jitter to a 2.5 k2 load. These pulses triggered a 200 kV
switch at 90% of the self-break with 4.9 ns total rms jitter. Both
GaAs and neutron-irradiated GaAs PCSS were utilized, but
further research is necessary to fully characterize performance
versus neutron dose and to identify the causes of the observed
damage.
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