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Fast Ignitron Trigger Circuit Using Insulated Gate
Bipolar Transistors

Index Terms— IGBT, ignitron, pulse transformer, pulsed
power.

250

2.5

200

2

150

Manuscript received July 15, 2012; revised December 21, 2012; accepted
February 7, 2013. Date of current version April 6, 2013. This work was
supported by U.S. DOE, the National Science Foundation, and AFOSR.
The authors are with the Applied Physics Department, California Institute
of Technology, Pasadena, CA 91125 USA (e-mail: vchaplin@caltech.edu;
pbellan@caltech.edu).
Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TPS.2013.2249113

1

50

0.5

0

I. I NTRODUCTION

I

1.5

100

−50
−1

GNITRONS, plasma-based rectifiers containing mercury,
are used to switch large currents (up to 100 kA for Size
A ignitrons) on μs–ms timescales in many pulsed plasma
experiments [1]–[4]. Triggering an ignitron into conduction
requires the application of a high voltage (1.5–3 kV), high
current (100–250 A) pulse to the ignitor, a semiconducting rod
which extends into the mercury pool that forms the ignitron’s
cathode. Variance in turn-on time (jitter) will be minimized
and ignitron lifetime prolonged if a high energy trigger pulse
with peak current near the rated maximum is used [5].
This paper describes a simple ignitron driver circuit for
achieving fast, reliable triggering with minimal jitter. Ignitron
triggering is typically achieved with a capacitor discharge
circuit; in the past, these circuits have often used krytrons [6]–[8] or thyristors/silicon-controlled rectifiers (SCRs)
[9]–[11] as switches. However, SCRs are not fast enough for
some plasma experiments, (turn-on times generally limited to
a few μs), and krytrons are no longer manufactured and are
difficult to acquire due to legal restrictions. In recent years,
insulated gate bipolar transistors (IGBTs) have been developed
that combine high voltage and current handling capability with
fast switching times, providing a superior alternative. The
IXYS IXEL40N400 IGBT [12], used in this paper, is rated
for a collector-emitter voltage of 4 kV and a peak current of
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Abstract— This paper describes a low cost, easy-to-implement
circuit for triggering ignitrons in plasma physics experiments and other pulsed power applications. Using insulated gate bipolar transistors (IGBTs) for rapid switching, the circuit delivers > 200 A peak current from a
0.1-µF capacitor to the ignitron trigger pin with a rise time
of ∼0.6 µs. The trigger circuit is isolated from the ignitron by
a pulse transformer. Details of the circuit design and practical
considerations for working with IGBTs are discussed. Sources of
inductance in the system are identified, and leakage inductance
associated with the pulse transformer is shown to be the primary
factor limiting the pulse rise time.
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Fig. 1. Voltage and current at the ignitron ignitor during a trigger pulse
from the IGBT-based driver circuit. Initially, the ignitron acts approximately
like a 22- resistor, with Vignitor ≈ 22 × Iignitor . At t ≈ .58 μs, the ignitorto-cathode impedance begins to change, presumably due to mercury plasma
breakdown in the ignitron, and from this point forward the voltage is no longer
directly proportional to the current. Voltage was measured with a Tektronix
6015A high voltage probe and current was measured with an Ion Physics
Model CM-1-L current monitor.

240 A, with a < 3 cm3 package volume. The circuit uses
two of these IGBTs in parallel to deliver 230 A peak to the
ignitron trigger, with a rise time of ∼ 0.6 μs (see Fig. 1).
The current rise time is largely limited by the load impedance
(consisting of the ignitron, trigger transformer, and connecting
wires); with an 8- resistive load, the circuit can achieve
d I /dt > 1.2 kA/μs. A detailed analysis of the sources of
inductance in the load will be presented in Section V.
II. C IRCUIT OVERVIEW
A partial circuit diagram is shown in Fig. 2. A 0.1-μF
capacitor, charged to 3 kV by an EMCO G30 proportional
power supply, is discharged through the IGBTs and a 1:2
pulse transformer (wound with Style 3239 #20 AWG 30 kVDC
wire on a Ferroxcube U93/76/30-3C81+I93/28/30-3C81
U-core+I-core ferrite pair) with the secondary winding connected between the ignitron’s ignitor and cathode. A 4.2-
resistor in series with the ignitor limits the peak current
into the ignitron. Although a step-up transformer is used, the
voltage on the ignitor never exceeds 2 kV due to voltage
divider effects caused by impedances between the circuit board
and the ignitor (see Figs. 1 and 6 and the discussion in
Section V). The trigger signal to turn on the IGBTs is provided
by a 1-μF capacitor charged to 24 V and switched by a

0093-3813/$31.00 © 2013 IEEE

976

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 41, NO. 4, APRIL 2013

IRF540

1N4933

85HF160

To cathode

IXEL40N400

IXEL40N400

GP02-40-E3/54

1N4933
1 uF

5.1M

10K

To ignitor

85HF160

+24V DC

4.2

85HF160

5.1M

20M

5.1M

SM103032005FE

X675-.1-10-6000

0.1uF

DSI75-12B
6 in series

PULSE TRANSFORMER

+3KV DC

Fig. 2.

P6KE24A

20V TVS
5.11K

5.11K

P6KE20A

To MOSFET drive circuit
24V TVS

Partial circuit diagram for the ignitron driver.
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Circuit for triggering the MOSFET switch.

MOSFET. Switching is initiated by an optical trigger delivered
to an Avago HFBR-2412 fiber optic receiver (see Fig. 3).
Three 85HF160 diodes in series are connected across the
transformer primary to protect the IGBTs from switching transients and maintain VCE ≥ 0. Transient voltage suppression
(TVS) diodes between the IGBT gate and emitter and between
the MOSFET gate and source protect against overvoltages that
could be caused by inductive pickup. Protective diodes (six
DSI75–12B in series) are also installed on the secondary side
of the pulse transformer to prevent the ignitor-cathode voltage
from becoming negative. The circuit operates off a single 24 V,
10-W DC power supply, with voltage regulator chips on the
board providing 5- and 12-V DC voltages.
III. D ETAILS OF IGBT D RIVE C IRCUIT
In order to turn on the IXEL40N400 IGBT, approximately
270 nC of charge must be deposited on the gate. The gateemitter voltage required for turn-on varies with collector
current: at IC = 20 A, VGE = 12 V will suffice, while at
IC = 80 A, VGE ≥ 15 V is required [12]. In our circuit, the
gate is charged by discharging a 1-μF capacitor through an
IRF540 MOSFET. Note that for many similar applications, an
inexpensive commercial IGBT gate driver IC, such as Diodes

Incorporated model ZXGD3005E6, could be used in lieu of
the custom driver circuit presented here.
MOSFETs have similar turn-on behavior to IGBTs, but with
lower drive voltage and charge requirements. The switching
circuit that triggers the MOSFET is shown in Fig. 3. An optical
pulse causes the voltage on the open collector output of the
HFBR-2412 receiver to drop to ∼ 0.5 V, turning off the NPN
transistor Q1 and causing the voltage on its collector to rise to
nearly 24 V. An emitter follower implemented with the NPN
transistor Q2 provides current gain for fast charging of the
MOSFET gate. Diodes D1 through D4 form a modified Baker
clamp [13], which maintains the condition VC −VE ≥ V D on
the voltages on Q1’s terminals (where V D is the diodes’ onstate voltage drop), preventing the transistor from saturating
and allowing for rapid turn-off.
IV. C IRCUIT L AYOUT
Proper circuit layout is critical for achieving fast switching
times with IGBTs [14]. Any inductance between the IGBT’s
emitter and the circuit ground will cause the emitter voltage to
rise by Ld IC /dt as the discharge current ramps up, lowering
VGE and slowing IGBT turn-on. With d IC /dt = 500 A/μs,
L need only be 10 nH to depress VGE by 5 V. IGBT
packages have some internal inductance, but the negative
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Fig. 4. Photo of finished ignitron trigger board. The board dimensions are
4 inches by 5 inches.

effects can be minimized by connecting the IGBT emitter
as close to the ground side of the discharge capacitor as
possible. The Ld IG /dt voltage drop along the wire connecting
the IGBT drive circuit to the gate is also detrimental to
fast switching. Taking these considerations into account, we
mounted the IGBTs, MOSFET, and 0.1- and 1-μF capacitors
as close together as possible on the circuit board, with wide
copper tracks connecting the components and the bulk of the
underside of the board serving as a ground plane (see the photo
in Fig. 4).
V. E FFECT OF P ULSE T RANSFORMER C OUPLING ON R ISE
T IME
Comparatively little care was taken to optimize the layout
of the wires between the trigger board, pulse transformer,
and ignitron, as nonideal behavior of the pulse transformer
itself was found to be the primary factor limiting the pulse
rise time. Since the primary and secondary windings in a
real transformer cannot occupy exactly the same position in
space, there will be some deviation from the ideal transformer
condition in which identical magnetic flux links the primary
and secondary. This stray flux leads to an effective inductance
in series with the primary or secondary—this is known as the
“leakage inductance” of the transformer.
To see how leakage inductance arises from nonideal coupling between the windings, let L 1 be the primary inductance, L 2 be the secondary inductance, and M be the mutual
inductance of the windings and consider a circuit with some
additional inductance L p in series with the primary and
inductance L s and resistance Rs in series with the secondary. If
a voltage Vin (t) is applied to the primary, the currents through
the windings will be related by
L 1 I˙1 + M I˙2 = Vin (t) − L p I˙1
M I˙1 + L 2 I˙2 = −L s I˙2 − Rs I2 .

(1)
(2)
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Eliminating I˙1 to solve for I˙2 in terms of Vin (t) and I2 :


− L + L p Rs I 2 − MVin (t)
˙I2 =  1

.
(3)
L 1 + L p (L 2 + L s ) − M 2
√
Define the transformer coupling coefficient κ ≡ M/ L 1 L 2 ,
so that κ = 1 for an ideal transformer and κ < 1 for a real
transformer. Substituting in for M, and assuming L 1 , L 2 
L p , L s (since the transformer is wound on a ferrite, which
amplifies the flux through the primary and secondary), the
previous equation becomes
√
R
I
−
κ
L 1 L 2 Vin (t)
−L
1
s
2


.
(4)
I˙2 =
2
L1 L2 1 − κ + L1 Ls + L2 L p
Consider the response of the circuit to a step function voltage
input at t = 0. In this case, solving the differential equation
for the current through the secondary yields




κ L2
t
I2 (t) = −Vin
1 − exp −
(5)
Rs L 1
τr
 

 L
1 L2
1
Ls + L p .
τr ≡
L1 1 − κ2 +
(6)
Rs L 1
L2
This result shows that for the purpose of determining the rise
time τr , setting κ = 1 is equivalent to adding an inductance
L 1 (1 − κ 2 ) in series with the primary, or L 2 (1 − κ 2 ) in series
with the secondary. Because of the dependence on κ 2 and the
fact that L 1 , L 2  L p , L s , a small deviation from perfect
coupling will have a large effect on the rise time.
For the pulse transformer utilized in this paper, we used a
B&K Precision Model 885 LCR/ESR Meter to measure L 1 =
121.6 μH , L 2 = 485.3 μH , and M = 241.7 μH (mutual
inductance can be determined by measuring the inductance
of the
√ primary and secondary connected in series), so κ =
M/ L 1 L 2 ≈ 0.995. A more accurate measurement of κ
may be made by comparing the voltage waveforms across the
primary and secondary during a pulse from the ignitron trigger
circuit. These waveforms are shown in Fig. 5. Although the
transformer turns ratio is 1:2, the secondary voltage is not
equal to twice the primary voltage since κ < 1. A good fit to
the data is obtained with a leakage inductance value of 1.5 μH
in series with the primary (nearly perfect agreement between
the waveforms can be obtained if the measured winding
resistances are also taken into account). Since the leakage
inductance in series with the primary is L leakage = L 1 (1 −κ 2 ),
this implies κ = 1 − L leakage /L 1 ≈ 0.994.
The inductance contributed by the wiring between the
circuit board, pulse transformer, and ignitron can also be
measured by identifying the Ld I /dt voltage drops in the
circuit. Voltage waveforms at four locations are shown in
Fig. 6. The voltage drop between the circuit board and the
transformer primary is due to the inductance of the loops
formed by the tracks on the board and the connecting wires
(partially visible in Fig. 4). A good fit to the data is obtained
by assuming a value L p = 780 nH. Similarly, the voltage drop
between the transformer secondary and the ignitor is due to
the inductance of the connecting wires and also the IR voltage
drop across the 4.2- resistor. Setting L s = 900 nH gives an
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Fig. 5. Voltage across the pulse transformer primary and secondary windings during the first 1.5 μs of a pulse. If the transformer were ideal, the secondary
voltage Vsec. would be exactly twice the primary voltage Vprim. . However, the (a) actual secondary voltage is lower than this due to imperfect coupling of flux
between the primary and secondary. If a 1.5-μH leakage inductance is assumed to be present in series with the primary, the (b) associated Ld I /dt voltage
drop accounts for the discrepancy between the Vprim. and Vsec. waveforms.
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Fig. 6. Voltage waveforms during the first 1.5 μs of a pulse measured
at four locations in the circuit. (1) Between the high voltage side of the
0.1-μF capacitor on the circuit board and the IGBT collectors. (2) Across
the pulse transformer primary. (3) Across the pulse transformer secondary.
(4) Between the ignitron ignitor and cathode. Waveforms (3) and (4) have
been divided by 2 to remove the effect of the transformer voltage stepup and facilitate the identification of resistive and inductive voltage drops.
The capacitor-to-collector voltage on the circuit board does not reach the full
3-kV charging voltage because of incomplete turn-on of the IGBTs at early
times (i.e., the voltage drop across the IGBTs does not immediately fall to
zero upon triggering, so at early times the collectors are several hundred volts
above board ground).

excellent fit to the data. Referring to (6), the total effective
inductance that contributes to the rise time is

 L
1
Ls + L p
(7)
L eff ≡ L 1 1 − κ 2 +
L2
1
= 1.50 μH + × 0.90 μH + 0.78 μH = 2.51 μH
4
with the dominant contribution coming from the pulse
transformer.

The circuit described here was used successfully to trigger
a size A 7703 ignitron for the Caltech spheromak experiment
[15], an experiment in which the ignitron impedance dominates over the plasma impedance in determining the overall
discharge circuit behavior [1] and fast triggering of the ignitron
is critical. Our ignitron driver should be widely applicable
for other experiments that use ignitrons for switching on
microsecond timescales.
In light of the discussion in Section V, there is some
room for improvement in the pulse rise time if the circuit
layout were optimized to reduce the load inductance: the
circuit board, pulse transformer, and ignitron could be mounted
closer together than in our experiment, or the connecting
wires could be replaced by coaxial cables. However, the
main limiting factor is the pulse transformer. With specialized
winding techniques, it should be possible to achieve κ closer
to unity than in our transformer and thus reduce the leakage
inductance.
It should be noted that the total energy stored in the
0.1-μF capacitor in the circuit presented here is 0.45 J , while
ignitron manufacturers typically recommend using a trigger
pulse energy of 4–7 J to minimize deterioration of the ignitor
over time [5]. For high repetition rate applications in which
the overall ignitron lifetime is an important consideration,
the capacitance or charging voltage should be increased to
comply with this recommendation. In this case, additional
modifications to the circuit, such as changing the transformer
turns ratio, adding more resistance in series with the ignitor, or
adding additional IGBTs may be required to avoid exceeding
the maximum voltage and current ratings of the IGBTs and
ignitor.
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