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A 10-MVA-scale resonant oscillator, powered by a pulse-forming network and switched with a pair of
commutating mercury ignitrons, was developed for the MST reversed-field pinch plasma-confinement
experiment. A novel feature of this circuit is its commutation mechanism, wherein each turning on
of one ignitron causes a reverse voltage transient that turns off the other. Two of these oscillators are
used in oscillating-field current-drive tests, in which they are capable of nearly 1MW net input power
to the plasma, with resonant frequencies of a few 100 Hz for pulse durations of a few tens of ms,
being precharged for immediate full amplitude. We describe the circuit and its operation, and discuss
features that allow reliable, high-current commutation of the ignitrons and exploit their low switching
impedance. © 2011 American Institute of Physics. [doi:10.1063/1.3589266]

I. INTRODUCTION

With the capabilities of high hold-off voltage (∼50 kV),
fast turn-on time (<1 μs), high current (∼100 kA), and
a small forward drop when conducting (∼20 V), mercury
ignitrons1 have long served experimental plasma physics as
high-power, single-pulse switches. Their tendency, at the end
of life or upon abuse, for gradual rather than catastrophic
failure distinguishes them from hot-cathode and solid-state
switches. They can also be efficient, high-power oscillator
switches, if they can be turned off frequently enough. Typi-
cally, an ignitron conducts until its forward current is reduced
to a few A and its internal arc is extinguished; then, after
a few ms it can once more hold off high voltage. However,
it can be turned off by a brief (<0.1 μs) pulse of reverse
current, comparable in magnitude to the current it carried
forward, such that the reverse voltage clears the charge
carriers from its anode-cathode space. Bronner2 reported
turning off ignitrons carrying ∼100 A in single shots by
momentarily reversing conducted current for a few μs.

In this paper, we report on our application of this idea,
which is an LC oscillator synchronously switched by a pair
of commutating ignitrons and so used to drive a sustained os-
cillation in a plasma-circuit load. It is powered by a pulse-
forming network (PFN) and precharged for immediate full
amplitude of up to 10 kV. In each commutation the turning on
of one of the ignitrons in the pair produces a reverse voltage
transient sent to turn off the other. To our knowledge this is the
first such use of ignitrons for this purpose. Two of the oscil-
lators, each capable of tens of MVA reactive power, are oper-
ated simultaneously on the MST reversed-field pinch plasma-
confinement experiment3 for tests of oscillating-field current
drive.4–6 These circuits have allowed such experiments to go
forward before the planned implementation of a more com-
prehensive, expensive system using solid-state high-power
switches. Typical PFN-pulse durations are about 25 ms, and
the resonant oscillation frequencies have ranged from 200 to
500 Hz, dictated by physics requirements and adjusted by the
choice of L and C for the different experiments. This re-
quires repetitive, fast ignitron commutation, switching from
kA-level conduction to several-kV hold-off every few ms.

Section II describes the concept, general layout, and ba-
sic, measured waveforms during the operation of the circuit.
Section III details several special design features added to
make it work as intended. Section IV shows its application
to the MST experiment with sample measurements of circuit
operation during a plasma experiment, and Sec. V is a con-
clusion with a brief discussion and summary.

II. BASIC CIRCUIT

A basic conceptual schematic of the oscillator is shown
in Fig. 1. A resonating LC circuit, or “tank circuit,” drives
an oscillation in an inductively coupled load Z . If there is fi-
nite resistance in the load or the oscillator itself, then the tank
circuit must be supplied by an external source to sustain the
oscillation. In our case the external source is a PFN whose
output feeds the center tap, or midpoint, of the oscillator’s
main inductive coil L , which is composed of the series coils
L1 and L2 in the figure. This PFN behaves approximately as a
current source, and commutation of the two ignitron switches
S1 and S2, one periodically connecting one side of the main
tank-circuit capacitor C to the ground of the PFN as the other
disconnects, allows a portion of the PFN output energy to be
deposited into C , replacing the resistive losses and sustaining
the oscillation. This oscillation is coupled to Z via the out-
put coils shown above L1 and L2 in the figure. The timing
of the commutation is ideally such that PFN current flowing
through C always charges it with the same as its instantaneous
polarity, positive for one half-cycle and negative for the next.
This is a class-B oscillator,7 in which each of the two ignitron
switches is either on for a half-cycle or completely off, and is
conventionally called a push-pull oscillator.

Current (I ) and voltage (∝ dI/dt) waveforms measured
with Rogowski coils on our version of this circuit during op-
eration, shown in Fig. 2 during a single cycle, detail how the
oscillation is sustained. At the beginning of the cycle pictured,
the ignitron S1 is switched on so that it carries the output cur-
rent IPFN ≈ 1 kA from the PFN, and this disconnects the other
ignitron S2 through the commutation process described later
(Sec. III A). This allows a portion of IPFN to flow through C
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FIG. 1. Conceptual schematic of the driven oscillator with inductively cou-
pled load Z . The ignitron switch S1 is closed when ignitron S2 is open and
vice versa. Their ideal phasing is such that current from the PFN through
the capacitor C always charges it with the same as its instantaneous polarity,
sustaining the LC oscillation despite resistive losses in Z or the tank circuit
itself. Note that C is first precharged to the PFN voltage so that the oscillation
immediately has full amplitude when the switch S0 is closed to start the pulse.

charging it more positive. As C reaches its maximum posi-
tive voltage V ≈ 5 kV, the tank currents reverse, which be-
gins to discharge C . When V , measured with an unintegrated
Rogowski coil signal, crosses a chosen reference voltage Vref

from above, which happens just before the maximum nega-
tive tank current of around 8 kA, a trigger is sent to turn S2

on, commutating S1 off. Here a small discontinuity is evident
in dV/dt , after the transient switching noise, corresponding
to the jump in IC and evidencing the driving character of the
PFN current. Now the portion of IPFN flowing through C acts

Tank Circuit Waveforms
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FIG. 2. (Color online) Tank-circuit current (I ) and voltage (∝ dI/dt) wave-
forms measured with Rogowski coils during a single cycle of sustained oscil-
lation. In terms of the circuit schematic shown nearby in Fig. 1, the currents
through the capacitor (IC , black solid), the left (IL1, red dashed) and right
(IL2, blue dashed) coils, and the left (IS1, orange dashed) and right (IS2, green
dashed) ignitron switches are plotted with positive for clockwise tank current
in the cases of IC , IL1, and IL2 and positive for anode-to-cathode current in
the cases of IS1 and IS2, and the voltage across the tank circuit (V , black dot-
ted) is plotted with positive for the right capacitor plate with respect to left.

to charge it more negative. The voltage V reaches its nega-
tive peak and then eventually crosses −Vref from below, which
triggers S1 on and S2 off, beginning the cycle again. Thus the
oscillation in the tank circuit is sustained and is coupled to Z
via the output coils (whose current was not measured for this
test).

Note that the currents through the two halves of the coil,
IL1 and IL2, satisfy IL2 − IL1 = IPFN = IS1 + IS2. During
this driven oscillation, the actual relative fractions of IPFN

flowing through L1 and L2 are indeterminate. However,
numerical simulations of this circuit (e.g., SPICE) in which
the PFN drive of a decaying oscillation is triggered at
arbitrary times during the cycle indicate that IPFN initially
divides equally, one half flowing counterclockwise through
IL1 and the other clockwise through IL2. Likewise if in the
simulation the PFN is disconnected from the driven tank
circuit at an arbitrary time, the now equal tank currents IL1

and IL2 obtain the average of the values they had just before
the disconnection. Measurements of circuit performance and
the simulations show that altering the ideal switch phasing
described above decreases the drive efficiency for this class-B
oscillator. More specifically, the ideal would be Vref = 0 V,
whereas we choose Vref to be finite for reliably commutating
the ignitrons as described next.

III. SPECIFIC DESIGN FEATURES

Our circuits have several specific design features found
either helpful or necessary for reliable operation in experi-
ments. These are addressed here in four subsections: Sec. III
A for the commutating ignitrons, Sec. III B for the connection
ignitron, which connects the PFN output to the tank circuit,
Sec. III C for the PFN itself, and Sec. III D for the air-core
transformer coupling the tank circuit to the plasma-circuit
load. For reference throughout, a complete oscillator circuit
with labels is shown in Fig. 3. The main sequence for a pulse
begins with the precharging of both the PFN and tank circuit
capacitor C . The pulse, therefore, starts with full oscillation
amplitude when the connection ignitron (S0 in the figure) is
triggered, and then the PFN (drawn at the upper left) begins to
put current into the tank circuit as the commutation ignitrons
(S1 and S2) switch back and forth until the PFN charge is de-
pleted. The tank circuit has typical values of C ≈ 1 mF, a total
tank coil inductance of L ∼ 350 μH (composed of series coils
labeled L1 and L2 in the figure), and output coil inductance
of order 50 μH (composed of L3 and L4). The resonant tank
frequency, which for no loading would be 1/(2π

√
LC), is

around 250 Hz to meet the physics requirements in this case.

A. Commutating ignitrons

The most important feature of the oscillator circuit is the
commutation of the ignitrons used to switch the input current
from the PFN. Ignitrons’ unique properties not encountered in
one-shot switching have required several innovations, which
are detailed here.

The commutation system works by feedback to the tank
voltage (∝ dI/dt), which is sampled inductively by a pair
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FIG. 3. Detailed schematic of the driven oscillator with MST load.

of Rogowski coils with opposite senses, one leading to each
of the commutating ignitrons S1 and S2 as shown in Fig. 3.
For each of these, the Rogowski signal is low-pass filtered
at 1 kHz and input to a falling-voltage comparator, which
compares it to a preset Vref. When the filtered Rogowski
signal reaches Vref from above, the comparator circuit outputs
a fiber-optic signal to an ignitron trigger box, which then
sends a trigger pulse having a few-μs width and a few-kV
amplitude to the commutating ignitron igniter, causing that
ignitron to connect its anode to cathode. Since this occurs
when there is some positive tank voltage on its anode, at the
moment the ignitron begins to conduct, the rapid drop in its
anode voltage down to ∼20 V is transmitted as a negative
spike via a coupling capacitor of ∼0.5 μF to the anode of
the other commutating ignitron, which has been conducting.
This transient, negative voltage spike on its anode turns it off,

if the impulse is enough to sweep the charge carriers from its
anode-cathode space. Empirically, at least 1 kV on the anode
of the ignitron being turned on seems to be needed in our
circuit, and a higher Vref leads to more reliable commutation
(but lower driving efficiency). The transient is estimated to
be very brief, lasting less than 0.1 μs. Later, after one half
period of oscillation, this commutation process is repeated in
the opposite sense as regulated by the feedback system.

The process does not work without diodes in series with
the anodes of the commutating ignitrons. These prevent re-
verse conduction in the ignitron being turned off, which oth-
erwise would lead to a monstrous current surge (�100 kA)
in the low-impedance S1-C-S2-ground loop, followed by the
rapid L/R decay of all magnetic energy in the coils, a condi-
tion abusive even to ignitrons. Also, the series diode serendip-
itously retains positive anode voltage on the ignitron about
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FIG. 4. (Color online) Time dependences of the voltages V1 (top) and V2
(bottom) measured with resistive dividers across the series diodes and com-
mutating ignitrons for S1 and S2, respectively, for a pulse with successful
commutation (green solid) and a pulse during which one of the ignitrons
spontaneously prefires (red dotted). Each pulse is triggered at t = 0 (verti-
cal dashed), and the PFN is depleted by t = 30 ms.

to be turned on at a level well above the instantaneous tank-
circuit voltage on that side, which increases the strength of
the commutating transient then coupled to the anode of the
other ignitron when it is to be turned off. For this ∼10 kV
oscillator, empirically we found a back-bias rating of ∼25
kV needed to preserve the life of the diodes, which for us
necessitates a diode string with equalizing resistors and ca-
pacitors. The resistors do allow some of the tank voltage to
drain off the anodes, and just a single diode with no parallel
resistance would be ideal.

The commutation process is exemplified in Fig. 4 which
shows measurements of two test bursts, one with all proper
commutations and one during which a commutation happens
to fail. These are measurements of the voltages across the se-
ries diodes and commutating ignitrons for S1 and S2 taken
with resistive dividers, called V1 and V2, with the voltage
across the tank circuit being their difference V2 − V1. When
an ignitron is triggered on by the feedback system, the volt-
age across it and the diode abruptly drops from a few kV to
nearly zero as its transmitted impulse turns the other off, caus-
ing that voltage to become essentially the tank-circuit voltage,
negative for a few 100 μs until zero-crossing, after which it
swings positive again. Note this measured negative excursion
is not really that which turns off the ignitron. That, much more
rapid, ∼0.1 μs transient occurs on the anode itself and is not
measured accurately by our diagnostics due to their finite in-
ductance; our voltage measurements across only the ignitrons
themselves, digitized at a few MHz sampling rate, read nearly
zero from the moment of triggering until the tank-circuit zero-
crossing, after which the anode voltage becomes the same as
that above the diode as in Fig. 4.

The example of commutation failure in Fig. 4 was not
caused by feedback triggering of the ignitron, but instead the
ignitron prefired spontaneously and spuriously commutated
the other ignitron off, despite the design features described
in this subsection. As is evident in the figure, prefiring
significantly degrades the oscillation amplitude and perturbs
the phase of the oscillator output. This failure mode is the

most common that remains in typical operation, but can be
mitigated by choice of ignitron specimens. We have found
that an igniter resistance above about 100 � tends to be
needed for good performance and some specimens seem to
perform better after several conditioning pulses. Typical min-
imum failure rates are around 10% of PFN pulses. One might
expect, keeping both the tank voltage amplitude and Vref the
same, that higher operating frequencies make commutation
more challenging in that an ignitron just commutated off
will have less time before which it must hold off a particular
voltage. A previous version of this system ran at ∼500 Hz
rather than the present ∼250 Hz and was not as reliable, but
then the circuit was still being developed.

The comparator circuit has time-filtering, trigger hold-
off functionality so that spurious signals into the comparator
do not cause unwanted ignitron triggering. After each nomi-
nally legitimate trigger the comparator circuit is disabled for a
bit less than one oscillation period, and each ignitron’s feed-
back circuitry also has an initial hold-off appropriate to its
correct time of first firing. In terms of Fig. 3, ignitron S1 is
triggered on after the first quarter cycle and S2 after the first
three quarters, as shown in Fig. 4. Note that our previous de-
signs used unfiltered signals from resistive voltage dividers
sampling the tank voltage rather than filtered Rogowskis and
this resulted in enough high-frequency noise on the com-
parator inputs to cause false triggers that prevented reliable
operation.

The cathodes of all three ignitrons in the oscillator cir-
cuit, i.e., the two commutating ignitrons and the connection
ignitron (Sec. III B) are cooled with air from the cold out-
put of a vortex tube fed with compressed air. Such cooling is
known to benefit the voltage hold-off capability of an igni-
tron by lowering the mercury vapor pressure inside it and by
encouraging recondensation onto the cold cathode rather than
hot anode. We think it may also make commutation more reli-
able, although we have not systematically confirmed this. All
the ignitrons in our system are size-D. Previously we used
size-A for S1 and S2, but the D-sized work just as well and
have a larger Coulomb limit of around 100 C, which is a mea-
sure of how much total throughput charge per pulse they can
tolerate over the long term.

A small, auxiliary PFN for S2 called the quarter-cycle cir-
cuit is also shown in Fig. 3. Its main job is to make S2 conduct
immediately at t = 0, reducing the startup voltage transient
from the anode of S1 to ground, which otherwise would reach
about twice the PFN charge voltage during the first quarter-
cycle. The circuit is precharged along with the tank circuit
(Sec. III C) to a Zener-limited 2 kV, with its output tied to
S2’s holding anode. Meanwhile there is an extra ignitron trig-
ger box that fires the igniter of S2 at t = 0. Thus, although
there is zero voltage on the anode of S2 just before t = 0,
this trigger along with the quarter-cycle circuit’s PFN output
turns S2 on at a phase in which it would be on during fully
developed oscillation. This PFN has a pulsewidth of about
200 μs, long enough to develop ignitron conduction as the
main PFN fires, but short enough that it does not interfere with
commutation of this ignitron off after the first quarter-cycle.
This operation should also slightly increase the overall driving
efficiency.
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B. Connection ignitron

The connection ignitron, labeled S0 in Fig. 3, is used in
connecting the PFN output to the center tap of the tank coil
at t = 0 and to carry tank current on odd half-cycles. Being
an ignitron it is unidirectional (at low frequency), so a reverse
diode stack, antiparallel to it, carries the tank current on even
half-cycles. During that time, since the tank current is much
larger than the PFN output current, this diode stack’s total
forward drop can reverse-bias the ignitron and turn it off; so
another diode in series with the ignitron isolates this.

Additional measures have been found necessary to en-
sure S0 stays conducting during odd half-cycles. The first is
an ignitron-latching supply, which is an RC bank across the
anode to cathode. This supply is precharged (Sec. III C) to
the tank circuit’s voltage and starting at t = 0 provides a de-
caying current through the ignitron of at least 100 A for the
entire duration of the PFN pulse. The second is a holding-
anode supply, which is a ∼12 mF capacitor in series with a
∼2 � resistor charged before the pulse by a rectified source
to around 400 V and which provides about 200 A through the
ignitron’s holding anode during the PFN pulse.

It is unclear why both of these measures are needed,
but possibly reciprocal voltage transients from the nonlinear
plasma load are responsible for otherwise turning off S0. This
ignitron still sometimes turns off unexpectedly, nearly always
during the even half-cycles, when it is not conducting tank
current. If a tank current of over ∼100 A in S0 were to sud-
denly cease late in an odd half-cycle, the resulting inductive
voltage surge would reverse-bias the reverse diode stack to
destruction. To prevent this outcome a 5 μF snubbing capaci-
tor holds such an inductive spike below about 5 kV, should S0

open below 800 A. Note that previous versions of our circuit
used a 2 kHz burst of triggers to the igniter of S0 to maintain
conduction whatever its anode voltage was doing. In combi-
nation with the holding-anode supply this was effective, but
tended to result in unwanted phase perturbations on the os-
cillating output, as the timing of the discrete bursts did not
always match the zero-crossings of the tank current. This mo-
tivated replacing it with the ignitron-latching supply.

C. Pulse-forming network

This oscillator circuit has a quality factor Q of around
10 that does not depend much on the loading. Therefore,
precharging of the tank circuit is used to get immediate full
amplitude at t = 0; otherwise it would take a few cycles for
the PFN to drive the oscillation up to full amplitude. As seen
in Fig. 3, the ∼1 k� resistor on the L2 side allows the tank cir-
cuit C to be precharged to the PFN voltage before each pulse
from the same source, a commercial 10 kV, 8 kJ/s capacitor-
charging supply.

The PFN for each oscillator contains n = 8 series sec-
tions of LPFN = 5.5 mH and CPFN = 3 × 330 μF ≈ 1 mF
for an output pulse of 2n

√
LPFNCPFN ≈ 40 ms in maximum

duration,8 and these can be jumpered into different config-
urations to better match the tank circuit load or to change
the pulselength. The PFN coils are the Brooks type which
maximizes the inductance per length of wire,9 which is 2/0

building cable. A basic goal in tuning the PFN and tank
circuit is a flat voltage envelope for the sustained tank-
circuit oscillation, which occurs if the net PFN power de-
livered into the tank circuit matches its resistive power
losses. Part of the losses come from series resistance Rtank

in the tank circuit itself and part from resistance Rload in the
plasma-circuit load. Neglecting PFN resistance, if Rtank dom-
inates then the matching condition is roughly that the PFN
impedance ZPFN ∼ √

LPFN/CPFN ≈ 2.5 � should be about
equal to L tank/(Ctank Rtank) ≈ Q

√
L tank/Ctank, which is the ap-

proximately the case for our system. If instead Rload were to
dominate, then the condition above would be

√
LPFN/CPFN

∼ Rload. In any case, if ZPFN is too large the oscillation enve-
lope will ramp down since IPFN is too small, and vice versa.

D. Air-core transformer

Each oscillator is coupled to a transmission line leading
to its plasma-circuit load by an air-core transformer. Both
primary (tank) and secondary (output) coils are composed
of pancake-type sub-coils coaxially interleaved to maximize
coupling, and these are typically wound with either four (for
the primary) or two (for secondary) rows of order ten turns
each of 4/0 welding cable. There are two key differences be-
tween an air-core and a typical iron-core transformer in this
context: first, the self-inductances of the primary and sec-
ondary coils are not very large compared to other inductances
in the whole system, and second, the leakage inductances
are not negligible compared to the self-inductances. Leak-
age inductance is defined as the self-inductance of a coil with
the coil on the other side of the transformer shorted. Some
leakage inductance can be helpful by decreasing the stiffness
of coupling which, for the oscillator loaded by a nonlinear
plasma, improves the regularity of the resonant frequency and
amplitude, at the cost of some drive efficiency.

The ratio Lp/M is equivalent to a turns ratio of primary to
secondary quoted for an iron-core transformer and is similar
to the actual ratio of turns in the air-core transformer. Here Lp

is the primary coil self-inductance and M is the mutual induc-
tance between primary and secondary, which is available from
the formula M2 = Lp(Ls − Lsl), with Ls the self-inductance
and Lsl the leakage inductance of the secondary coil. Finally,
Lsl appears in series with any other inductances on the sec-
ondary side of the system, all multiplied by (Lp/M)2 and
taken parallel to Lp, in the equivalent circuit, an example of
which is shown in Sec. IV.

IV. APPLICATION TO THE MST EXPERIMENT

With the refinements detailed above, the oscillators
work reliably at 2 MW RMS output into resistive test loads,
but their real application is the mostly inductive loads on
the MST plasma-confinement device, which is the focus
of this section. The two oscillators generate sinusoidal
loop voltages around the MST plasma in the poloidal and
toroidal directions, respectively, for tests of oscillating-field
current drive (OFCD).4–6 Each oscillator is coupled induc-
tively to its MST load. The toroidal-loop voltage oscillator,
called the BP for the poloidal magnetic field it modulates,
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FIG. 5. Schematic of an oscillator inductively coupled to its MST load
through a transmission line (top) and an equivalent circuit (bottom). The tank
circuit values are C , Rp, and Lp, and M is the mutual inductance between
Lp and the output coil Ls, which form an air-core transformer. The transmis-
sion line inductance is Lx. At the end of the transmission line is an iron-core
transformer with turns ratio N :1 and practically infinite magnetizing induc-
tance. The plasma-circuit load values are Rz and Lz. The equivalent circuit
load involves the leakage inductance Lsl = Ls − M2/Lp.

couples to the plasma in the MST confinement region
through which toroidal current flows. The poloidal-loop
voltage oscillator, called the BT for toroidal magnetic
field, couples to the aluminum shell of MST through
which poloidal current flows, coupling to the plasma (see
Ref. 3). In each case there is an iron-core transformer
coupling the plasma-circuit load to a transmission line itself
coupled via the air-core transformer to the oscillator-circuit
source. A schematic of one such configuration is shown in
Fig. 5. Other MST circuitry on the transmission lines is not
materially involved in the oscillations and is not represented
in the figure.

Also shown in the figure is an equivalent circuit for this
system, which is helpful in analyzing impedance matching
and circuit behavior. For each section of the circuit, justifi-
ably neglecting the series resistance compared to the reactive
impedance at the resonant angular frequency allows that fre-
quency to be calculated easily as ω = 1/(

√
LeC), where Le is

the parallel combination of the two inductances in the equiv-
alent circuit in Fig. 5. The complicated equivalent load in-
ductance in parallel with the tank circuit self-inductance Lp

is (Lp/M)2(Lsl + Lx + N 2Lz), where M is the mutual induc-
tance between the air-core inductances Lp and Ls, Lsl is the
leakage inductance, Lx is the transmission line inductance, N
is the number of turns on the primary side of the iron-core
transformer to the (single-turn) plasma circuit, and Lz is the
plasma-circuit inductance. The tank circuit and plasma cir-
cuit have series resistances Rp and Rz, respectively, while the
transmission line resistance is neglected. For both the MST
BP and BT oscillator systems, typical circuit values from
Fig. 5 are listed in Table I.

While the estimated load resistance is within about one
order of the tank series resistance, bigger in one case and
smaller in the other, the load inductance is much bigger
than the tank inductance in either case. This implies that
in single-circuit operation most of the lost power goes into
the series tank resistance Rp. The value for Rp ∼ 50 m�

TABLE I. Typical MST circuit values for the BP and BT oscillator sys-
tems. The measured or estimated quantities from Fig. 5 are listed with pre-
cisions of one or two significant digits. Note (*) the values of C are adjusted
by a few percent to tune the two resonant frequencies to match for plasma
experiments.

Quantity BP BT

C [mF] 1* 1*
Rp [m�] 50 50
Lp [μH] 330 380√

Lp/C [m�] 600 600
M [μH] 120 75
Lp/M 2.8 5
Ls [μH] 100 40
Lsl [μH] 60 25
Lx [μH] 20 20
N 20 20
Rz [μ�] 100 0.5
Lz [μH] 3 0.1
(Lp/M)2(Lsl + Lx + N 2 Lz) [mH] 10 2
(Lp/M)2 N 2 Rz [m�] 300 5

estimated from observations of the circuit Q is roughly
consistent with the ∼20 V drop per ignitron and the diode
drops for the ∼1 kA PFN supply current. At the resonant
frequency ∼250 Hz, the reactive impedance of the plasma
load is much larger than its resistance, which means not much
net power is put into the plasma by each single oscillator
compared to the reactive power.

However, the plasma provides a dynamic, nonlinear cou-
pling between the two directions of magnetic field, and the
BP and BT oscillators can put significant amounts of net
power into the plasma when operating at the same time,
as they do in OFCD experiments. Essentially one oscillator
couples through the plasma to the other load and changes
the phase between I and V in a way that depends on the phase
between the two circuits. Example of waveforms from one
such pulse are shown in Fig. 6, where OFCD is added to the
plasma sustained by the background toroidal induction. Cur-
rents measured with Rogowskis and voltages measured with
flux loops on the plasma circuits are plotted for both BP and
BT starting shortly before the OFCD pulse is applied. The
phasing between the respective currents and voltages clearly
shows these loads are mostly inductive, and the reactive power
involved is a few tens of MVA, much larger than the net
OFCD input power of about 200 kW measured for this pulse,
which was a test of the plasma current drive by OFCD. Note
the plasma current ramps up as a result of OFCD in this case.
The oscillators were each operating at ∼5 kV and tuned to
have matching resonant frequencies. The loop voltage Vtor

on the BP is relatively clean compared to Vpol on the BT,
which has many discrete spikes indicating magnetic activity
and showing that the plasma circuit in this case is not a passive
load but a dynamic impedance generating power flows itself.

Other OFCD tests with different phasing between BP and
BT have shown net OFCD input powers of ∼800 kW. We
think our system is capable of routine operation at ∼1 MW
net OFCD input, but to date the large modulations at such
power levels for a plasma of this temperature have tended to
degrade the plasma current rather than increase it.
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FIG. 6. Data from an MST pulse with both oscillators in operation at once,
with currents measured by Rogowski coils and voltages by flux loops. The
toroidal current Itor in the plasma (a) and corresponding loop voltage Vtor (b)
for the BP circuit is shown at the top and the poloidal current Ipol in the shell
surrounding the plasma (c) and corresponding loop voltage Vpol (d) for the
BT circuit is shown at the bottom, from a time shortly before the oscillators
are triggered until roughly the end of the PFN pulses.

V. CONCLUSION

The ignitron oscillators described above provide a reli-
able, powerful, and inexpensive way to modulate plasma cur-
rents for tests of OFCD and similar techniques, as well as
studies of electromotive and fluctuation effects in magnetized
plasmas. As implied the key requirement is good commuta-
tion performance, and the present design is well optimized to
serve the purpose, with one important drawback. To maintain
the needed constant phase relationship between the BP and
BT we rely on frequency stability with preset trigger times,
and despite the somewhat light loading characteristics of our
system have found that different background plasma currents
and different oscillator power levels both tend to disturb the
balance obtained at a particular set of conditions, complicat-
ing the research program with circuit retuning. Still, experi-
ence with the system has been helpful in teaching us how to
use it more effectively, and it is apparently the case that the
hard limits on its experimental performance are set by other
MST parameters rather than the tank circuits themselves.

If needed, a longer system pulselength would mainly be
a matter of lengthening the PFN while providing for the ig-
nitron Coulomb limits to remain satisfied. Our present cir-
cuit using size-D ignitrons operates in the neighborhood of
their Coulomb limits; the larger size-E, which tend to have
limits a few times higher than size-D, might be needed with
a longer pulselength. Also, we speculate that the system’s

resonant frequency could be increased to around the kHz level
with adequate commutation reliability, perhaps with a req-
uisite cost to the driving efficiency. Note that increasing the
frequency for the same commutation phasing might degrade
reliability by increasing the hold-off requirements on the com-
mutating ignitrons (see Sec. III A), while increasing the com-
mutation threshold Vref to mitigate this would decrease driv-
ing efficiency.

Presently, a new programmable power supply for the
MST BT system is being commissioned, and one for the BP
system is in design. It is planned for these more flexible, more
expensive supplies to eventually replace the ignitron oscilla-
tors entirely on MST, although in the interim the two systems
will be used together, the BT with the programmable supply
and the BP with the ignitron circuit. We think the new pro-
grammable supplies will allow much better phase control but
not that they will be capable of much higher power levels than
the ignitron oscillators.

In summary, we have reported on our development and
application of 10-MVA-scale, precharged, PFN-driven tank
circuits switched by rapidly commutated ignitrons for plasma
experiments on the MST reversed-field pinch device. Used as
a pair for OFCD tests, the two circuits are capable of inject-
ing up to nearly 1 MW net power into the plasma for a few
tens of ms and have been operated at resonant frequencies of
a few 100 Hz. The basic principles of circuit operation have
been reviewed and particular points on its design and use have
been discussed.
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