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Equivalent Model of Transient
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Abstract— The cathode power supply is one of the most
important ancillary devices of gyrotrons. Some interesting tran-
sient phenomena about the cathode voltage and the cathode
current were found in the gyrotron operation in the electron
cyclotron (EC) resonance heating system of the Experimental
Advanced Superconducting Tokamak. The cathode voltage drops
to about 10% of the original value in about 90 µs in the
overcurrent case, which is much longer than the 25 µs in the
normal case. In order to explain these phenomena, an equivalent
circuit model of the magnetron injection gun was proposed. The
equivalent circuit is composed of parallel resistors and capacitors,
and it can explain the test results very well. Using the equivalent
circuit model to analyze gyrotrons can be an effective means of
developing and operating an EC heating system.

Index Terms— Cathode, electron cyclotron (EC) heating, elec-
tron gun, equivalent circuit model, gyrotron, transient response.

I. INTRODUCTION

THE electron cyclotron (EC) system is an important
plasma heating and current drive method. It is widely

used for various fusion experimental devices [1]–[10], and it is
also an important auxiliary heating system for ITER [11], [12].

A 140-GHz/4-MW EC resonance heating (ECRH) system
consisting of four gyrotrons for the Experimental Advanced
Superconducting Tokamak (EAST) is being developed in the
Institute of Plasma Physics Chinese Academy of Sciences
(ASIPP) [13]. Up to now, the first three gyrotrons have
been tested and the fourth gyrotron is being manufactured in
Communications & Power Industries LLC (CPI). The control
and protection system, the data acquisition system [14],
and the power measurement system [15] were built for the
gyrotrons. In the commissioning process of the first three
gyrotrons, many studies related to the gyrotron were done.
In a recent experiment, #1 gyrotron oscillations of 980 kW/1 s
and 650 kW/754 s, #2 gyrotron oscillations of 647 kW/2 s and
499 kW/80 s, and #3 gyrotron oscillations of 787 kW/20 s,
637 kW/100 s, and 559 kW/1000 s were demonstrated [16].
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Fig. 1. Gyrotron and its ancillary systems. “PS” in this figure is the short
form for “power supply” and “HV” is for “high voltage.”

The output power was measured using the calorimetric
method [17], [18].

Currently, many studies about gyrotrons such as the
beam–wave interaction theory [19], [20], the design of the
gyrotron [21], transient effects of the output wave [22], and
transient millimeter-wave signal analysis [23] are being done
throughout the world. However, there is little research on
the transient analysis of the cathode voltage, cathode current,
anode voltage, anode current, and so on. Analysis of the
transient behavior of the gyrotron cathode voltage and current
can help us understand the internal state of the gyrotron.
We have found some interesting phenomena in the operation of
#1 gyrotron. An equivalent model of the magnetron injection
gun was proposed to explain the test results in this article.

First, let us introduce the architecture and the schematic
of the gyrotron and its ancillary systems and the timing
sequence of the gyrotron. The gyrotron cannot work without
its ancillary systems such as the superconducting magnet and
its power supply, the collector power supply, the cathode
power supply, the anode power supply, the ion pump power
supply, and the filament power supply. The ancillary systems
and their connections to the gyrotron are presented in Fig. 1.
The current limiting resistors are used to limit the maximum
current flowing through the cathode and the anode (50 k� for
the anode and 20 � for the cathode). The dc shunts, which
are actually resistors with a small resistance value, are used to
measure the anode current and the beam current (500 m� for
the anode current and 1 m� for the cathode current). Because
the filament floats on the cathode high voltage, an isolation
transformer is used between the filament and its power supply
to protect the filament power source.
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Fig. 2. Operation sequence of the gyrotron. The signals that are marked
as “Input” indicate that the signals are input to the timing controller. The
signals that are marked as “Output” indicate that the signals are output from
the timing controller.

The gyrotrons must be operated in a right timing sequence,
otherwise the gyrotrons may be damaged. The right timing
sequence is shown in Fig. 2. The PLC_Ready signal is an
interlock signal from the programmable logic controller (PLC).
The TriggerIn_-60 signal is sent from the EAST center con-
troller; if the rising edge is detected by the timing controller,
the timing controller will change the NegHVPre_-60 signal
to a high level. In addition, the NegHVPre_-60 signal is sent
to the cathode power supply; if the NegHVPre_-60 signal is
at the high level, the switchgear of the cathode power supply
will close. If the switchgear of the cathode power supply is
closed, the cathode power supply will send a NegHv_Ready
signal to the timing controller. 60 s after the rising edge
of the TriggerIn_-60 signal is detected, a rising edge of the
TriggerIn_0 signal will be sent to the timing controller. Then,
the timing controller will turn the NegHv_OnOff signal to
a high level immediately (in several nanoseconds). Then,
the insulated gate bipolar transistors (IGBTs) of the cathode
power supply will close according to the set time. If the output
voltage of the cathode power supply is bigger than 30 kV,
the NegHV_OutputState signal will be at the high level. 50 ms
after the NegHv_OnOff signal changed to a high level, the tim-
ing controller will turn the PosHV_OnOff signal to a high
level to turn on the anode power supply. 1 ms after the anode
power supply is turned on, the timing controller will detect
the Wave_OutputState signal (RF signal) to realize part of the
RF protection [15]. If the Wave_OutputState signal becomes
low, the shutdown procedure will start, i.e., the NegHv_OnOff
signal and the PosHV_OnOff signal will be set to a low level
successively (an interval of 2 ms), to shut down the power
supplies to protect the gyrotron. In the process of gyrotron
discharge, if the Ip_D signal (plasma current signal sent
from the EAST center controller) becomes low, the shutdown
procedure will start to protect the EAST tokamak from being
damaged by the millimeter wave output from the gyrotrons.
For safety, if any one of these signals such as PLC_Ready,

Fig. 3. Schematic of the cathode power supply whose nominal parameter is
−60 kV/80 A/1000 s for gyrotrons. The power supply is composed of 87 PSM
modules and 1 regulative pulse-step modulation (RPSM) module using the
BUCK circuit.

NegHv_Ready, NegHV_OutputState, Wave_OutputState, and
Ip_D goes to a low level, the shutdown procedure will start.

The details of the transient analysis of the voltages and
currents are discussed in the following sections. In Section II,
the negative high-voltage power supply for gyrotrons is intro-
duced. Then, in Section III, the measurement and analysis of
the transient response of the cathode current and the cathode
voltage are given. In Section IV, the equivalent circuit model of
the gyrotron and its role in the analysis of gyrotron operation
are discussed. Finally, we give a summary in Section V.

II. NEGATIVE HIGH-VOLTAGE POWER

SUPPLY FOR GYROTRONS

We have developed two cathode high-voltage power sup-
plies for four gyrotrons. The pulse-step modulation (PSM)
technology was used in the cathode high-voltage power sup-
ply [24], which overcomes the shortcomings of the traditional
high-voltage power supply, such as the large single volume,
low efficiency, net side low harmonics pollution, lower power
factor, larger output ripple, and slower dynamic response. The
power supply topology is shown in Fig. 3. In order to protect
the gyrotrons, it is necessary to ensure that the stored energy
of the power supply system is small enough [25]. The energy
is mainly stored in the output filter and stray capacitances
for PSM modules. The stored energy is very small (<10 J)
in our power supply system. In order to verify the protection
effect, we have taken a short circuit test. A fuse (whose fusing
energy is 10 J), which is connected in series in the loop,
is still good when the load is shorted, which can prove that
the stored output energy of the power supply is less than 10 J.
Therefore, we can use this power supply for a gyrotron without
the crowbar.

If the high-voltage source receives a turn-off signal or pro-
tection signal from the gyrotron control system, the IGBTs will
shut down within several microseconds, thus the connection
between the power supply and the gyrotron will be cut off.
A test was made to verify the shutdown time of the cathode
power source, which was found to be in several microseconds.
A dummy load whose resistance value is 304 � was connected
to the power source. The power supply shuts down when a
turn-off signal is sent to the power supply. The waveforms
of the voltage and the current of the cathode power supply
when the IGBTs shut off are shown in Fig. 4. As we can see,
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Fig. 4. Waveforms of the voltage and the current when the IGBTs shut off
with a dummy load whose resistance value is 304 �.

the shutdown time of the cathode power source is about 6 μs.
It is short enough to protect the gyrotrons.

III. MEASUREMENT AND ANALYSIS OF THE TRANSIENT

RESPONSE OF THE CATHODE CURRENT AND THE

CATHODE VOLTAGE

The measurement block diagram of the cathode voltage and
the cathode current is shown in Fig. 5. A high-voltage probe
(max. frequency 20 MHz) that is in parallel with the cathode
high-voltage power supply is used to measure the cathode
voltage. A rapid response current probe (max. frequency
400 MHz) is used to measure the cathode current. The high-
voltage probe and the current probe are both connected to
the same oscilloscope, which is mainly used to measure the
transient response. In addition, a shunt whose resistance is
1 m� is used to measure the cathode current. It is used to
realize the slow overcurrent protection and to measure the
steady-state cathode current.

Figs. 6 and 7 show the cathode voltage and the cathode
current displayed on the oscilloscope when the gyrotron
shuts down. As we can see, the response time of the cathode
voltage when the gyrotron shuts down normally is different
from the response time of the cathode voltage when the over-
current protection happens. In the case of normal shutdown,
the cathode voltage drops to about 10% of the original value
for about 25 μs. In the case of overcurrent, the cathode
voltage drops to about 10% of the original value for about
90 μs. Actually, in both cases, the circuit connection and the
measurement method are identical, the only change factor is
the gyrotron. The cathode voltage power supply always has
the same shutdown process and the cathode power supply
shuts down with the same operation within 6 μs. Therefore,
we can infer that some gyrotron parameters change when an
overcurrent happens. The change in the gyrotron parameter
causes the change in the drop time of the cathode voltage.
We proposed an equivalent model of the gyrotron gun to
analyze it.

Fig. 5. Measurement block diagram of the cathode voltage and the cathode
current.

Fig. 6. Cathode voltage and the cathode current when the gyrotron shuts
down normally.

Fig. 7. Cathode voltage and the cathode current when the gyrotron shuts
down with overcurrent.

The equivalent circuit of the gyrotron gun and the auxiliary
power supplies are shown in Fig. 8, where Rrb is the cathode
current limiting resistor with the resistance of 20 �; Rra is the
anode current limiting resistor with the resistance of 50 k�;
Rsb is the shunt for measuring the beam current with the
resistance of 1 m�; Rsa is the shunt for measuring the anode
current with the resistance of 500 m�; Rb is the equivalent
resistor of the electron gun between the cathode and the ground
(body); Cb is the equivalent capacitor between the cathode and
the ground (body); Ra is the equivalent resistor between the
anode and the cathode; and Ca is the equivalent capacitor
between the anode and the cathode.
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Fig. 8. Equivalent model of the gyrotron gun and the auxiliary power
supplies. The equivalent model of the gun is in the red dashed box.

TABLE I

RESISTANCE OF Rb ALONG WITH THE CATHODE VOLTAGE,
THE ANODE VOLTAGE, AND THE FILAMENT POWER

The resistance of Rb is related to the voltage across Cb

and the voltage across Ca (the sum of the absolute value
of the cathode voltage and the absolute value of the anode
voltage) and the power of the filament power supply. In the
case of the normal shutdown process of the cathode voltage,
the anode voltage has been reduced to 0, so the value of Rb

is only related to the voltage across Cb (cathode voltage) and
the power of the filament power supply. Table I shows the
examples.

We analyzed the relationship between the value of Rb and
the cathode voltage ub when the anode voltage is zero and the
filament power is 1097.65 W. The relationship between the
value of Rb and the absolute value of the cathode voltage ub

is shown in Fig. 9. We tried to fit the data in a variety of
ways. The exponential fitting is more accurate, and the fitting
function is given by

Rb = −359.6 + 1005.5 × exp(1.6 × 10−5ub) (1)

where the unit of ub is volt and the unit of Rb is ohm.
When the cathode power supply shuts down, a capac-

itor discharge circuit is formed by Cb and Rb. That is,

Fig. 9. Value of Rb along with the cathode voltage.

Fig. 10. Laplace transform equivalent circuit when the cathode power supply
shuts down.

a zero-input response. Assume the initial voltage across the
capacitor Cb is Ub (a positive value in the unit of Volt),
the Laplace transform equivalent circuit is shown in Fig. 10.
The voltage across the capacitor Cb is

u(s) = Ub

s
−

Ub
s · 1

sCb

1
sCb

+ Rb
= Ub

s
− Ub

s(1+sCb Rb)
= Ub

1
Cb Rb

+ s
.

(2)

Using the inverse Laplace transform, we can get

u(t) = Ub × exp

(
− 1

Cb Rb
t

)
(3)

where u(t) = ub. By solving (1) and (3), assume we can
get (for convenience and without ambiguity, we will write
u(t) = ub as ut in the following):

ut = Ub×exp

(
− 1

Cb
(−359.6+1005.5·exp(1.6×10−5ut )

) t

)
.

(4)

Taking natural logarithm at both ends of (4) and simplifying
the equation we get

359.6(ln ut −ln Ub)+1005.5(ln Ub−ln ut ) exp(1.6×10−5ut )

= t

Cb
. (5)
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Fig. 11. Current flowing through Rb as a function of voltage ut .

Let Ub = 41 000 V and ut = 4100 V, then we can get the
time used for the cathode voltage decreasing to about 10% of
the original value

t ≈ 1644.2Cb. (6)

As shown in Fig. 6, in the case of normal shutdown, the
cathode voltage drops to about 10% of the original value for
about 25 μs. So, the equivalent capacitance is

Cb ≈ t

1644.2
≈ 15.2 nF. (7)

For the current flowing through Rb, we assume the direction
of the current as shown in Fig. 10 is positive, then

i(t) = −Cb
dut

dt
= Ub

Rb
× exp

(
− 1

Cb Rb
t

)
. (8)

Since Rb varies with the voltage ut , (3) is substituted into (8)
to obtain the relationship between the current i(t) and the
voltage ut

i(t) = ut

Rb
= ut

−359.6 + 1005.5 · exp
(
1.6 × 10−5ut

) . (9)

The value of i(t) is always positive, indicating that the actual
direction of the current is the same as the direction shown
in Fig. 10, i.e., the actual direction of the current is the
same as the direction at time 0−. The relationship between
i(t) and ut is shown in Fig. 11. When ut = 41 000 V,
i(t) ≈ 26 A = i (0-); when ut = 30 000, i(t) ≈ 24 A; when
ut = 20 000 V, i(t) ≈ 20 A; and when ut = 0 V, i(t) ≈ 0 A.
The value of i(t) decreases with the decrease of ut , and the
drop time is almost the same. It should be noted that the
current i(t) is the current flowing through the resistor Rb;
it is not the same one measured by a current probe shown in
Fig. 5, and it is hard to be measured.

The cathode current will increase suddenly (overcurrent
happens) when a small discharge occurs or some other fac-
tors change inside the gyrotron gun. It is dangerous for the
gyrotron. Therefore, if an overcurrent happens, the protection
system will shut down the anode power supply and the cathode

Fig. 12. Equivalent model of the gyrotron gun and its power supplies with
the crowbar switch.

power supply at the same time. As we can see in Fig. 7, about
5 μs after overcurrent happens, the voltage began to turn off.
Therefore, after overcurrent happens, the energy transmitted
to the gyrotron is

W ≈
∫

pdt ≈
∫ 5μ

0
uidt ≈41 kV×35 A×5 μs ≈ 7.2 J. (10)

In the situation where overcurrent happens, the anode volt-
age starts to decrease at the same time as the cathode voltage.
That is, the anode voltage is not zero when the cathode power
supply shuts down. But we can see from Table I that the
value of Rb is less affected by the anode voltage. For the sake
of simplicity, we ignore the anode voltage in the overcurrent
situation. As we can see in Fig. 7, the cathode voltage drops
to about 10% of the original value for about 90 μs, which
is much longer than the time in the normal situation. The
equivalent capacitance is

Cb ≈ t

1644.2
≈ 54.7 nF. (11)

The equivalent capacitance Cb increase may be due to the
discharge between the cathode and the ground, which leads to
the increase of the drop time of the cathode voltage.

In order to further verify the above assumptions, we try to
add a crowbar short-circuit switch at both ends of the cathode
voltage source. When the cathode voltage source is turned off,
the crowbar short-circuit switch is automatically closed and
the equivalent circuit is shown in Fig. 12. When the crowbar
switch is closed, the capacitor Cb will be discharged through
the Rrb . The voltage across the capacitor Cb is given by

u(t) = Ub × exp

(
− 1

Cb Rrb
t

)
. (12)

The cathode voltage drops to about 10% of the original value
for about

2.3RrbCb ≈ 0.7 μs. (13)

The actual cathode voltage waveform is shown in Fig. 13,
and it can be seen that the voltage falling edge is indeed about
0.7 μs. However, because the voltage source turns off too
fast, the oscillation of the voltage will be generated [26]. The
oscillation occurs due to the signal transmission and reflection
between the left end of the Cb and the ground.
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Fig. 13. Cathode voltage and the cathode current in the case the gyrotron
shuts down when overcurrent happens with the crowbar switch.

The current flowing through Rrb is

i(t) = −Cb
dut

dt
= Ub

Rrb
× exp

(
− 1

Cb Rrb
t

)
. (14)

When Ub = 41 kV, the current is about 2.05 kA at time zero,
and the current direction flowing through Rrb is opposite to the
initial direction. Then, it decreases to about 205 A after 0.7 μs
and to about 20.5 A after 1.4 μs. It can be seen from the beam
current signal in Fig. 13 that the current signal rushes to a
large value, but since the oscilloscope’s preset signal amplitude
range is small, we do not see how much the specific maximum
value is. It can be seen from Fig. 13 that the current signal
drops to near 0 A for about 1 μs, which is in line with the
theoretical expectation. However, owing to the fact that the
current edge is too fast, the current signal is transmitted back
and forth on the signal line, and the current oscillation occurs.

The transient response of the anode current and the anode
voltage when the power supply shuts down is similar to that
of the cathode. The equivalent resistor Ra shown in Fig. 8 is
related to the voltage across Ca (the sum of the absolute value
of the cathode voltage and the absolute value of the anode
voltage). The resistance of Ra decreases as the anode voltage
increases. Ra is probably of several megohms; Ca is probably
of several picofarads, and Ca may increase in the overcurrent
condition. The time of the anode voltage drop to about 10%
of the original value in the overcurrent case may be longer
than that in the normal case. If just the cathode voltage is
applied to the gyrotron, and the anode is not connected to
the anode power supply or ground, the potential on the anode
will be equal to the potential on the cathode. If the anode
potential is not equal to the cathode potential, there may be
an equivalent resistor between the anode and the ground. More
detailed analysis and test will be made in the future.

IV. EQUIVALENT CIRCUIT MODEL OF THE GYROTRON

AND ITS ROLE IN ANALYSIS OF GYROTRON OPERATION

We proposed an equivalent circuit model of the gyrotron gun
in Section III. Actually, the gyrotrons can be analyzed using
the same equivalent circuit model, which is shown in Fig. 14,
where Rb is the equivalent resistor of the gyrotron between
the cathode and the ground; Cb is the equivalent capacitor

Fig. 14. Simplified equivalent circuit model of the gyrotron. “C” indicates
the cathode power supply terminal and “A” indicates the anode power supply
terminal. Ra and Rb are the voltage-controlled resistors.

between the cathode and the ground; Ra is the equivalent
resistor between the anode and the cathode; and Ca is the
equivalent capacitor between the anode and the cathode.

In the normal discharge of the gyrotron, the value of Rb is
related to the filament power, the cathode voltage, the anode
voltage, the pulse duration, etc. The value of Rb decreases as
the filament power becomes higher, the anode voltage becomes
higher, or the cathode voltage (absolute value) becomes higher.
Usually, the beam current gradually decreases as the pulse
time becomes longer [27], that is, the value of Rb increases
as the pulse time becomes longer. The value of Ra is related
to the anode voltage, the cathode voltage, and the magnetic
field strength in the cathode region. When the magnetic
field strength in the cathode region decreases, the anode
current increases, resulting in a decrease in Ra . The values
of Ca and Cb are closely connected with the electron beam
generated by the magnetron injection gun. The different behav-
ior of the gyrotron, especially during the fast turn-off of the
high voltage triggered by an interlock, shows the dependency
of the gyrotron characteristics on these capacitors.

The characteristics of the anode voltage, anode current,
cathode voltage, and cathode current when the cathode power
supply or the anode power supply is turned off can be analyzed
using the method shown in Section III.

The beam current ib can be calculated as

ib = ub

Rb
(15)

where ub is the cathode voltage.
The anode current ia can be calculated as

ia = ua + |ub|
Ra

(16)

where ua is the anode voltage.
The gyrotron output RF power Pr f can be calculated as

Pr f = u2
b

Rb
η (17)

where η is the gyrotron efficiency, and it is related to
the cathode voltage, the anode voltage, the magnetic field,
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the filament power, and so on [28]. The gyrotron efficiency
can also be measured.

In future, all the parameters of the equivalent circuit model
of the gyrotron may be measured and provided by the gyrotron
manufacturer. Therefore, gyrotron users like the Institutes for
Fusion Research can use the gyrotrons more conveniently. It is
useful for fusion heating research.

V. CONCLUSION

The gyrotron is a sophisticated vacuum device and many
ancillary systems (such as the cathode power supply and
the anode power supply) are needed to assist it in working.
Gyrotrons must be operated at a right timing sequence to
prevent them from being damaged. During the experiments
of the #1 gyrotron, we found that the waveforms of the
cathode voltage and the cathode current vary under different
conditions. The cathode voltage drops to about 10% of the
original value by about 90 μs in the overcurrent case, which is
much longer than the 25 μs in the normal case. An equivalent
circuit of the gun of the gyrotron is proposed to analyze
the transient phenomena about the cathode voltage and the
cathode current. The equivalent circuit is composed of parallel
resistors and capacitors, and it can explain the test results
well. We also simply predict the response of the anode voltage
and the current according to the equivalent circuit model. The
cathode transient response of #2 and #3 gyrotrons has not
been tested since there was no idle time during the EAST
experiment. More detailed tests will be made in the future. The
proposed equivalent circuit model of the gyrotron in this article
is meaningful. We can analyze the gyrotron like a chip using
the equivalent circuit model. This may become an effective
means of developing and operating an EC system in the future.

APPENDIX

COMPUTATION OF THE ZERO-INPUT RESPONSE

The Laplace transform equivalent circuit for zero-input
response when the cathode power supply shuts down is shown
in Fig. 10. Where the voltage source is not a real power source,
it is the equivalent power source for the initial voltage across
the capacitor Cb. During the discharge of the capacitor, the
voltage across the capacitor Cb is actually equal to the voltage
across the resistor Rb, which is

u(s) = Ub

s
−

Ub
s · 1

sCb

1
sCb

+ Rb
= Rb · Ub

s
1

sCb
+ Rb

= Ub
1

Cb Rb
+ s

. (18)

We can get the true voltage across the capacitor Cb as a
function of time, as shown in (3), and the inverse Laplace
transform of commonly used functions and the properties of
the Laplace inverse transform are shown in the following
equations:

L−1
[

1

s − a

]
= exp(at) (19)

L−1[bF(s)] = bf (t) (20)

where a and b are constants.
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