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The effect of the breakdown phase on subsequent plasma parameters was investigated remotely

in GOLEM tokamak. The dependence of breakdown voltage and the breakdown time versus

the time delay between the trigger of the toroidal magnetic field Bt and the trigger of toroidal

electric field Et for different groups of the pressure magnitudes is built. The performed ex-

periments have shown that for GOLEM tokamak the shorter is temporal delay - the better

mean plasma parameters are obtained. In addition, the breakdown phase was discussed more

detailed. In the discussion the analysis of the avalanche phase of the breakdown was made.

The dominant mechanism of particle loses during avalanche phase, future steps, tasks were

discussed and set.
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1. Introduction

The initial stage (startup) of a tokamak discharge can
be divided into three phases: breakdown, plasma for-
mation, and current rise. The breakdown phase is
characterized by a low degree of ionization. Colli-
sions between an electron and neutral molecules dom-
inate. Plasma current is still low, and the rotational
transform is negligible. After the break down the
next phase starts, which is called the Coulomb phase,
when collisions between charged particles dominate.
Plasma current is sufficiently high, magnetic surfaces
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arise, and the confinement is expected to increase sig-
nificantly. The start-up phase of discharge in a TM-I-
MH tokamak was investigated in [1]. The mechanism
of particle losses in the phase preceding the forma-
tion of rotational transform was studied in the TM-1-
MH tokamak in [2], and importance of stray magnetic
fields was discussed. The breakdown phase directly
affected the ultimate properties of the plasma in the
light of the production of runaway electrons, impu-
rity, equilibrium, stability, etc. Breakdown phenom-
ena was studied experimentally in the SINP tokamak
[3] for different magnitudes of filling pressure, toroidal
electric field, toroidal magnetic field and vertical mag-
netic field by using a hot filament preionization sys-
tem. Also, breakdown was studied in the PRETEXT
Tokamak [4]. There were investigated the effects of
Limiter Bias, working gas, and pressure on break-
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down. In the paper [5], tokamak breakdown phase
driven by pure Ohmic heating with implicit particle
were simulated by the particle in cell/Monte Carlo
collision (PIC/MCC) method. The avalanche process
was shown to be able to be separated into two stages.
One was the fast avalanche stage, in which the plasma
was heated by the induced toroidal electric field. The
other was the slow avalanche stage, which began af-
ter the plasma density has reached 1015 m−3. In this
paper, the impact of working gas pressure and the
toroidal magnetic field on the breakdown phase and
subsequent plasma parameters are investigated. A
Ukrainian group of undergraduates from the School
of Physics and Technology at V. N. Karazin Kharkiv
National University had carried out the experiments
on studying the breakdown phase remotely due to re-
mote control capability on GOLEM tokamak [6,7] on
March, 2019.

2. Experimental set-up and diagnostics

The GOLEM tokamak (formerly CASTOR) at Czech
Technical University is demonstrated to be an ed-
ucational and research device for domestic and for-
eign students. This tokamak was brought to the IPP
Prague in 1977 from Kurchatov Institute in Moscow,
Russia. The name TM-1-MH was substituted by
the acronym CASTOR: Czech Academy of Science
TORus after reconstruction in 1985. After the shut
down in 2006, CASTOR was transported to the Fac-
ulty of Nuclear Sciences and Physical Engineering of
the Czech Technical University in Prague and re-
installed [8]. Now it operates under a new name
GOLEM as a device for education and research work.
The main parameters of tokamak GOLEM are shown
in table 1. The more detailed description of the toka-
mak is given in [9]. Diagnostics, which were used for
the experiment are listed in the table 2.

2.1. Remote handling of the GOLEM

tokamak

For remote handling, one needs a computer with an
internet connection and agreement of the chief oper-
ator of GOLEM. After reviewing and accepting the
experiment plan, the remote operators take access for
the site with the remote control room of GOLEM.
There they can choose parameters which they need
according to the plan for the experiments. Param-
eters that can be pre-selected by remote users are

shown in table 3. When the initial parameters of
the pulse are accepted, then after a while a discharge
is executed. The main experimental results and the
data from all the diagnostics are loaded in a couple
of minutes into the database, which is also available
via the internet for everyone in this site [10]. When
one wants to process data, he/she can find the corre-
sponding shot in the database. There are utilities for
faster data processing in the site [11]. These utilities
help to find the necessary pulse numbers, withdraw
the specified diagnostic data or some calculated val-
ues in text or graphical form. This is very comfortable
and helpful when one needs to process a big massive
data in the GOLEM database.

2.2. Preparing for breakdown phase

The tokamak is pumped down to the pressure 10−4
÷

10−3 Pa. The tokamak vessel is baked to ∼ 180∘ for
60 minutes, and the cleaning glow discharge in He is
applied for 30 minutes to remove impurity molecules
from the inner wall of the vessel. The working gas
is H2. The plasma density ∼ 1017 ÷ 1018 m−3 is
required at the breakdown phase. The density of
neutral atomic hydrogen should be comparable one.
Therefore, the initial pressure of H2 should be in the
range ∼ 0.002÷0.02 Pa. The breakdown of the work-
ing gas in tokamaks starts after inducing the toroidal
magnetic field (by driving current in the toroidal field
coils) and the toroidal electric field coils (by driving
current in the primary winding of the tokamak trans-
former). However, at least a single charged parti-
cle (electron) has to be present in the tokamak ves-
sel, which is filled by the working gas at sufficient
pressure. In addition, in our case pre-ionization is

Table 1. Main parameters of tokamak GOLEM

Parameter Value

Vessel major radius R0 = 0.4 m

Vessel minor radius r0 = 0.1 m

Plasma minor radius a ≈ 0.06 m

Toroidal magnetic field Bt < 0.5 T

Plasma current Ip < 8 kA

Central electron density ne ≈ (0.2− 3) · 1019 m−3

Effective ion charge Zeff ≈ 2.5

Electron temperature Te < 100 eV

Discharge duration τp < 25 ms

Energy confinemen time τe < 50 µs
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Table 2. Diagnostics, which were used for the experiment

❼ A wire loop laid toroidally along the vacuum vessel measuring the loop voltage Uloop.

❼ A small coil located on the vessel measuring the voltage proportional to the time derivative of the toroidal magnetic

field.

❼ A Rogowski coil surrounding the vessel (and the plasma) ring poloidally measuring the voltage proportional to

the time derivative of the total vessel and plasma current Iv+p.

❼ A microwave interferometer system (not shown) measuring the line averaged density ne.

Table 3. The parameters of GOLEM tokamak which can be selected via the internet

Basic parameters which can be preselected remotely Maximum

value

Recommended

The magnitude of capacitors charge voltage for powering toroidal coils

UBD

1300 800 ≤ UBD ≤ 1000V

The magnitude of capacitors charge voltage for powering the primary

winding of the transformer UCD

700 V 400 ≤ UCD ≤ 600V

Time delay TCD 20 ms 0 ≤ TCD ≤ 10ms

The pressure of working gas p 50 mPa 15 ≤ p ≤ 40 mPa

Periodization on or off on

Working gas H2 or He can be chosen

made with using tungsten filament, which generates
some free electrons. This electron is accelerated by
the toroidal electric field Et = Uloop/2πR0, (where
Uloop is the loop voltage, R0 is the major radius) and
follows the circular magnetic field line. When the en-
ergy of electrons is sufficiently high (>13.6 eV in H2),
it ionizes a molecule of the working gas and creates
a pair of ion and electron. The secondary electron is
again accelerated and ionizes a molecule of H2. This
process further evolves as an avalanche which leads
to the breakdown of a gas, and after a short time (in
the range of milliseconds) the tokamak vessel is filled
by “fully” ionized plasma.

3. EXPERIMENTAL RESULTS

3.1. Preselected discharge parameter via the

internet for the investigation breakdown

phase

In our experiments, H2 is selected as the working gas,
and the electron gun used for its periodization oper-
ates. The charging voltage of the condenser bank for
the toroidal magnetic field is fixed to UBT = 1300 V
and is kept unchanged for the whole experimental se-
ries, as the charging voltage of the condenser bank for
the primary winding of the transformer UCD = 500
V. First, the pressure of working gas is pre-selected
by a gate valve to be of 6 mPa, and the time delay Tcd

between triggers of UBT and UCD is changed from 0

to 5000 µs by steps of 500 µs i.e. 11 shots. The same
scan is performed for higher pre-selected pressures -
8, 10, 12, and 14 mPa. Therefore, 55 shots are car-
ried out in a total in this experiment, from №29859
to №29913.

3.2. Results

Temporal evolution of a typical (“good”) discharge
in Hydrogen, for example, №29871, is shown in fig.
1. Pre-defined discharge parameters: pressure of the
working gas (requested 8 mPa, achieved 7.88 mPa);
UBT = 1300 V; UCD = 500 V; Time delay is 0,5 ms.
We see that the plasma life time (or discharge du-

ration) is 16.6 ms (from 7,6 ms to 24,2 ms), the maxi-
mum plasma current is ∼ 6 kA, the maximum central
electron temperature is up to 80 eV, the edge safety
factor q(a) is slightly above 3, and the maximum line
average density reaches 8 · 1018 m−3. However, the
first stage of the discharge should be examined more
precisely. The breakdown time and the breakdown
voltage are defined from the plot of the main plasma
parameter during the discharge. The closer look at
the breakdown phase of the discharge (№ 29871) is
shown in fig. 2.
The plasma breakdown is manifested by an abrupt

drop of the loop voltage and a sharp increase of the
plasma current at t = 7.6 ms, and denoted further
as UBD. The breakdown time (τbr) is defined as the
time lag between the start of the loop voltage signal
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Fig. 1. Plot of the temporal evolution of a good shot №29871 containing selected traces available from the GOLEM database,

where from top to bottom: Uloop is loop voltage; Bt is toroidal magnetic field; Ipl is plasma current; Te0 is central electron

temperature; q(a) is safety factor; POH is the Ohmic heating power; ne is line electron density.

(the trigger of UCD) and the breakdown of the work-
ing gas. At the breakdown, the plasma resistivity
Rplasma =

Uloop

Iplasma
drops below the resistivity of the

GOLEM vacuum vessel, which is ∼ 10 mΩ. We see
that the delay between the trigger Bt and the trigger
UCD defines the value of the toroidal magnetic field
at which the loop voltage (or the toroidal electric field
Et) is applied. So, increasing this delay, the toroidal
magnetic field at the start-up increases as well. Let
us analyze impact of the time delay on the plasma
parameters of the breakdown phase of the discharge
for different values of the working gas pressure. It
has to be noted that in GOLEM, one cannot set a
precisely same filling pressure for a given pre-selected
value. Therefore, for a more convenient presentation,
the discharges are divided to the pressure into several

groups: 5 ÷ 6 mPa, 7 ÷ 6 mPa, 7 ÷ 8 mPa, 8 ÷ 9
mPa and 10 ÷ 11 mPa. Fig. 3 presents dependence
of the discharge duration versus the time delay for
selected groups of the pressure of the working gas.
Reduction of the discharge duration with increasing
of the time delay is evident. It is also seen that the
optimum range of the pressure is in the range of 7÷11
mPa. Note also a rather dramatic reduction of the
discharge duration for lower pressures at the time de-
lay ∼ 5 ms. Fig. 4 shows the dependences of the
breakdown voltage and the breakdown time on the
time delay.

We clearly see that the breakdown voltage as well
as the breakdown time increase with increasing of
the time delay. When the time delay is more than
two milliseconds, the breakdown voltage has a much
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Fig. 2. Plot of the main plasma parameter. (№29871). Here

from top to bottom: Uloop is loop voltage; Btor is toroidal

magnetic field Ipl is plasma current.

Fig. 3. Discharge duration versus the time delay for several

groups of the pressure of the working gas.

wider spread and has unpredictable values. The right
panel of Fig. 4 shows that the breakdown time also
increases with increasing the time delay. Gas pressure
increasing also leads to a later breakdown time. In
the GOLEM database, mean values of various plasma
parameters are automatically calculated according to
software presented in wiki pages of tokamak GOLEM
[11]. Fig. 5 shows dependences some of them on
the time delay. It is seen that all-important mean
plasma parameters are reduced when the time delay
is increasing. However, it has to be noted that mean

values also reflect the duration of the discharge in
some way. As it was claimed before, the time delay
is proportional to the toroidal magnetic field during
the breakdown phase of the discharge. Therefore, we
analyse this phase in more detail to have better in-
sight into underlying physics.

4. DISCUSSION

4.1. Analysis of the avalanche phase of a

discharge

The process in a tokamak, which leads to the break-
down, is called as the avalanche phase (Townsend
avalanche). The avalanche phase is defined as the
time interval between application of the loop voltage
and the breakdown of the working gas. Evolutions
of several macroscopic parameters of the discharge
(№29871) during the avalanche phase are plotted in
Fig. 6. We clearly observe the visible emission, which
is the signature of excitation/ionization of the work-
ing gas by the avalanche of preionization electrons.
These electrons are accelerated to the drift velocity
by the toroidal electric field:

vD = 6.9104

√︃

ET

pH2

, [m/s, V/m,Pa] (1)

where ET =
Uloop

2πR0

is the induced toroidal electric field,
and R0 = 0.4 m is the major radius of the GOLEM
tokamak. The number of ionizations per unit length
is given by the first Townsend’s coefficient α:

α = A · pH2
· exp

{︂

B · pH2

E

}︂

,m−1 (2)

where A = 3.75 and B = 99 for molecular Hydrogen
[12]. The characteristic ionization time τion is defined
as:

τion =
1

α · vD
, [s,m−1,m/s] (3)

An example of temporal evolutions of the mentioned
above quantities is plotted in Fig. 7 for the GOLEM
discharge №29871. Fig. 8 shows more detail evo-
lution of the plasma current during the avalanche
phase. During the avalanche phase, the plasma cur-
rent is proportional to plasma density, because colli-
sions between avalanche electrons and neutrals (hy-
drogen atoms/molecules) dominate:

Ip ∼ ne · vD, (4)
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Fig. 4. The Dependencies of the breakdown voltage (left panel) and the breakdown time (right panel) on the time delay.

Fig. 5. Variation of mean plasma parameters with the time

delay for all range of working gas pressures.

Fig. 6. Temporal evolutions of selected plasma parameters

during the avalanche phase of discharge №29871.

Fig. 7. Temporal evolution of selected quantities during the

avalanche phase of the discharge №29871 derived according to

the expressions (1-3) and loop voltage.

We see that the rise time of the plasma current at
the very beginning of the avalanche is comparable
with the ionization time which is in the range of
τion ∼ 30− 40µs. However, we see in the same figure
that the rise time of the plasma current is signifi-
cantly slowed, being characterize by a time constant
τa > 1ms, which is by an order of magnitude higher
than the ionization time. The evident reasons for
this difference are losses of charged particle from the
plasma column:

ne(t) = neo exp

[︂

t

τion
−

t

τloss

]︂

, (5)
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Fig. 8. Evolution of the plasma current during the avalanche

phase of discharge №29871.

These particle losses can be characterized by a time
τloss. The relation between the all that time constants
is [13]:

1

τa
=

1

τion
−

1

τloss
, (6)

If we use now experimentally measured τa ∼ 10 · τion,
we can estimate the characteristic loss time as:

τloss = τion
1

1− τion
τa

=
10

9
· τion, (7)

We clearly see that the loss time has to be compa-
rable (but slightly higher) than the ionization time
to match the experiment. The mechanism for suffi-
ciently fast particle losses during the avalanche was
proposed in the pioneering paper of Martin Val-
ovic [14]. It was experimentaly demonstrated that
plasma polarization due to perpendicular stray mag-
netic Bperp is responsible for fast particle losses dur-
ing the avalanche phase. This mechanism is depicted
on a schematic drawing shown in Fig. 9 assuming
the stray magnetic field has only the vertical com-
ponent Bperp = Bz. Perpendicular stray magnetic
fields, which are always present in the tokamak vessel,
cause the drift of charged particles in a perpendicular
direction with respect to the toroidal magnetic field.
The avalanche electrons propagate along the helical
magnetic field line with drift velocity, while the ion
velocity is much lower. This causes separation of elec-
tron and ion component and consequently results in
the formation of the perpendicular electric field Eperp.

Fig. 9. Formation of the perpendicular electric field Ez and

consequent losses due to cross-field drift motion Ez ×Btor.

The expression for the perpendicular electric field was
derived (and proved by experiment) in [15] as:

Eperp ≈
EtorBtor

Bperp

(8)

The corresponding cross field velocity characterizing
plasma losses is vloss ≈

Bperp

Btor
, and the resulting loss

time is:

τloss ≈
α

νloss
=

α ·Bperp

Etor

(9)

where a is the minor radius of GOLEM. As a next
step, we have to estimate the perpendicular stray
magnetic Bperp field on GOLEM. There are three
main sources of the perpendicular stray magnetic
fields on GOLEM during the avalanche phase:

❼ The stray vertical magnetic field generated by
the current induced in the conducting vessel
of GOLEM, Ivessel =

Uloop

Rvessel
, where Rvessel =

0.001Ω

❼ The stray magnetic field generated by the pres-
ence of the iron core transformer.

❼ The stray magnetic field generated by imperfect
alignment of toroidal field coils and cables of
their powering.

The stray vertical magnetic field due to the cur-
rent induced in the toroidal tokamak vessel is pro-
portional to the vessel current, estimated as [16]:
Bz = (0.4÷ 0.5) · 10−5 [T, V ]. According to the equa-
tions 8 and 9, the resulting loss time is (within some
expected error bars) τvesselloss ≈

α·Bz

Etor
= (0.04 ÷ 0.05) ·

10−4 2πR0·a·Uloop

Uloop
= (1 ÷ 1.2) · 10−5

· [s] is compara-

ble with the ionization time τion. It is important to
emphasize that this loss time depends only on the
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geometry of the GOLEM, being independent on pre-
selected discharge parameters. Therefore, we can as-
sume this loss time as the basic one. It is evident that
the vessel stray magnetic field is superimposed by the
stray field of the iron core transformer of GOLEM
τ transfloss . Unfortunately, we don’t know how to esti-
mate this quantity. But, definitely, the resulting loss
time has to be higher. Now, we have to discuss the
stray field due to the toroidal field winding. The de-
pendence of the avalanche time on the time delay is
plotted in Fig. 10. We clearly observe a linear de-

Fig. 10. The dependence of the characteristic (avalanche)

time τa on the time delay.

pendence of the avalanche time on the time delay, i.e.
on the value of the toroidal magnetic field during the
avalanche phase. This demonstrates that the stray
magnetic field because of TF coils is significant. How-
ever, these stray fields, which should be well below 1%
of Btor can be hardly measured experimentally on the
high background.

5. CONCLUSIONS

AUkrainian group of master students from the School
of Physics and Technology, V. N. Karazin Kharkiv
National University, held experiments on the study
of the breakdown phase remotely due to remote con-
trol capability on GOLEM tokamak. The breakdown
phase is investigated depending on the filling pressure
of the working gas H2, and the time delay between
the start of the toroidal magnetic field and the trigger
of the current in the primary winding of the GOLEM
transformer. Experimentally measured dependences

of macroscopic discharge parameters allow us to con-
clude:

❼ Increasing time delay leads to the reduction of
the discharge duration. A rather dramatic re-
duction of the discharge duration for the lowest
pressures at the time delay ∼ 5ms is also ob-
served;

❼ Increasing time delay is followed by an increase
of the breakdown voltage and the breakdown
time. This may cause an enhanced generation
of supra-thermal (runaway) electrons, which is
always unwanted effect in tokamaks.

In summary, the best plasma performance on
GOLEM is achieved at the lowest time delays (from
0 to 1ms) and the filling pressures of the working gas
(H2) in the range of 7÷9 mPa. The avalanche phase
of the breakdown was also analyzed. Several charac-
teristic quantities are calculated under the GOLEM
conditions: the drift velocity of electrons in molec-
ular Hydrogen, the number of ionizations per unit
length (Townsend’s coefficient α) and the character-
istic ionization time τion. It was observed that the
characteristic (avalanche) time τα increases linearly
with increasing the time delay. We conclude that
the dominant mechanism of particle loses are caused
by plasma polarization due to stray magnetic fields
which occur during the avalanche phase.
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and training programme 2014–2018 and 2019–2020
under grant agreement No. 633053. The views and
opinions expressed herein do not necessarily reflect
those of the European Commission.’ Work performed
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На токамацi GOLEM було дослiджено вплив фази пробою

на подальшi (пiсля пробiйнi) параметри плазми. Для рiз-

них пiд-груп тиску, побудована залежнiсть напруги та ча-

су настання пробою вiд перiоду затримки мiж моментом

включення тороїдального магнiтного поля Bt та моментом

включення тороїдального електричного поля Et. Проведенi

експерименти на токамацi GOLEM показали, що чим ко-

ротша часова затримка мiж полями - тим кращi середнi

параметри плазми. Крiм того, фаза пробою була обговоре-

на бiльш детально. В ходi обговорення було зроблено аналiз

лавинної фази пробою. Встановлено домiнуючий механiзм

втрати частинок пiд час лавинної фази, обговоренi майбут-

нi кроки дослiджень, поставленi новi завдання.
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