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In this work, the electron temperature of hydrogen plasma discharges in the GOLEM tokamak
(situated in the Czech Technical University, Prague, Czech Republic) was studied experimentally
using plasma resistivity estimates inferred from inductive coil diagnostics. The resististivity of the
plasma was calculated from the diagnostic measurements and related to plasma electron temperature
through the Spitzer theory. The average electron temperature obtained in GOLEM discharges was
found to increase with both toroidal magnetic field and plasma current, with the maximum acheived
when toroidal magnetic field and plasma current were balanced to give good magneto-hydrodynamic
(MHD) stability, and hence long discharge duration. This result is discussed and shown to fit well
with theoretical predictions for the behviour of magnetically confined plasmas and the GOLEM

device.

I. INTRODUCTION

Applying an external magnetic field to a plasma con-
strains the motion of both electrons and ions by trap-
ping them into gyrotron orbits around the magnetic field
lines|1]. In the tokamak magnetic field configuration,
plasma confinement is acheived by circulating magnetic
field lines in a toroidal geometry, with the addition of a
poloidal magnetic field component to stabilise the plasma
against secular drifts. A higher quality of magnetic con-
finement allows a plasma to acheive a higher temperature
in the presence of a heating source, since the confining
magnetic field structure restricts the loss of high energy
particles to the walls of the vacuum vessel inside which
the plasma is contained. Maximising the electron tem-
perature acheivable inside a given device is of great in-
terest to magnetic confinement fusion (MCF) research,
as the temperature of an MCF plasma is one of the vari-
ables featured in the famous ‘fusion triple product’ figure
of merit for the performance of a fusion plasma@.

The GOLEM tokamak is a small, ohmically heated de-
vice at the Czech Technical University in Prague, Czech
Republic. Both the toroidal magnetic field and the in-
ductive toroidal plasma current in GOLEM are generated
by the discharge of capacitors, which can be charged to
variable voltages. In this work, the charging voltages
of these two capacitors were varied across many hydrogen
plasma discharges, to investigate the effect of the aver-
age toroidal magnetic field strength ((Br)) and average
toroidal plasma current ((Ip)) on the average electron
temperature ((T¢)) acheived during a given discharge. In-
ductive coil diagnostics were used to measure Br and Ip
thoughout individual discharges, and the Spitzer theory
of plasma resistivity was used to estimate T, from Ip and
the toroidal loop voltage Ujoop.
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FIG. 1: Top: Diagram of GOLEM tokamak,
showing gas handling and main electrical systems
(from [3]). Bottom: Illustration of the basic magnetic
diagnostics installed on GOLEM (from @)

II. DIAGNOSTICS

Figure[I]shows a diagram of the GOLEM tokamak and
an illustration of the coil diagnostics used in this work.
These diagnostics function on the principle of electro-
magnetic induction. A loop of wire running poloidally
(labelled ‘diamagnetic loop’ in figure [1)) will experience
an induced current directly proportional to the rate of
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change of magnetic flux inside it. Thus by measuring the
current induced in this diamagnetic loop over the course
of a plasma discharge, a signal is obtained which can be
integrated to give By as a function of time. The plasma
current, Ip, is detected via a Rogowski coil (see figure
, which is sensitive to the rate of change of the poloidal
component of magnetic field, Byg. The current in this coil
can similarly be measured and integrated to give By as
a function of time, and this can in turn be related to the
amperage of the plasma current flowing toroidally in the
tokamak, Ip. Finally, the plasma resistivity can only be
estimated if the toroidal loop voltage (or electro-motive
force), Ujoop generated by the tokamak’s transformer cir-
cuit is also measured alongside the induced plasma cur-
rent. Upeep is measured directly using a toroidal wire.

III. SPITZER THEORY OF PLASMA
RESISTIVITY

From measurements of Ip and Ujoop, an estimate can
be made of the paralell resistivity of the plasma (1)) pro-
duced during any given discharge on GOLEM. ‘Parallel’
refers to the plasma resistivity when a current is passed
paralell to the magnetizing magnetic field lines. This es-
timate is made according to the Spitzer theory of plasma
resistivity[2][5], which gives the following equation for 7 :
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It can thus be seen that, given an experimental measure-
ment of 7, the electron temperature T, can be calculated
given the atomic number of the plasma ion species (here
hydrogen, i.e. Z = 1) and an estimate for the Coulomb
logarithm In A. The data processing system in GOLEM
uses a constant value of 17 for this parameter.

IV. EXPERIMENTAL METHODOLOGY

To obtain the dependence of (T%) on (Br) and (Ip), a
total of 35 discharges were performed, corresponding to
seven different values of the toroidal field coil capacitor
voltage Upr (from 600V to 1200V in 100V steps), at each
of five different values of the current drive transformer ca-
pacitor voltage Ucp (from 300V to 700V in 100V inter-
vals). Every possible combination of these two capacitor
voltages was attempted (7x5 = 35), and only one combi-
nation failed to breakdown the hydrogen gas to produce
a plasma (when Upr was set to its minimum value of
600V, and Ucp was set to its maximum value of 700V).
For each discharge, all three coil diagnostics described in
section [[I] were used to obtain high temporal-resolution
profiles of Br, Ip, Ujsep and then calculate a profile of
T, via the Spitzer theory described in section [T For
each shot, a windowed-averaging method was used to ex-
tract the time-averaged quantities (Br), (Ip) and (T,).
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FIG. 2: Time profiles of Uy, (top), Ip (middle)
and T, (bottom) from an example discharge

(Upr = 1000V, Ucp = 400V). The discharge begins
when the plasma breaks down at ¢ ~ 2.5ms and ends
when the transformer circuit can no longer increase
in current, at ¢ =~ 18ms. The exact measured
discharge duration was 15.71ms.

The mean value of each of these parameters was calcu-
lated only over the time range for which they displayed
continuous change. Periods with sudden, discontinuous
peaks (such as during a period of obvious instability or
at the termination of the discharge) were excluded from
the calculation of these mean values. In each case, the
time window for the calculation of these mean values was
adjusted manually.

V. RESULTS

An example of the time-profiles obtained from each
plasma discharge is shown in figure 2] The discharges
showed clear periods of stability, particularly with regard
to Ujoop, and these stable regions determined the win-
dows for the calculation of the average values (Br), (Ip)
and (T.) for each shot. The dependence of (T) on (Br)
and (Ip) is shown in the contour plot figure|3| A similar
contour plot was also produced to map the dependence
of the shot duration, At on Ugr and Ucp. This plot is
shown in figure 4, with the discharge that acheived the
highest (T.) also marked. A further graph, figure 6, was
also produced to visualise the degree to which the aver-
age temperature acheived in a discharge depended on its
duration, and shows a linear positive correlation. To sup-
port conclusions related to the input capacitor charging



Plasma Electron Temperature Contour Plot. 100

B+) [T]
(Tl [eV]

T T T T T T 30
2 3 4 5 & 7

Ua [kA]

FIG. 3: Contour plot of (T.), as a function of (Br)
and (Ip) across all 35 discharges.

Plasma Discharge Duration Contour Plot.
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FIG. 4: Contour plot of plasma discharge duration
At as a function of (Upr) and (Ugp). The red
marker at (600,1200) shows the shot which acheived
the highest average electron temperature (T,).

voltages Ucp and Upgr, two calibration plots were also
produced: the first of the maximum value of Br in each
discharge versus Upgr for each discharge at Usp = 400V,
and the second of the maximum value of Ip in each dis-
charge versus Ugcp for each discharge at Ugyr = 1200V
(figure |5). These simply confirm the linear proportion-
ailty of By and Ip to Ugr and Ugp respectively over the
vast majority of the scanned range of capacitor voltages,
except for a plateau in Ip at the highest current drive
voltages.

VI. DISCUSSION

Figure [3] shows that the average electron temperature
acheived during a shot increases when both (Br) and
(Ip) are increased concurrently, but does not increase
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FIG. 5: Top: Calibration plot of the measured Br,

versus Upr, at a fixed value of Uop (400V). Bottom:
Calibration plot of the measured Ip, versus Ucp, for
a fixed value of Uy (1200V).

as much if either variable is increased without a comen-
surate increase in the other. The maximum of average
electron temperature is hence observed in the top-right
part of the plot. This result fits well with the theoretical
prediction that a stronger confining field reduces the loss
of high energy electrons from the plasma, and that a suf-
ficiently high poloidal magnetic field component is also
required to stabilise the plasma against outward major-
radial drift. Higher magnetic field strength leads to the
trapping of electrons up to a higher maximum velocity,
hence enabling the electron velocity distribution to at-
tain a higher temperature. Since the source of electron
heating is ohmic, the higher Ip the higher the heating
power and the higher the electron temperature that can
be reached within a given discharge duration.

The ‘triangular’ nature of figure [3|is an interesting re-
sult. The white spaces bordering both axes and expand-
ing at both high current and high magnetic field corre-
spond to areas for which no data points were obtained
in this ‘mean parameter’ space. These might suggest
that creation of By and Ip are in fact coupled processes,
hence attempting to vary (Br) whilst keeping (Ip) fixed
cannot be acheived by simply varying Ugr and keeping
Ucp fixed. The phenomenon of the ‘bootstrap current’ @
may contribute to the increase in (Ip) when (Br) is var-
ied at fixed Ugp, but there is no physical equivalent for
the increase in Br with Ip at fixed Ugr. The trian-
gular appearance is therefore most probably an artefact
of the windowed avergaing technique used to calculate
mean values.
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FIG. 6: Variation of (T,)) with discharge duration
(At).

Figure [4] was produced to investigate the dependence
of the discharge duration (At) on Ugpr and Ugp. The
discharge duration provides a good measure of the over-
all stability of a particular plasma. Figure [] shows that
plasma stability is compromised at the extremes of both
high Upr coupled with low Ucp, and vice versa. The
maximum of the contour plot occurs at Ugr = 1200V,
Ucp =~ 500V, suggesting that this combination of the
discharge voltages produces an especially stable combi-
nation of toroidal and poloidal magnetic fields (with a
high saftey factor ¢, whilst remaining stable against sec-
ular drifts). By contrast, it can be clearly seen that the
discharge duration falls off toward the lower right corner
of the plot, with the white space around Usp = 700V,
Upr = 600V corresponding to the discharge which failed
to breakdown the gas in the tokamak. This is possi-
bly due to these discharges resulting in low values of the
safety factor ¢q. In the large aspect-ratio limit for a toka-
mak with circular cross section (such as GOLEM), the
value of ¢ on a particular flux surface is defined approxi-
mately according to the following equation.

r BT

1% BB, (2)
Where r is the minor-radius of the flux surface, Ry is
the major radius of the tokamak and By is the poloidal
magnetic field strength on the flux surface. In the toka-
mak, the theory of magneto-hydrodynamic (MHD) sta-
bility states that, in general, the higher the value of ¢, the
more stable the tokamak plasmal6]. This theory could
explain the observed short duration of the discharges at
high I but low Br; they are MHD unstable due to their
low values of ¢ (since By o Ip).

Figure 6 also shows that the value of (T,) acheived
during a given discharge was positively correlated with
the discharge’s duration. This suggests that the same
conditions that produce a stable plasma also enable that

plasma to attain a higher temperature, an encouraging
result for the prospects of MCF, if applicable to tokamaks
generally. However, it is likely that this figure is actually
simply revealing the correlation between Ip and T, over
time, as shown previously in figure These GOLEM
discharges did not reach the ‘flat-top’ conditions obtained
in other, larger tokamaks[4], where Ip and T, stabilise to
relatively constant values for large periods of a discharge,
and instead Ip and T, both increase continuously until
termination. 7T, increases with Ip due to ohmic heating,
the only source of heating in GOLEM. Hence, the longer
the duration of the discharge, the higher the value of (7).
Since tokamak power plant discharges are expected to
reach ‘flat-top’ conditions quickly and maintain this state
for the vast majority of their duration, the result shown in
figure 6 is not as encouraging as it might initially appear.

VII. CONCLUSION

The variation of (T.) with (Br), (Ip) and discharge
duration At has been explored. It has been found that
(T.) increases when both (Br) and (Ip) are increased si-
multaneously, but falls in unbalanced extremes of either
variable. An explanation in terms of MHD stability has
been proposed. A positive correlation between (T.) and
At has been observed, and this has been related to the
ohmic nature of the plasma heating on GOLEM, as well
as the lack of a ‘flat-top’ in the discharge profiles. Re-
gions of the ((Br), (Ip)) parameter space that were not
explored in this work would be of interest to examine
in a future discharge campaign, but this would require
correction for the coupled generation of By and Ip also
detected in this work.
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