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CBoiicTBa TeireBoi IUIa3Mbl U €€ yIepKaHUEe OCTAIOTCS BAXKHBIMHU TEMaMH HCCIICIOBAHUI B COBPEMEHHBIX TEPMOSACPHBIX YCTAaHOBKAX.
Dra paboTa MOCBSIICHA CPABHCHHIO CO3/IaHKsI TCIMCBON W BOMOPOHOM IJIa3Mbl U YIPABICHUIO UMK B HeOombioM Tokamake GOLEM.
[IpoBeneHo BcecTOpOHHEE CpaBHEHHE I'eJIMEBOM U BOJOPOAHON IUIa3MBl M HalIGHBI ONITHMAlbHBIE paboune yCJIOBUS AJIS MX MOJIyYCHHUS.
OOHapyKeHbI JAIBHOICHCTBYONINE 3aBUCUMOCTH KOPPEIBIIMU MEex Tty HU3K04acTOTHbIME (<50 KI'1) 21IeKTPOCTATHYECKUME ¥ MArHUT-
HBIMH KOJICOAHHUSMH, a TaKXkKe MUPOKOHOIOCHBIMU (<250 kI'I) MArHUTHBIMH KOJICOAHUSIMH, Pa3pELIEHHBIMU [0 YaCTOTE M BOJHOBOMY
BEKTOPY B IEJIMEBOI1 IJIa3Me.

KiroueBrble cinoBa: Tokamak GOLEM, cpaBHeHHE pa3psioB B BOXOPOIHON M TeIMEBOH IUIa3Me, HU3KOYACTOTHBIE IEKTPOCTATHYCCKIE
Y MarHUTHBIE KOJIeOaHusI.

INTRODUCTION

Experiments with helium plasma are quite unique in modern fusion devices. They are mostly made on large
scale devices and dedicated to ITER relevant studies for non-nuclear phase of operation. The performance of
plasma discharges in helium is always lower than that in hydrogen or deuterium with identical plasma current
Io, toroidal magnetic field By, line-averaged electron density ne and heating power [1]. It was shown that energy
confinement time for helium plasmas is about 30% lower than for deuterium ones, contradicting to gyro-Bohm
scaling. It might be coupled to the isotope effect, which suggests better confinement for the isotope with larger
mass. Several theoretical mechanisms including ExB shearing [2, 3] and collisional effects [4] were proposed to
explain this effect but there is no satisfactory explanation so far.

To expand the knowledge of helium plasma confinement parameters, it will be helpful to investigate the
operational domain from large machines to small-scale ones with low electron temperature and plasma density.

Small and medium-size fusion devices could be of a great support for the mainstream plasma research in vari-
ous topics [5—7]. Such research activities are coordinated by IAEA Coordinated Research Projects (CRP) with
participation of the GOLEM tokamak [8], formerly called CASTOR [9, 10]. In addition to the research tasks the
teaching and the training of the young plasma physicists becomes an essential element of the CRP [11].

The experiments aimed at learning the basics of helium plasma confinement were performed remotely in
GOLEM by a team of master students of National Research Nuclear University MEPhI and National Research
University MIPT as a part of the course «Technology of the thermonuclear experiment».

Special attention is paid to the gas breakdown process and its comparison for hydrogen and helium discharg-
es. For this study, a series of discharges with vacuum vessel pre-cleaning have been produced. Hydrogen and heli-
um plasmas were studied with identical pre-selected discharge setup parameters allowing the detailed comparison.
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In addition, the study is focused on the electrostatic and magnetic turbulence and their correlation properties.
Long-range correlations are characteristic features of Zonal Flows — a mechanism of the broadband turbulence self-
regulations, 12]. Zonal Flows and their higher frequency counterpart Geodesic Acoustic Modes were recently studied
in tokamaks [13—15] and stellarators [16—19] of small and medium size. The search for Zonal Flows in the GOLEM
tokamak could be one of the most important contributions to the mainstream fusion research.

THE GOLEM TOKAMAK

The GOLEM tokamak [20] has a circular cross section with the major/minor radius R=0.4m,a=0.1m
[21]. After upgrades the circular stainless-steel vessel was equipped with a molybdenum poloidal limiter located
at radius ajim = 0.085 m. Due to the origin of the machine whole vacuum chamber is surrounded by a copper
shell. The power supply system is based on capacitor banks. Each of the individual winding, including central
solenoid, is connected to separated capacitor banks, which allows to easily adjust the desired value of current
passing through the coils. GOLEM has a unique capability of the remote control via Internet [22].

Prior to the plasma experiment, the vacuum vessel was carefully conditioned by inductive heating at up to
200 °C for 60 min, which was followed by a cleaning glow discharge in order to remove impurities from the
vacuum vessel. Glow discharge cleaning had a gas pressure around 1 Pa, duration 20 min., a discharge current
of about 0.5 A, and working gas hydrogen for H-plasmas and helium for He-plasmas. Such treatment results in a
background gas pressure as low as 0.1 mPa.

The GOLEM gas control system has no option for active gas puffing during the shot, so the experimental
data discussed here are performed in Ohmic discharges with no density control. That is why typical values of
electron concentration and central electron temperature are about M. ~ 10 m= and T(0) ~ 100 eV. For easy
plasma start-up, in view of the difference in ionization energy for hydrogen and helium gases, conventional pre-
ionization by an electron gun was used.

DIAGNOSTICS ON GOLEM

Poloidal limiter Ball-pen The machine is equipped with set of standard di-
Mirmov coils ngg?ﬁmr agnostics [23], which are capable to measure the loop
probe voltage Uioop, plasma current Iy, toroidal magnetic

Gl field B: and visible light emission. For the studies of

MC-down BPP, LP magnetic oscillations, GOLEM is equipped with four

90° Mirnov Coils (MC). Electric probes were used to

study the edge plasma parameters. In fig. 1 the loca-
tion of magnetic and electric probes is shown.
Mirnov Cois. For plasma position measurement
in GOLEM Mirnov Coils are used. They are placed
inside the vacuum chamber at the radius b =0.093 m
as shown in fig. 2.
The effective area of each MC is A = 3.8-10° m?.
Coils MC-out and MC-in are used to determine the
Fig. 1. Diagnostic set-up. View of the GOLEM tokamak from norizontal plasma position and MC-up and MC-

the bottom down — to determine the vertical plasma position.
[MC-up| a z i b
Poloidal limiter Mirnov
coils Plasma
HFS LFs
a
2 ° 5 :
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s =1
alim
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Iron core
transformer Coat

Fig. 2. In-vessel components including Mirnov Coils (a); schematic for plasma displacement calculation (b)
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The coils measure voltage induced by changes in poloidal magnetic field. To get the absolute value of po-
loidal magnetic field, one should integrate the measured voltage U and normalize by an effective area:

B(t):—% [u@de [, v, 5 1)

Ideally, the axis of the coil is perpendicular to the toroidal magnetic field, but in fact they are slightly de-
flected, and hence the measured signal is contaminated by some amount of toroidal magnetic field. For the de-
termination of plasma position this parasitic signal should be removed. Vacuum discharge with the same param-
eters of current drive voltage and toroidal magnetic field as plasma discharge, but without plasma, is used for
this purpose. Mirnov coils signal in the vacuum discharge has no plasma signal, but only toroidal magnetic field
and also some other magnetic fields e.g. generated by poloidal windings. Such a signal registered during vacu-
um discharge is subtracted from the active signal from discharge with plasma.

With values of poloidal field on the two opposite sides of the column, plasmas column horizontal displace-
ment [24] can be expressed as:

Ar = BMC—out — BMC—in b [m, T], (2)
BMC—out + BMC—in

and for vertical plasma displacement:

B -B
AZ — MC-up MC-down b [m, T]. (3)

BMC-up + BMC-down

As plasma column is limited by poloidal limiter, for displaced plasma the minor radius a can be calculated as:

a=a, —\Ar’+Az* [m] (4)

(see fig. 2, b).

Electric probes. The edge plasma parameters are measured by the combined probe head inserted in the
GOLEM vessel through the bottom diagnostic port. The probe head is composed of the Ball Pen Probe (BPP)
and the single Langmuir Probe located at the same magnetic surface rpone = 0.085 m, equal to ajim. Both probes
operate in the floating regime, their signals are recorded via a voltage divider 1:100 with the total resistivity
0.7 MQ. BPP directly measures the plasma potential ¢p, as it was shown in [25], and references inside. The
Langmuir probe measures the floating potential o5 (fig. 3).

. a b
Stainless Double
steel tunnel
probe
Corundum
Boron
Collector nitride
B
4 mm
Ioi
2mm Ball-pen Langmiur
probe probe

Fig. 3. Electric probes. Schematic and principle of the Ball Pen probe. The collector is located inside an insulated cylinder by the
depth of 2 mm. In this case, the collected electron current is significantly screened because of the smaller electron Larmor radius (a).
Photo of the combined probe head (b)

This combined probe head allows determination of the electron temperature by using the expression [26]:

T = Py — Py
o

e

[eV, V]. ()
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The calibration factor o is equal to 2.5 V/eV for hydrogen plasmas and 2 V/eV for helium plasmas for typi-
cal toroidal magnetic fields of GOLEM. Note that the combined BPP + LP probe head allows T. measurement
with the temporal resolution limited just by the sampling rate of the data acquisition system, which is 1 MSPS.

EXPERIMENTAL SETUP

The present study was performed remotely in May 2020 with 93 discharges in hydrogen and helium exe-
cuted during two afternoon experimental sessions:

— 53 discharges with helium plasmas — (Ne 33 011—33 063);

— 42 discharges with hydrogen plasmas — (Ne 33 064—33 105).

Experimental data are stored in the GOLEM database and freely available at
http://GOLEM . fjfi.cvut.cz/shots/SHOTH#/.

Machine operation was performed in so-called «basic mode», when only two capacitor banks were remote-
ly controlled: the first one for the toroidal field coils (UBI ), and the second one for primary winding of the iron

core transformer (Ucp) which provides current drive. The working gas (either hydrogen or helium) and its pres-
sure is preselected. The range of the preset control parameters is presented in tab. 1.

T ablel. Preset parameters of discharges

Working gas U Y% B, T Ucp, V t(Ucp), ms P, mPa Pre-ionization by electron gun

t

H/He 1000 0.2—0.3 400 (He)/500 (H)—750 1 10—230 ON

Discharge scenarios for hydrogen and helium plasmas are shown in fig. 4. The data acquisition system col-
lecting all discharge parameters starts at t = 0. The toroidal magnetic field starts at t = 1 ms and increases in
time. After the delay tcp = 1 ms, the capacitor bank for powering the primary winding of the transformer is
switched on and generates the loop voltage Uisop. The increasing loop voltage accelerates electrons produced by
the pre-ionization source and avalanche ionization of the working gas occurs. After some delay, tgp ~ 1—2 ms,
the plasma density becomes sufficiently high, and the plasma breakdown happens and plasma current starts to
increase. At that time, the loop voltage reaches a maximum value Ugp and then drops dramatically. Later on, the
discharge evolves spontaneously, since no control system for plasma current and plasma column displacement is
available on GOLEM during this experiment. The discharge terminates by a sharp drop of the plasma current.
The time interval between the breakdown time and termination of the plasma current is taken as the discharge
duration Tgis. The plasma current increases during the discharge and in some moment reaches its maximum,
I, Inthis study, we take this time as a reference to compare various experimental plasma parameters. Fig. 4

highlights the differences between plasma parameters (black line — loop voltage, red line — plasma current,

a b

12 H Ne 33 076 12 He Ne 33 026

Uloop
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- Tdis il Tais
& 8 o8
= >
£ s 6
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= 4 = 4 Uep
= Bix10

Usbp
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Bix10 |
plmax Iplmax Ipl
0 TotEC 5 10 15 20 0 teotec 5 10 15 20
t, MS tpl max totmax t, MC

Fig. 4. Temporal evolution of the hydrogen (a), helium (b) discharge parameters
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blue line — toroidal magnetic field) for the same scenario in hydrogen and helium plasmas. Further, unless oth-
erwise stated, hydrogen data will be associated with red color, and helium data with blue.

EXPERIMENTAL RESULTS

Breakdown studies. Some features of break- > 12
down progress on the GOLEM tokamak in hydrogen £ i Uns = 102 + 118V
were studied in [20]. Here we focus on the compari- > 0 T '
son of breakdown in hydrogen and helium working .
gas. The time-traces of the main plasma parameters < 10
(plasma current, loop voltage and signal of visible =107 leo = 8107 + 10 kA
emission diagnostics) are shown in fig. 5. 10 i o

The loop voltage applied at t = 2.1 ms causes the Visible emission
electrons acceleration along magnetic field lines by f 5
the toroidal electric field E, = 2;:‘;’ to a drift veloci- 0 22 24 26 28 30 32 34 36 38

t, ms

ty vp oc Ei/p, where p is the gas pressure. Once their
energy exceeds the ionization energy of the working
gas molecules/atoms, the electron density ne and the
plasma current Iy ~ nevp increases. The initial fast
increase of Iy is slowed down because of charged
particle losses, due to stray magnetic fields (in the
range of 0.2 mT) and subsequent polarization of plasma column followed by fast convective losses [7, 28].
When I, >80—100 A, its poloidal magnetic field becomes comparable with stray magnetic fields, the particle
losses are dramatically reduced, and plasma current starts to increase much faster. The plasma resistivity

Fig. 5. Plasma start-up for two similar discharges executed at
Ucp=500V. The working gas pressure is pu=27 mPa,
pre = 31.5 mPa. (Fast jumps on all signals at t=3.0 and 3.2 ms
appears due to machine power supplies triggers on the GOLEM data
acquisition system): —— — H Ne 33 074; — — He Ne 33 020;
—--—, ——— — breakdown

R. ~ UIoop

ol ~100 mQ, becomes a non-negligible fraction of the resistivity of the GOLEM vessel, R, ~ 10 mQ.

pl
Consequently, the loop voltage starts to decrease.

Fig. 5 shows the similarity in hydrogen and helium plasmas. The only visible difference is a longer av-
alanche phase in helium and consequent a higher breakdown voltage. This might be caused by differences
electron drift velocities, gas pressures and first
Townsend coefficient in hydrogen and helium.

Scaling of the breakdown voltage with the working

gas pressure is shown in fig. 6. 18
The full lines are polynomial fits of all data to
guide the eye. Fig. 6 shows that the optimum range S 16
of pressures to get the lowest breakdown voltage is g
between 20—50 mPa for both hydrogen and heli- - 14
um, where the breakdown voltage is between 10—
13 V. Note also that the data and in particular fit 12
for hydrogen is consistent with the Paschen curve 10
BDzﬂ, where R is the major radius,
In2nRp + B 8
Aand B are first and second Townsend coeffi- 10 100

p, mPa

cients.
Discharge duration. Duration of discharge is an im-
portant parameter on GOLEM. It has to be maximized

96

Fig. 6. Dependency of the breakdown voltage on the gas pressure
for various Ucp: m — 400, o — 500, o — 600, « — 700, 0 —
750 V; — —H, — —He
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(or optimized) to get sufficiently long time for any physical experiments. Fig. 7 compares the discharge dura-

tion in hydrogen and helium plasmas.
16 a
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8
6

4
0 50 100 150
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40123456789

|p| max, kA

Fig. 7. Discharge duration in hydrogen and helium versus gas pressure for various Ucp (a); versus maximum plasma current for all Ucp

(b): ®m —H, m — He

Experiment shows that discharge duration in hydrogen plasmas is noticeably longer than in helium plasmas
by a factor of 2, and it slightly reduces when the gas pressure increases.
The shadowed rectangular areas (see fig. 7, a) and gray circles (see fig. 7, b) show roughly the optimum pa-

rameters to achieve longer discharge:

— hydrogen — pn = 10—35 mPa, Ucp = 500—600 V;
— helium — pre = 20—50 mPa, Ucp = 600—750 V.

9
8
7

|p| max; kA
o

0 5 pompa 100 150

Fig. 8. Dependency of the maximum plasma current on the gas
pressure for various Ucp: m — 400, o — 500, o — 600, @ —
700,0— 750 V; ® — H, m — He

The rectangular areas in fig. 7 are just illustrative to
show pressure ranges for getting a long discharge on
GOLEM. In fact, duration depends strongly on the
preparation of the inner wall of the vessel.

Maximum plasma current. Fig. 8 shows the max-
imum plasma current dependence on the working gas
pressure for a various voltages applied to primary wind-
ing of the GOLEM transformer Ucp.

We clearly observe a decrease of the maximum cur-
rent 1, with the pressure in both H- and He-plasmas.

This might be caused by the fact that the plasma of
GOLEM s not fully ionized and the degree of ioniza-
tion decreases with the gas pressure. In addition, a sys-
tematic increase of the maximum current with Ucp is
observed for both helium and hydrogen plasmas.

The Ohmic heating power. The Ohmic heating
power is calculated as: Pon = Uioop Iy, Where Uiogp IS

the mean loop voltage averaged over Tgis. Ohmic heating power scan is plotted in fig. 9.
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Fig. 9. Ohmic heating power versus working gas pressure for hydrogen: m — 400, o — 500, A — 600, e — 700, o0 — 750 V (a); heli-

um discharges (b)
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Fig. 10. Temporal evolutions of the radial (a), and vertical (b) dis-
placement of the plasma column, resulting plasma minor radius (c)
and plasma current (d), H Ne 33 073, Ucp =500 V, p = 24 mPa

Almost no dependence of Poy on the pressure is
observed in both cases. Ohmic heating power in hydro-
gen plasmas is higher than in helium up to a factor of 2,
due to higher maximum plasma current.

Displacement of the plasma column and edge
safety factor. Plasma position in the GOLEM tokamak
is not controlled by any external vertical/horizontal
magnetic fields and evolves spontaneously during a dis-
charge. Therefore, the plasma column may not be ideal-
ly centered during the discharge. The displacement of
the plasma column was routinely derived for means of
Mirnov Coils. A typical temporal evolution of the radial
and vertical displacement is shown in fig. 10.

The radial displacement Ar tends to reduce from a
few cm up to zero, so the plasma column moves inward

during the discharge. This is in contrast with the usual picture of toroidal discharges in other tokamaks, where Ar >0
due to the Ampere force and the increase of plasma pressure (ballooning effect). We suggest that the possible reason
of such behavior of GOLEM plasmas can be a dominant attractive force of the iron core transformer.

In addition, we observe a positive displacement of plasma in the vertical direction Az during a discharge.
The possible reason can be stray radial magnetic field, for example produced by misalignment of the toroidal

field coils, which grows up during the discharge.

To compare displacements Ar, Az over all considered discharges we take the maximum current time as a
reference. Ar and Az were averaged over 20 ps around the maximum plasma current. Their dependencies on the
working gas pressure are plotted in fig. 11. It could be seen, that helium plasma never fills the entire chamber,

independently from the gas pressure.

4 a 4
3 3
2 2
e 1 1
o0 § o
< d
-2 -2
-3 -3
4 4
0 50 100 150 200 250 0 50
p, mPa

b c
8
7
5
< 6
5
4
100 150 200 250 0 50 100 150 200 250
p, mPa p, mPa

Fig. 11. Pressure scans for plasma displacement, horizontal (a), vertical (b), plasmas minor radius (c). Combined data for various Ucp: 8 —

H, = — He

It is clearly seen that the displacements are inde-
pendent from pressure for helium plasmas, while for
hydrogen plasma the trend is not pronounced. Heli-
um plasma column is always located inwards
by ~2 cm and upwards by ~2 cm. The scan of dis-
placements over the maximum plasma current is
shown in fig. 12.

Plasma current position becomes more
downward and inward shifted for helium shots,
which is not the case for hydrogen shots. Hydro-
gen plasmas have a tendency for more central
location. The general trend is a more centered
column with the increase of the plasma current,
and the central position is reached in hydrogen
plasma.

98

Az, cm

Ar, cm,

0 2 4 6 8
|p| max, kA
Fig. 12. Plasmas vertical (stars) and horizontal (dotted circles) dis-
placement versus maximum plasma current Combined data for various
Uco: 0 — horizontal (r), * — vertical (z), m — H, = — He
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Central electron temperature. The central electron temperature is estimated from Spitzer conductivity as:

2/3
Z
Te(0)=0.0163{Lap'2] [eV, m, KA, V], (6)
loop

where Te(r) is the electron temperature at radius r, a is the minor plasma radius, Zes is the effective plasma
charge, and the center of plasma column is at r = 0. We estimate Z = 4 for helium, and Zes = 2.5 for hydrogen
plasmas. For T¢(0) estimations the plasma minor radius was calculated using the data of the plasma vertical and
horizontal shifts (see eq. (2), (3)). Fig. 13 shows the estimates for Te(0) taken for maximum plasma current.

150 a 150 b
125 125
_, 100 > 100
e ~
& 3
] E 75
50 50
25 25
0 0
10 20 30 40 50 60 70 10 20 30 40 50 60 70
p, mPa p, mPa

Fig. 13. Dependence of the central electron temperature on the pressure for different current drive voltages in hydrogen (a) and helium
(b) discharges hydrogen: m — 400, o — 500, o — 600, ¢ — 700, o0 — 750 V
Fig. 13 shows that in hydrogen plasmas Te(0) is a factor of 1.5 larger due to larger 1, . Helium plasma

shows the systematic decay of the 1, with initial gas pressure, which is not the case for hydrogen plasma,

where the dependence is not clear.
Electron temperature at the plasma edge. Edge electron temperature Te(a) was measured by electric
probes. Fig. 14 shows time-traces of Te(a).

a b
20 20
2 2
= —~
< 10 <
= :g 10
5 5
0 0
4 8 12 16 4 6 8 10
t, ms t, ms
Fig. 14. Time evolution of the edge electron temperature for hydrogen: — — Ne 33 067, p = 65, — — Ne 33 065, p = 56, — —
Ne 33 075, p = 31 mPa, (a); helium plasmas: — — Ne 33 023, p = 68, — — Ne 33 022, p = 55, — —Ne 33 020, p = 31 mPa (b), as

measured by Langmuir probe for shots with Ucp = 500 V
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The absolute values of the edge temperatures happen to be close for hydrogen and helium plasmas, having
the range of several eV and pronounced dynamics during the discharge. Fig. 15 shows that the edge temperature
depends on the current drive voltage.

14 a 141 b
12 124
10 104
>
> 8 84
L ~—
= )
= 6 "o
4 4
2 2
0 0
10 20 30 40 50 60 70 50 100 150 200 250
p, mPa p, mPa

Fig. 15. Edge electron temperature dependencies on initial gas pressure and current drive voltage at the moment of maximum plasma
current in (a) hydrogen (b) helium discharge: m — 400, o — 500, o — 600, ¢ — 700, o— 750 VV

As far as helium mass is four times and charge is two times larger than hydrogen, radiative losses from he-
lium plasma are larger. This explains the lower electron temperature in He plasmas compared to H in both core
(see fig. 13) and edge (see fig. 15). The current drive voltage directly affects the plasma current. As GOLEM
has only ohmic heating, the current (or Ucp) increase leads to an increase of the edge electron temperature, as
shown in the fig. 15 and core electron temperature, as shown in the fig. 13.

Fig. 16 presents the edge electron temperature as 14
a function of plasma current. The major trend is
clear: the higher the current, the higher the edge elec-
tron temperature. This tendency is in line with the 10
expectation for ohmically heated plasmas with a

12

plasma current as the only source of thermal energy. 3 8
Interestingly, for the interval of current over- = 4
lapping for hydrogen and helium plasmas +
(4 kA< 1, <5KkA), edge electron temperature for 4
helium plasmas is substantially (for a factor of 2) 2
higher, than for hydrogen plasmas. 0
Electron energy confinement time analysis.
The global energy confinement time 1. is defined as 1 2 3 4 5 6 7 8 9
|p| max, kA
W, _ _
T = [S. J, W], (7) Fig. 16. Edge electron temperature versus maximum plasma current
OH for all set of discharges with various current drive voltage Ucp. The

edge electron temperatures were taken at the moment of maximum

where We = j neTedV is the total energy 1n the plas- plasma current. Combined data for various Ucp: 8 — H, B — He
%

ma column of the volume V, = 2rnRa’. Determination of W, requires knowledge of radial profiles of Te(r) and
ne(r), which are not measured at GOLEM. To describe scaling of te on measurable quantities, in particular on
the pressure of the gas p = kgneTgas We are limiting ne as for fully ionized plasma provided by injected gas with
temperature Tgss. For hydrogen plasma the value should be multiplied by a factor of 2 because of dissociation

H,—2H. We approximate W, = gTe(O)neVp (where 3/2 comes from degrees of freedom and 1/4 comes from
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averaging neTe) [29]. Therefore, the electron energy confinement tJ® scales with the pressure as (a, T¢(0) and
Uloop are taken at the moment of 1, ):

o0 _ 6n°R a’T,(0)p
® 8Kg Ty Ulop

gas

[s, m, m? K, Pa, K, V, A], (8)

Plinax

e dependence on the gas pressure for helium and hydrogen plasmas is shown in fig. 17.

180 a 180 b
150 150
120 120
T 90 2 9

8o %Pw

60 60
30 30
0 0

20 40 60 50 100 150 200 250

p, mPa p, mPa

Fig. 17. Global electron energy confinement time versus initial gas pressure for hydrogen (a) and helium (b) discharges, Ucp: m — 400,
o — 500, o — 600, « — 700, 0 — 750 V

We observe a linear increase of 1. with the pressure (density) in both cases. Decreasing of 1. with increase
of Ucp is clearly seen in helium shots, which implies a dependency on the plasma current.

It is interesting to compare our data with existing scaling of the global energy confinement time [30], where
results from a number of experimental devices were compiled, and an overall scaling law for ohmically heated
tokamaks was deduced:

1, ~ na?\fq [s, m® m7.
Alternatively, Neo-Alcator scaling was proposed [31]:

1, =1.92-10%R*¥a'%n, [s, m, m, m=]. 9)
Scaling law of electron energy confinement time on GOLEM was found as [32]:
TS0M =3.107%) gﬁSBS-ﬂP(;;-%n;-O“ [s, A, T, W, m™]. (10)

Fig. 18 shows that obtained regimes have about factor of 1.4 better confinement than prediction of the con-
ventional GOLEM scaling for helium, while for hydrogen this factor is slightly lower, about 1.3. On the other

05 a b
16
0.4
o = 14
< 03 3
> O o
G = 12
g 02 g
o
1.0
0.1
08
0
50 100 150 200 250 0 50 100 150 200 250
p, mPa p, mPa

Fig. 18: Dependence of experimental and Neo-Alcator ze-scaling attitude (a) and experimental and GOLEM rte-scaling attitude depend-
ence (b) on gas pressure, Ucp: m — 400, o — 500, o — 600, ¢ — 700, 0 — 750 V
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hand, for both hydrogen and helium confinement on GOLEM is lower than prediction from Neo-Alcator scal-
ing, based on the larger scale tokamaks.

Maximum available magnetic flux through the iron core transformer of GOLEM. The iron core trans-
former of GOLEM is designed to transport the maximum magnetic flux around ®max = 120 mWhb [27]. The
magnetic flux @ through the central column of the GOLEM transformer can be calculated as the integral of the
loop voltage

D(t) = ju,oop(r)dr [Wb, V, s].
0

An example of temporal evolution of the loop voltage and resulting magnetic flux ®(t) is plotted in fig. 19.
An excellent agreement is seen in the determination of the end of the discharge by the plasma current and by the
magnetic flux.

8
’ a 15 b
g A < 10
= = 05
0 , 0 '
2 4 6 8 10 12 14 16 : 18 20 2 4 6 8 10 12 14
40 : 40 '
> 30 > 30
s 20 5 20
S 10 S 10
0 , 0
2 4 6 8 10 12 14 16 :18 20 2 4 6 8 105 12 14
150 : 150 :
o ®max = 109 mWb el _
2 100 ®Dmax = 91 mWhb
E 100 =
& 50 & 50
0 0
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14
t, ms t, ms

Fig. 19. Evolution of the plasma current, total magnetic flux and loop voltage for H- (Ne 33 076) (a) and He-discharges (Ne 33 026) (b) at
Ucp =500 V

It is evident that the duration is decreasing with the loop voltage during the plasma phase i.e., the lower loop
voltage at the breakdown time is followed by a longer discharge. The loop voltage is proportional to the effective
plasma charge Zes, which is higher for helium plasmas. This is the reason why the discharge duration Tgs in hydro-
gen plasmas is always longer than in helium ones.

With a long vessel heating and glow discharge clean- 130

ing the discharge duration is always longer [21]. 1po OO RSO
Note also that a noticeable magnetic flux (~20—

25%) is already consumed before the breakdown, 110

which shows an importance of optimization of the % 100
breakdown conditions for plasma performance. s

Fig. 20 shows the magnetic flux limit of the
GOLEM transformer, that is reached only at the 80
highest Ucp, in particular in helium plasmas. On the
other hand, the discharges at Ucp <500—600 V are
not terminated by a maximum magnetic flux of the 60
transformer, and therefore we have to look for anoth-
er mechanism, limiting the discharge duration.

Termination of the discharge by shrinking of Fig. 20. Maximum magnetic flux versus the charging voltage in
plasma column and the decrease of the edge safety hydrogen (=) and helium () plasmas

400 500 600 700 800
Ucp, V
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factor. The edge safety factor g(a) at the maximum
plasma current is:

aB
R,B

2
a Btmax
ROIpI max

where Bt max is the toroidal magnetic field at the
maximum of the plasma current, plasma minor ra-
dius is calculated using the data on the horizontal
and vertical displacement. Comparison of the dis-
charge termination process at approximately the
same gas pressure and the same current drive volt-
age could be provided.

A possible reason for the discharge termination
can be the formation of MHD-modes, which can lead
to macroscopic instabilities preceding the break-
down. Because of these instabilities, which are no-
ticed in the form of irregular oscillations and then
drops in the plasma current, the duration of hydrogen
discharges exhibits a kind of random nature due to
the inaccuracy of determining the end of the dis-
charge. On the contrary, no significant magnetic in-
stabilities were observed in helium discharges.

Fig. 21 shows the development of a single
breakdown of the plasma current, which led to the
end of the discharge. This development of events is
typical for high gas pressure.

Here it is possible to determine the value of the
safety factor at the plasma boundary q(a) at the mo-
ment of this instability. For hydrogen discharges, the
minimum q(a) is limited to 2, which indicates that
sawtooth oscillations are observed, fig. 22.

At the maximum of reached plasma current in
helium (Ucp = 750 V), as well as at the minimum of
plasma current in hydrogen (Ucp = 500 V), some
disturbances are observed, which can be identified
with weak MHD-instability (fig. 23). Due to the in-

t max

q(a)= (11)

p max

42 4 b
< 3 3
X
) 2
1 1
0 0
5 10 15 5 10 15
40 C 40 d
> 30 30
£20 20
10 10
0 0
5 10 15 5 10 15
t, ms t, ms

Fig. 21. Presence of macroscopic MHD-instability on loop voltage (a, b)
and plasma current (c, d) in H- (# 33 066), Uco =500 V, p = 48 mPa (a,
c) and absence in He-discharges (# 33 021), Ucp =500V, p =42 mPa
(c, d). Such fast oscillations indicate MHD-instabilities

8
£
S 7
<
6
4 6 8 10 12 14
CI
3 6 6 4 20
o 4
2
0
4 6 8 10 12 14
8
< 6
Z 4
2
4 6 8 10 12 14
35
o
23 21 23 19 15
15
4 6 8 10 12 14
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Fig. 22. Excitation of MHD-instability at the final stage of in hydro-
gen discharges, when edge safety factor approaches 2, Ne 33 093

10 a 10 b

8 8
g 6 < 6

4 4

2 2

0 0

2 4 6 8 100 12 14 16 18 2 4 6 8 10 12
t, ms t, ms

Fig. 23. Evolution of the plasma current in hydrogen (a) and helium (b) plasmas for several charging voltages Ucp: — — 400, — —
500, — — 600, — — 700, — — 750 V
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crease in the plasma current and the compression of the plasma column due to a displacement of its axis, the
edge safety factor q(a) falls below 2, which leads to the development of MHD-instability. For hydrogen, this
effect is more notable than for helium. It seems that the helium discharge with the largest current drive is similar
to the hydrogen discharge with the lowest.

Analysis of magnetic fluctuations measured by Mirnov Coils. Fast fourier transform (FFT) technique was
used to analyze magnetic oscillations. For the Fourier transform F(f) of the signals (time series) the power

spectrum or power spectral density (PSD) is defined as: P,(f)=%(f)% (f) where the asterisk denotes a
complex conjugate. For two different signals with F(f), Z(f) the cross-spectrum is defined as:

P,(f)=%(f)F (f).Ingeneral, P,(f) isacomplex function, so it may be presented as follows:

P () =P, (f)[e™=t", (12)
. Im(P, .
where |Plz(f)| is absolute value of cross-spectrum and @, (f, t)=arctg{$} is cross-phase between
12
two signals.
The coherence between two signals is the normalized cross-spectrum [33]:
[P ()]

Ch(f)=————. (13)
T JRu()PL(T)

An example of power spectrograms for magnetic signals of Mirnov Coils is shown in fig. 24 together with plas-
ma current and loop voltage during whole discharge. Time-averaged PSD for chosen time periods is shown near each
spectrogram. A coherent fluctuation of magnetic field with the maximum amplitude at f ~ 25 kHz is excited from
8 ms up to the appearance of plasma current oscillations at the final stage of the discharge around 13 ms.

75 a MC-up b
< 50 ! 20
X . U %
= 25 32 MC-in MC-out
0 0 ,
x10~
- 4 6 8 10 12 14 a0 MC-down
0.15
100 ;g = 0.10- /
: © U / MC-out
50 25 9005 /
0 0 | T
4 6 8 10 12 14 x10°2 0 20 40 60 80
150 10.0 0.12
100 5 :
5.0 g 0.8 j 7--\\ MC-in
50 (2).5 4 0-4'r_/ —
0 T T
p 4 6 8 10 12 14 X102 0 20 40 60 80
« 150
S
100 3
30 < 067 ] MC-up
50 15 9 03 /
0 0 — . -
4 6 8 10 12 14 > 0 20 40 60 80
x10
150
100 g1 A
100 75 5 [ )
50 50 © 0.8 / \\ MC-down
wn 0.4, %,
) 25 1 N
4 6 8 10 12 14 0 0 20 40 60 80
t, ms f, kHz

Fig. 24. Power spectrograms, H Ne 33 087 (a) and time-averaged (10 ms < t < 12.5 ms) power spectra (b) of the Mirnov Coil signals.
Coherent magnetic fluctuation is excited in the range 20—40 kHz
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However, the coil MC-in less clearly reproduces such coherent fluctuations, but shows some broadband turbu-
lence at the final stage of the discharge. The results of cross-coherence between MC signals are shown in fig. 25.

1.0
a b c

0.8
0.6

Coherence

0.4
0.2

0
i

/2

—7t/2

-
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

f, kHz f, kHz f, kHz
Fig. 25. Cross-coherence (a) and cross-phase (b) for shot Ne 33 087. Coherent magnetic fluctuation in the range 20—40 kHz has statisti-

cally valuable coherence and non-random cross-phase, time window: 10.0 <t < 12.5, MC-out|MC-up — a, d; MC-out|MC-in — b, ¢;
MC-out|MC-down —c, f

Top series of graphs shows high coherency at f ~ 20—40 kHz for coil pairs MC-out|MC-up and MC-out|MC-
down. The coherence MC-out|MC-in is lower, so only three signals MC-out, MC-up and MC-down were used
for poloidal mode number m reconstruction. Cross-phases for each pair of coils represents phase for the second
coil in the pair for zero phase in the first coil. Fig. 25 shows the following phases for signals (tab. 2).

T able2. Phases for signals

Mirnov Coil MC-out MC-up MC-in MC-down
Phase 0 -3n/4 - 3n/4
Poloidal angle 0 /2 T —n/2

That represents the poloidal mode number m = 3 for this instability.
In contrast to H-shots the He-shots show a sort of quasi-coherent fluctuations in the range 30—150 kHz,

which present a hot topic for plasma research in the medium-size machines [34—36] as well as in small devices
[37—39]. An example of spectrogram is shown in fig. 26. Figure shows the quiescent period in the phase of the
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loi raise (3.6—8 ms), then an appearance of quasi-coherent fluctuations (red curves) in the phase of the I, decay,
and further development of some broadband turbulence at the very end of the discharge (green curves), again,
resembling the observations from the medium-size machine [40, 41].

The analysis of the MC data gives the

& 250 bn systematic structure of the cross-phase ver-
sus frequency in the stage of the I, decay
(8 ms <t < 10 ms), as shown in the cross-
200 /21 phase spectrogram in fig. 27, a. The cross-
phase dependence on frequency shown in
150 fig. 27, b has a linear character. It resem-
g 0 bles the direct propagation of broadband
“ (0 < f < 250 kHz) magnetic perturbation from
100 one probe to another one with a finite velocity.
Remarkably, the cross-phase passes through n
50 /21 at 150 kHz and then continue the linear cou-
pling. Note that the increase of the frequency,
i that passes n, from 120 kHz to 150 kHz indi-
0 8 85 9 95 10 _no 50 100 150 200 250 cates the increase in the turbulence rotation

L, ms f, kHz during considered time interval.
Fig. 27. Cross-phase spectrogram of MC-out|MC-down signals (a) and cross- Fig. 28 shows two-dimensional fre-

phase spectrum for t = 9.51 ms (b), shot Ne 33 052 quency-cross-phase power spectra S(®, f)

for broadband magnetic turbulence in typical hydrogen and helium discharges. It shows the coherent
magnetic mode with the maximum amplitude at f ~ 25 kHz in hydrogen, see fig. 26, contrasting with a
systematic linear-like structure along the line, starting from the origin (0, 0). The latter indicates the di-
rect propagation of broadband (0 < f < 250 kHz) magnetic perturbation from one probe to another one.
This poloidal propagation might be considered as a poloidal magnetic turbulence rotation with a finite
velocity [42].

a b
250 250
200 200
N 150
N 150 E
=~ y—
" 100 100
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- -2 0 /2 7 - —n/2 0 /2 b 3n/2
@ D
1 2 3 4 5 6 7 8 0 0,1 0,2 0,3 0,4

Fig. 28. Two-dimensional r[‘)ower spectra S(®, f) for broadband magnetic turbulence in typical hydrogen, Ne 33 087 (a) and helium,
Ne 33 012 (b) discharge

Long-range correlations of the edge plasma fluctuations. Long-range correlations indicate any type of
global mode of plasma oscillations including Geodesic Acoustic Modes [43]. Electric and magnetic probes in
the GOLEM tokamak are located at a distance of a quarter of a torus and at different poloidal angles (see fig. 1).
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Analysis of the coherence and cross-phases between the magnetic oscillations measured by Mirnov Coils and
the floating potential oscillations measured by Langmuir probe is shown in fig. 29 and presents a mode with a
frequency about 20—40 kHz, clearly visible on all four MCs, in most of hydrogen shots, as coherent magnetic
fluctuation (see fig. 24, 25). These fluctuation is observed in the quiet stage of the discharge, when the plasma
current has not yet reached its maximum and the quenching instabilities typical of a hydrogen discharge have
not yet been excited. It should be mentioned that the long-range correlations sometimes occur in a more
extended frequency range (20—60 kHz).
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Fig. 29. Observation of the long-range correlation for coherent magnetic oscillations. Coherence and cross-phase between plasma
potential by Langmuir probe and magnetic oscillations by Mirnov coils (a) averaged over 6 ms <t < 13 ms. The long-range co-
herence in the range 20—60 kHz exceeds the confidence level of 0.3. Power spectral density of Langmuir probe and one of MCs
signals (b), H Ne 33 087

In contrast to a hydrogen discharge, a helium discharge develops without any noticeable long-range correlations.
SUMMARY

Experiments have shown that with the same preset discharge parameters (gas pressure, current drive volt-
age, magnetic field, etc.) plasma scenarios in hydrogen and in helium in GOLEM are radically different. In hy-
drogen plasma magnetic instabilities usually occur near the maximum plasma current, that lead to the disruption
and plasma termination, while the helium plasma quietly extinguishes by itself due to the exhaust of the magnet-
ic flux in the primary winding of tokamak transformer.

The main links between the plasma discharge parameters were confirmed: the discharge duration and elec-
tron temperature increase with plasma current, which in turn increases with gas pressure. In addition, electron
energy confinement time exceeds te scaling for GOLEM by a factor of 1.4. It is shown that there is a range of
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pressure and voltage parameters of the current drive, where the main parameters of the discharge (edge and cen-
tral electron temperatures, plasma current) are similar for both gases. However, on the whole, it can be conclud-
ed that the discharge energy in helium is lower than in hydrogen. However, it can be concluded that the absorp-
tion of the ohmic power is somewhat worse, because of this, in general, the parameters of helium discharges are
lower than in hydrogen.

The presence of long-range toroidal/poloidal correlations between electric potential and magnetic perturba-
tion was observed and the existence of broadband magnetic turbulence was demonstrated for the first time.
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