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Experimental Set-up

In order to study the temporal and spatial evolution of the floating potential (Ug) of the plasma in the
tokamak GOLEM, we used a rake probe with 12 tips, which are made of Molybdenum wire of the
diameter 0.7 mm, spaced by 2.5 mm and length of individual tips is about 2 mm. The rake probe is
inserted in the tokamak vessel from bottom, as schematically shown in Figure 1.
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Figure 1. Lay-out of the experiment.
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Figure 2. Orientations of the rake probe with respect to the toroidal magnetic field direction as seen
from the top of the GOLEM. (a) Downstream orientation, (b) Upstream orientation, (c) Low-Field side
(LFS) orientation, (d) High-Field side (HFS) orientation.



The first tip of the rake probe was placed at the radius position r = 60 mm from the centre of the
tokamak chamber. The rake probe is installed on the rotatable shaft; therefore, it was possible to change
orientation of the tips with respect to the direction of the toroidal magnetic field and the plasma current
as depicted in Figure 2.

Measurements were performed for two different series of shots by charging voltage of the capacitor
bank for the toroidal magnetic field Ug = 600 V, and changing voltage of the capacitor bank for the
primary winding of the GOLEM transformer Ucp = 400 V and Ucp = 350 V. The time delay between
triggers of these capacitor banks are Tcp = 2000 ps and Tcp = 10000 ps, respectively for each value of
Ucp. The pressure of the working gas (Hydrogen) is Py, = 10 mPa, and pre-ionization was switched
ON. All the parameters are shown in the Table 1 and Figure 3 shows the basic parameters.

Table 1. Parameters of the discharges.
# Shot | Orientation | Ug [V] | Ucp [V] | Tep [us] | P2 [mPa] | Pre-ionization | Plasma [s]
11754 | Downstream | 600 350 2000 10 on 0.01226
11749 | Upstream 600 350 2000 10 on 0.01202
11743 LFS 600 350 2000 10 on 0.01238
11748 HES 600 350 2000 10 on 0.01226
11781 | Downstream | 600 400 10000 10 on 0.01222
11784 | Upstream 600 400 10000 10 on 0.01178
11788 LFS 600 400 10000 10 on 0.01198
11790 HES 600 400 10000 10 on 0.01118
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Figure 3. Basic parameters



Results

The shots #11754, #11749, #11743, and #11748 (downstream, upstream, LFS and HFS, respectively),
are shown in following figures. Figure 4 shows the floating potential in each direction, Figure 5 shows
3D plot and its contour of the floating potential, Figure 6 shows smoothing of floating potential with a
degree of 100, Figure 7 shows the floating potential integrated over different intervals of time, Figure 8
shows the fluctuations of the floating potential, Figure 9 shows 3D plot and its contour of the
smoothing of FFT, Figure 10 shows the cross correlations for the probe 6, Figure 11 shows 3D plot and
its contour of the cross correlations for the probe 6, Figure 12 radial velocity between probes, and
Figure 13 skewness and kurtosis for the four position of the rake.

Figure 4 shows raw data of the floating potential of individual tips. For further analysis, it is important
to check the raw data out as there may be errors in electronics, arcing in the case of ion saturation
regime and other defects. Figure 5 puts the data to 3D plots. In both the figures, we can observe that the
floating potential is higher in downstream direction, then the LFS direction, after the HFS direction and
finally upstream direction. Also, the value of floating potential is bigger in the probe No.1 and this
value decreases for the other probes.

There are two main ways to characterize the plasma from the probe measurements: the mean values
and the fluctuations. First, we will focus on the mean values. The signal is smoothed in a suitable time
window of 1 ms, as shown in figure 6. The most practical way is usually the radial profile of the
measured parameter, as shown in Figure 7, which shows how the floating potential is changing, over
different intervals of time and between probes.

The fluctuation analysis is shown in following figures. Figure 8 shows the raw data fluctuations, e.g.
the raw signal (Figure 4) subscribed from the smoothed signal (Figure 6). We can see that the
fluctuations are bigger in LFS direction and upstream direction than HFS direction, and it is lower for
downstream direction. But, from Figure 9 it can see that FFT is bigger in downstream direction, then
the LFS direction, after the HFS direction and finally upstream direction. Also, Figure 9 shows that
there are dominant frequencies between 3 kHz and 5 kHz and 8 kHz and 10 kHz.

Cross-correlation analysis can help us to get an idea about structures in the investigated region and to
estimate the radial velocity from the fluctuations. First, we need to calculate the cross-correlations of
the adjacent probes as shown in Figure 10. Figures 10 and 11 show that the cross correlation (from 9ms
to 21ms) between probe 6 and the other probes is lower for HFS direction, then increase for
downstream direction, then for LFS direction and finally for upstream direction. For HFS, downstream
and LFS directions the cross correlation between probes 6-5 and 6-7 is higher than 0.5, while the cross
correlation in upstream direction between probes 6-4, 6-5, 6-7, 6-8 and 6-9 is higher than 0.5. The peak
in correlation around the probe 6 suggest that there is a big structure sitting in this area. The velocity
can be estimated from the lag of the cross-correlation maxima. This lag shows how fast the structures
moved from one tip to another. Thus, the radial velocity is the ratio of the time lag to the distance of the
probes. The resulting radial velocities between probes (in three time windows: 9ms to 10ms, 14ms to
15ms and 20ms to 21ms) are in the Figure 12.

For statistical analysis, the most important moments are the first four: mean value p, variance o,
skewness S and kurtosis K. Where o (it’s square root is the standard deviation) indicates the
variability of the distribution. Skewness shows the dominating part of the data: the negative value of
skewness indicates that the left tail of respective PDF (probability distribution function) is longer that



the right one. The skewness for a normal distribution is equal to zero. Kurtosis indicates how “peaked”
the distribution is, “peaked” distributions have positive kurtosis while “flat” ones have negative values
of kurtosis.

In this work the skewness and the kurtosis were calculated for each position (downstream, upstream,
LFS and HFS), with a time window of 2 ms, see Figure 13. This analysis shows the following results:

For downstream position: the skewness shows predominant negative values, which it means
that left tail of its respective PDF is longer that the right one. On the other hand, the behaviour
of kurtosis is predominant positive, which means that PDF is peaked, and this behaviour is
more remarkable between 16ms and 20ms.

For upstream position: the skewness shows negative values like downstream position, but
between 16 ms and 20 ms the skewness becomes positive, which means that right tail of its
respective PDF is longer that the left one. On the other hand, the behaviour of kurtosis is
predominant positive, which means that PDF is peaked, but it is less positive that in
downstream position.

For LFS position: the skewness shows predominant negative values, like in downstream
behaviour, but it is less negative. The behaviour of kurtosis is predominant positive like
downstream position, but there is not a remarkable behaviour between 16ms and 20ms.

For HFS position: the skewness shows the same behaviour as upstream position. And the behaviour of
kurtosis is the same as upstream position.



100 100 100 100

o |[——Proveno 111754 | s |[—Precanoz-11754 ] 60 [—Procano 11754 | soj[——ProbeNod-117%4 |

£ 2 20 20

B 20 2 EEEL

- -e0 -60 -60

-100 -100 -100 -100 Y
% < 4 %

L. 9 NI 17 19N 2 i 9 M350 N 2 14 LR R " 9 11351719 1
100 100 100 100

ea|[[——FroveNos11754 ] eol[—Prevenos11754 | sol[——Proveno7-11754 | o) [——ProveNos11754 |

E 20 20 20

] —~

20 20 20 -2

] €0 -60 -60
-100 -100 -100 -100
40 5 E :

PNMNIBISNT N 2 A 9 M3 151719 N X o 9 M35 IT 9N 2 o 911351719

100 100 100 100

awll 1754 | eoll 10411754 | 0 |[——ProbeNo1t-11754 | 60 j[——ProbeNo 1211754 |
w 20 20 20

-2 -20 -20 -20

- -« 60 60

-100 -100 -100 -100

a 4 14 14

T s s 2 e a R Y S s e a e T T e R

Trme s Trne s ( ) Troe s Tena )

100 100 100 100

co|[=—ProbeNo 111243 | s |[—Precenoz-11743 ] 60| [——Proteno 11743 ] soj[——ProbeNod-11743 |

£ @ 20 20

20 -20 g 20 20

- -0 -60 " 60
-100 -100 -100 -100.
- g - 141

Lo 9 N I3IS 172190 2 e MR 2 14 9 M35 1719 2 14 9 NI 1I719 N 2
100 100 100 100

o |[[——FroveNos11743 ] o l[—Preeenoe11743 | o [——Proveno711743 | sol[——ProveNos11743 |

E 20 20 20

20 =2 ¢ -20 -2 ]
- €0 60 60
-100 -100 -100 -100
MR wa e e e s T n ey na s I h B ea
100 100 100 100

awll 1743 | eoll 1011743 | so|[——Probenott-11743 | s0j[——ProbeNo 1211743 |
w 20 20 20

-2 20 (I ] W’ -20 &
) -6 -60 60
-100 -100 -100 100
140 140 -140 140,

S 131517 19 21 2
Trne s

P NI Ie N 2
Trne s

9 11 131517 19 21 2
T s

-140,

911 131517 19 21 2
Tere fos)

100 100 100
[—ProveNo 111249 ]| s |[—Precenoz-11749 ]| so[—Proteno 11743 | 604 ——Probenod-11749 )|
« 20 \j =
-20 20 -20
-0 -60 -60
~100 100 ~100
-140 ~140.
9 NI 17 10N 2 LR R L] ELRER R 9 M35 1I7 19 2
100 100 100
[——Frovemoz11745 ]| eoll 1749 )| eoll 71174 || sol[——ProbeNos11749 ||
2 20 20 .
g 0 20 -2
0 60 -60
-100 -100 -100
p 4 E
T TnTwa s rhwhmewa e T h o nan T n e TR a 2
100 100 100
[——Probenoa11745 | eo|[—Prebeno1o 11749 | so|[——Probenott-1174%] s0j[——ProbeNo 1211743 |
20 20} A ) 200 A )|
-2 -20 -20
€0 -60 -60
~100 “100 “100
14 14 RE
S 1131517 19 21 2 T e e 2 T I T e T e 2
Tene s} Tene jns) (d) Troe jns] Trne s
100 100 100
ProbeNo 111746 | 20 |[=—Precenoz11748 ]| 60|[—Proceno11 748 | o j[——ProveNos-11748 |
w 20 20 1
20 20 -20
-¢0 -60 -60
100 -100 -100
- - 14
NI i 9 MBI N 2 i 9 N I3IS1I719 N 2 e 911351719
100 100 100
[——FroveNoz11748 ] o) [——Prevenoe11748 | so)[——PrebaNo 711748 || o |[——Provenoa11748 ||
‘ 2 20 20
- =
0 20 -2
€ 60 60
-100 -100 -100
-1 - “14(
P NIBISTN 19 9 M35 1719 2 " 9 M 13151719 N 2 5 9113151719
100 100
[——ProbeNos-11748 ] 1cbe No.10-11748 | 0| [——Probano 1111748 | 60}[——ProveNo12-11748 |
{ = | = 20
20 -20 -20
s -60 60
100 -100 100
140 -140. 140

SN I3I517 1921 2
Tene fms

5 11131517 19 21 23
Trne fms]

9 M 13151719 21 2
Trow ms)

SN I31517 1921 2
Trra ns)

Figure 4. Floating potential in each direction: (a) downstream, (b) upstream, (c) LFS and (d) HFS.
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Figure 5. Floating potential. (a) downstream, (b) upstream, (c) LFS and (d) HFS.



Ficatng Ptential V]

Fioating Potontial V]

Flogeng Potersal [V]

Flosing Petarisal V]

(a)

Tene frms}

Time s

Teoe s]

Tire s

Trre ns)

Troe ]

Tine s

100 100 100 ' 100 100 10 100
ea|[F—ProveNo 111754 ] sol[—Preve 0211754 | 0| FroveNo 11754 | co|[——FProvenNoa-11754 | S go)[——PreveNa 11749 || [——Preveno-11749 |y s0)[——Frevenn 311749 |, o[ Prevenoa-11 749 ||
e 1 | i
2| = o B 2 H ) 20 wf R wf JL ‘0*—"‘“%\,..-4-" 1 20 erWJL.
20 1 20} } 20 201 | 20 ’ bon -20 20
) 1\“ ' 0 \ Al ) ! ) ¥ /’VY o0 60 60
'~ y W it
100 100 100 100 100 100 100 100
148 140 -140 -140 -
CEIRERCETATE CRURERCRERTE 31315 17 19 21 2 CREINERCETRTCE I 9131517 19 21 23 9131517 19 21 2 131517 19 81 2 3013 15 1719 91 23
100 100 ' 100 100 100 100
ea|[——FroveNos11754 ] o0 |[——Prece No&-11754 | o [[——ProveNa7-11754 | e |[——Provenos11754] = I—*PVWQMS—'”‘?]; [—mmmbnuo]k ™ |—Pv<mm7|l7£0l= so|[——Prevenos11740 |
2 20 20 2 20 ) 200 .~
o ~: | S SR oy o o ) B g j * —‘WJ‘— ~rWﬂJL< i o SRR B I W PR S
af ] 20f ) 2| af | 2w 2 20 20
0 w 60 €0 % " > .60 “ 60 50
100 -100 -100 -100 -100 -100 -100 -100
[S
140 140 140 14 -140 140 140 -140
ORI L CRETEERCRERTE 2131517 18 21 2 T35 17198 23 TN 31517 19 81 2 S N1 131517 19 81 2 331517 19 8 TN 131517 19 41 2
100 100 100 100 100 100 100 100
so|[—FrobeNos117%4 | soj[——Prevenoto17s4 | e |[——Provenot1-11754 | sol[——FrobeNo 1211754 | = gol[T—Provenod-11749 | [—ProveNo10-11749 | g0 )[——Prove o 1111749 | sol[——Preve N0 1211749 |
2 2 e 20 20 \ Aq  w} A A w0 A
- = m n . ] " " M= = Mecasar—"" Y s
20f \a -20f \. 2 - v v » \‘/f',._' -20 -2 -20 20
0 60 €0 0 2 60 . 60, 60
100 100 100 100 “100 100 100 100
149 140 140 140 140 E 140
S5 1719 8 2 CRDEFRERERT RO S M 31517 19 21 23 S 13151719 1 23 9357 1921 23 9 131517 19 21 23 9 1315 17 15 21 23 91 13151719 21 28
Tene jms) Trna s} Ters fns) Tene s Trra ns) Trre fns] (d) Tena gns) Tere pms)
100 100 100 100 100 100 100 100
o |[[——ProveNo 111243 ] e |[T—=Precanoz-1174 ] 60 |[—Preceno 11743 ] 60j[——ProbeNod-11743 | % o0 j[——Provena1-11748 | 60)[——Prevenn2-11748 | o[ ——Provenn3-11748 | sob[——ProveNoa-11748 |
E) ) 20 20 o A 20 { 20 20
- —] e ] - - - = ] - -
2| 20| 4, P il B 20f b LR _‘\'v'w/ 20 L\M{ 20§ 20 ‘W"‘l
- -¢0 WV" -60 -60 2w -60 -60 60
100 100 ¥ 100 100 2.0 100 100 100,
&
140 -140 140 . -140 -140
S35 171981 2 311131517 10 21 2 313151719 21 2 3N 131517 19 21 2 9T 131517 19 21 2 3131517 19 21 2 T35 1719 91 23 3N 13 15 1719 21 2
100 100 100 100 100 100 100 100
eo |[——FroveNoz11743] o) [——PreveNog11743 | sol[——Probeno711743 | sol[——Provenos11743 ] s gol[——Provenssiizan] sol[——Provence11748 | o l[——Prevena 711748 | o |[——Prevenos-11748 |l
@ 20 20 20 2 J\ 20 1 20 ! 20 ¥
2\, ] 20 W S mamnd .20 r— -20 Ff“"’"‘- é -20 ‘vw/‘“ .20 ‘\,M -20 ‘\f‘\_Av-""’ﬂ 20 'W
) \\{'w ) \V"NT -60 60 2 w0 60 40 60
100 -100 -100 -100 2 .00 -100 -100 -100
[
140 be 140 140 -140 -140 140 140 140,
315719 A 23 3111515 17 19 21 2 T 31517 19 8 @ SN 13 1517 19 21 2 TN I3 1517 19 41 2 311 131517 19 81 2 331517 19 8 2 DN 131517 19 41 2
100 100 100 100 100 100 100 100
ea|[=—Frovenos11743 ] 0| [——PrebeNo 1011743 | 0 |[——Probanot1-11743 | so)[——ProbeNo 1211743 | £ gol[—Provencor1ran ] 60 )[——ProveNo10-11748 | oo l[——Proveno 1111748 | sol[——Provenniz11748 |
)
£ 20 20 20 : \ 20 \ 20 W"J 20 M/J
I v t—, v — e 3 = = = (. = ]
-2 ‘»\Jv-(‘”""’ 20\ JY”"A v ~20W -20 \w/"‘"’ y 2 0] Ve -20f v 20f W -20f ¥
&0 60 60 60 ;’ 60 60 60 60
100 -100 -100 100 2 100 100 100 -100
[+
140 4 4 14 14 4
Thuwuen e e Tmunuwnz e wnnghae IR PR TR R TE Y IR FR TR R TR T H BT RAD I nunTna S 1315171921 23

Tene s

Figure 6. Smoothing of floating potential with a degree of 100. (a) downstream, (b) upstream, (c) LFS
and (d) HFS.
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Figure 9. 3D plot and its contour of the smoothing of FFT. (a) downstream, (b) upstream, (c) LFS and
(d) HFS.



loss 305 0 & %0
Trow w318)

10075 50 5 0
Tew (s

75 50 15 100 100-75 50 -7

(d)

35 50 15 100

100-75 50 25 0 25 30 75 160

Trow w3 lue)

100-75 50 25 0

B
cen

i
§
&
3
£

Postion of the probes (mm)

——

ce9

75 30 75 10
Terw 098]

67

Postion of the probes (mm)

C812~
» C6-11

% C-810
c69 -
c68-

0

1
08
08
04
°?
e oarar )
aa ke e ® o
Time lag (115}
it e ?[
2 C Ii
40 6 8 100
‘O ‘o w l:
Time lag (118}
(1 '
4
|
| } L odos
f =\t
\ t 02
.,
0 6 2 100

Coq 0
2

IIZ 755035 0 25 SO TS 100
Trw 9 1u)

Ampltude Cross Corelation ( 1)

At
CoAt | e
c89 oy S ot
C63 g1 r0000 90 4
Postion of the probes (mm)

[T XY J———

Postion of the probes (mm)

C812~
» C6-11

£ C610,
C69-
[

Figure 10. Cross correlations for the probe 6. (a) downstream, (b) upstream
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20ms to 21ms. (a) downstream, (b) upstream, (c) LFS and (d) HFS.
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Figure 13. (Left column) Skewness for (a) downstream, (b) upstream, (c) LFS and (d) HFS. (right
column) Kurtosis for (a) downstream, (b) upstream, (c) LFS and (d) HFS.



