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Milestones to Fusion Power Plant




Education importance

Education is the
key to success
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Let's start with the tokamak GOLEM - the smallest
tokamak in the World with the biggest controll room
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Tokamak GOLEM @ Wikipedia ..
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WikipepiA  Tokamak

[iheEse Eacycopecis From Wikipedia, the free encyclopedia

’ga'" page This article is about the fusion reaction device. For other uses, see Tokamak (disambiguation).
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Featured content A tokamak (Russian: Tokamak) is a device that uses a powerful magnetic field to confine plasma in the shape of a torus. Achieving a stable plasma o
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it decays into a proton and electron with the emission of energy. When the time comes to actually try to make electricity from a tokamak-based reactor, some of the 2
neutrons produced in the fusion process would be absorbed by a liquid metal blanket and their kinetic energy would be used in heat-transfer processes to ultimately
turn a generator.

Experimental tokamaks [edit]

Currently in operation [edit]
(in chronological order of startof operations)
. 1960s: TM1-MH (since 1977 Castor; since 2007 Golem(12) in Prague, Czech Republic. In operation in Kurchatov Institute since
early 1960s but renamed to Castor in 1977 and moved to IPP CAS,!*3! Prague; in 2007 moved to FNSPE, Czech Technical University
in Prague and renamed to Golem (141
1975: T-10, in Kurchatov Institute, Moscow, Russia (formerly Soviet Union); 2 MW
1983: Joint European Torus (JET), in Culham, United Kingdom
- 1985: JT-60, in Naka, Ibaraki Prefecture, Japan; (Currently undergoing upgrade to Super, Advanced model)
1987: STOR-M, University of Saskatchewan; Canada; first demonstration of alternating current in a tokamak.
. 1988: Tore Supra,(33) at the CEA, Cadarache, France
- 1989: Aditya, at Institute for Plasma Research (IPR) in Gujarat, India
1980s: DD, %! in San Diego, USA; operated by General Atomics since the late 1980s %
. 1989: COMPASS,*3]in Prague, Czech Republic; in operation since 2008, previously operated from 1989 to 1999 in Culham, United  aicator C.Mod G
Kingdom
. 1990: FTU, in Frascati, Italy

. 1991: Tokamak ISTTOK,(37) at the Instituto de Plasmas e Fusao Nuclear, Lisbon, Portugal; = S
1991: ASDEX Upgrade, in Garching, Germany @m i
e .
\,;
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The tokamak GOLEM for education - historical background

Kurchatov Institute near Moscow, Culham Centre for Fusion Energy
Soviet Union Great Britain

1960: TM1-MH 1989: COMPASS-D

1974 2006

Institute of Plasma Physics
Czech republic
CASTOR COMPASS

@8

Czech Technical University Pra
Czech republic
GOLEM




GOLEM

... somewhere, in the ancient cellars of Prague,

there is hidden indeed "infernal” power. Yet it is the very power of celestial
stars themselves. Calmly dormant, awaiting mankind to discover the magic
key, to use this power for their benefit. . .

At the end of the 16th century, in the times when
the Czech lands were ruled by Emperor Rudolf Il, in
Prague, there were Rabbi Judah Loew, well known
alchemist, thinker, scholar, writer and inventor of
the legendary GOLEM - a clay creature inspired with
the Universe power that pursued his master's
command after being brought to life with a shem, .
Golem is not perceived as a symbol of evil, but
rather as a symbol of power which might be useful
but is very challenging to handle. To learn more of
the Golem legend, see e.g. [1].



https://en.wikipedia.org/wiki/Golem

The tokamak GOLEM mission

ii) Runaway electron,




Two key fusion technology parameters you can touch

experimentally

Energy Confinement Time 7¢ Safety Factor g

P

ext

magnetic | @
surfaces  Ro

credit:[2] credit:[3]

m Describes how magnetic field lines
wind around the torus. Key stability
parameter (MHD behaviour).

m Indicates how long the plasma keeps
its energy — a key fusion metric.

m
P— Wplasma [ ] )
E = Ploss q(a) = 2ma” B
m On tG, from energy balance, we woRlp
estimate the electron component 7¢ m On tG, derived from B; and plasma

( we can measure only n. and T. ). current /.



Production

m Everything via http://golem.
fjfi.cvut.cz/warsaw

This presentation

Control rooms

Contact: Vojtech Svoboda,
+420 737673903,
vojtech.svoboda®@fjfi.cvut.cz
Videoconference:
https://meet.google.com/hnv-
qjhu-xvi



http://golem.fjfi.cvut.cz/warsaw
http://golem.fjfi.cvut.cz/warsaw
https://meet.google.com/hnv-qjhu-xvi
https://meet.google.com/hnv-qjhu-xvi
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Tokamak magnetic confinement concept

credit: Tokamak concept@Wiki


wiki:GeneralTokamakConcept

Tokamak (GOLEM) basic concept
to confine and heat the plasma

Transformer
core

Toroidal ‘1 ¢
magnetic field
coils

TO: generate toroidal mag‘netlc field B;
to confine the plasma

Plasma
"’ al electric field 1in
LT p— »

4

Vacuum
chamber




The tokamak GOLEM basic characteristics

The grandfather of all tokamaks (ITER newsline 06/18)

Vessel major radius: Ry = 0.4 m
m Vessel minor radius: rp = 0.1 m
m Maximum plasma current:
57 < 12 kA
m Maximum toroidal magnetic
field: B"™* < 0.7 T
m Typical electron density:
< ne >€(0.2,3) -101? m~3
m Maximum electron temperature:
Trax < 80 eV
m Maximum discharge duration:
Tp < 50 ms




The global schematic overview of the tG experiment

Tokamak technology setup
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Our goal: the technology to create a uSun on the Earth




Magnetic confinement requires toroidal geometry




A chamber contains the thermonuclear reaction




Toroidal magnetic field coils confine the plasma




A transformer action creates and heats the plasma
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The final technology altogether
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do

B session start phase:
m Evacuate the chamber
m pre-discharge phase
Magnctic confinement 5 gencration

m Charge the capacitors
m Fill in the working gas
B Preionization

m discharge phase

Trigger
sequence

—trg € <0 Innn ;mmm; [;;s u Trlgger Magnetlc
Current drive I generation confinement &
Current drive
( 1 m Plasma positioning
T ; = m Diagnostics
m post-discharge phase

m Data collection &

analysis
m Shot homepage creation




Tokamak GOLEM - schematic experimental setup

Preionization (electron gun)

— S/ Wion € <on .. on .. off> [-]
Magnetic confinement B; generation

CBt . |
135 mF -|- . Zkv'l'
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Trigger
sequence
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Remote control interface of the GOLEM tokamak

ren!erlng settings

Introduction | [ENNSOPRECEN  Preionization | Magnetic field | Electricfield | Submit 3D model rendering method:  IECUEEMIEUY  Interactive X3DOM (slower)

Set the pressure and type of the working gas from which the
plasma is formed. Pressure must be high enough for plasma to
form, but low enough for gas breakdown to occur.

3D model rendering

A
@ GAS ) )
handling engineering scheme

Gas type and pressure pyc= 16 mPa

~— sliders and checkboxes

Set recommended value [l 3 workflow buttons




Let's make a discharge
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Introduce the working gas (Hydrogen x Helium)




Switch on the preionization




Introduce the magnetic field




Introduce the electric field




Plasma ..
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Infrastructure room (below tokamak) 10/16




Infrastructure room (below tokamak) 10/16

Current drive CD field To the tokamak
and toroidal magnetic Bt field GOLEM Rotary Vacuum
circuits pump control

Current drive CD
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Toroidal fire

magnetic field B protection
~Aanacitare svstem



Tokamak room (North) 10/16
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Tokamak room (North) 10/16

Preionization Vacuum

. Mirnov coils
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Transformer ports system
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primary windings

High temperature
cryostat

Mass
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Air, Hy, He
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IP camera



Tokamak room (South) 10/16




Tokamak room (South) 10/16

Magnetic confinement Diagnostics
demonstration Photodiodes Bjasing electrode

Diagnostics experiment Transformer
micgrowave core Diagnostics
interferometry oop Voltage
ransformer
Diagnostics primary windings
Rogowski coil

Vacuum chamber
with ports

HTS cryostats
Gas management

cable, delivering
current into
toroidal magnetic coils

Toroida[ Diagnostics
field coils  fast cameras
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The GOLEM tokamak - basic diagnostics

Photocell
with H, filter

coil (hot) B, field coils
& small B;measurement coil



Hands on the GOLEM tokamak - equipment




Basic diagnostics - numerical processing, shot homepage

B | @ hepglem vt cafshots 29187/

Tokamak GOLEM - Shot Database - #39187 =

e date of discharge 22:0518 17:55:04 [Em—
execution

The session mission ‘GOLEM 1l > EDU (MHD + biasing) %

The session 1D 39183 ¥

The discharge comment Vert & Rad Stab

copy | /Dirigent.sh —discharge ~UB 1200 -T8t 0
imain_swich=

gas H —pressure

1 “vacuum_shot=39109" discharge preionization
discharge position_stabi
00

0:0:9000.30:13050,0:20006,0:30000,0'vertical_switch="on radia_waveform=12000,0:3000,0;8000,-20:18000,0:19000,0:25000,0°

Plasma: #

0,40 mPa (Pl = 10 mPa@X e~ =H * Plasma: yes orn
e @Xive + Time parameters:

,=15,08 ms (from:t,

+ Toroidal magnetic field: U™ =1200 V@™ =0,0 us

e Ol Plasma parameters: * - & &

+ Current drive f

+ Loop voitageDlpep=5.02 V: maz;, s
v

+ Toroidal magnetic feld: B,

40T; max

autoreload: B previous | next | current

Diagnostics . .
= On stage diagnostics

_— digitization + anatysis -
Name  Experimentsetup  Data acquistition system Raw data Analysis results
s
£ =
£3
g8 ;
2 i )
|

Navigation




Basic diagnostics - numerical processing, raw data

GOLEM » Shot #3918

On stage diagnostics

Data flow measurement -+ digitization + anatysis ~
Name  Experiment setup yster

Analysis results

Basic
Diagnosties

OR

S Parent Directory
[#) BasicDiagnosticssh 20220518 17:58 3.2K
[ ScreenshotAllpng  2022-05-1817:58 184K

»D TektrMSO56 ALL.Csv 2022-05-18 17:58 3.9M

Universals.sh 2022-05-18 17:58 1.2K
.da Bg 2022-05-1817:58 13K
[?)ls:all 2022-05-1817:58 2.4K

[ rawdatajng 2022-05-1817:58 13K

Apache/2.4.38 (Debian) Server at golemfificvut.cz Port 50



Basic diagnostics - numerical processing

Jupyter-notebook@GitLab Download & play

-t-Cc @ Aa-D

as: B previous | ne

Name Analysis results.

5

Basic
Diagnostics

AboutGitlab v Pricing  Talk to an expert

D  Dirigent
StandardDAS.ipynb (% 19.83 k8 |0 &
@ Project information
B Repository Tokamak GOLEM B Hiagnostics
Files
Commits o
Procedure (This notebook to download)
Branches
Tags bash wrapper, Error log
Contributors L . L
i Prerequisities: function definitions
rapl
Cowpare Load libraries
Locked Files
O Issues 0 smatplotlib inline
inport os
33 Merge requests 0 Frmi—
& cueo import matplotlib.pyplot as plt
from scipy import constants, integrate, signal, interpolate
@ Deployments import sqlalchemy
« Collapse sidebar dmport pandas as pd
import subprocess &



Basic diagnostics - numerical processing, Jupyter-notebook

applied on the Discharge #

-r-Cc e a-mxB @

Experiment setup  Data acquistition system Raw data Analysis results.

B

Basic
Diagnostics

@ -

R SATWi Gy T Ww T CHICIT GO

0.000 0.005 0.010 0.015 0.020
Time [s]

Procedure (This notebook to download)

bash wrapper, Error log

Prerequisities: function definitions

Load libraries

smatplotlib inline

inport os

inport numpy as np

inport matplotlib.pyplot as plt

fron scipy iport constants, integrate, signal, interpolate
inport sqlalchemy h-level library for SQL in Python
inport pandas as pd

import subprocess

For interactive web figures

import holoviews as hv
hv.extension(*bokeh')
import hvplot.pandas

»o
For conditional rich-text boxes

from IPython.display import Markdown



Loop voltage U; @ the GOLEM tokamak




Basic diagnostics - numerical processing, Ujoop

+ scale =

if is_plasma
for t in (t plasna start, t plasna_end)

-3 4f in Seconds else 1

plt.axvline(t  t scale, color='k, linestyle='--')

U, management

Check the data availability

Loop_voltage = read_signal(shot no, 'U Loop’)

polarity

y 0 = read
i potarity 0 1=

Toop_ve ke
i rurran M"\nup voltage)
Loop_yoltage. Lol

oltoge. p\orland»vme)

Shon

plases. 1

paraneter (shot_no, 'CD_orientation')

7000 hardcoded for now!

positive

e aneLerTing (517, ylabelarsu is [V]", titiescLoop voltage S s A(}".forat (shot_no))

[Text(0.5, o,
Text(e, 650

Text (65,

um

00
ws
50
2s

‘Tine

[s1'),

oSt

oop voltige su ls #39187°)]

Loop voltage U, #39187

NI E—y

o0

3

B; calculation

)
Time 5]

Check the data availability

a8
Itis as magnetic measurement, so the raw data only give ot

a8t =

polarity Bt =
if potarity
ot

aser(aabaterTing [s1%, ylabel

read_signal(shot_no, ‘U BtCo

1)
read pﬂvdmelsr(:hul no. '8t orientation’)

T000 hardcoded for now!

Correct_inf(dbt)

~mean()

SdU_{8_t)/dts [V", titl

tcoil raw signal #{)*. format (shot_no));



Toroidal magnetic field B; @ the tokamak GOLEM

Toroidal field
coils

#39187

Measuring
coil




Basic diagnostics - numerical processing, B;

B; calculation

Check the data availability

115 magnetc measuremens. so e o ata oty gve

4 signal shat_no,
Uu\au\y 5 e vaumueluhul o, "B orie
ifselar :

s et ine [51°, ylabele"$d_(8_1/dtS V1", titlex'Bicor_raw signal 401 format(shot_no))
[rextio.s, o
Toale, b, sdu n; mm )
Textlols, 1 au signal #39187'))
Sk vt ity

“ M~

Integration (it is a magnetic diagnostic) & calibration

K BtCot = float{read paraneter (shot no, 'SystenParaneters/K BiCoil
PNt Brcoit calibration factor K S5Ci1-0) 1/1ve) -format(k_Becoil))

Btcosl calibration factor K 8tCoil=70.42 T/(vs)

5t = pherientegrate-comrape 00, et inds, inial=0) < K 91oil
Sndex-dt . index, nane-

Shou piabs Lnits )
ax.set(xlabel="Tine [s]", ylabel="35.t$ [T)", title="Toroidal sagretic field s t

#0 fornat(shot_no)
[extlo.s, 0, “Tine [s]')
Text(s, 6.5, $8 18 (1]
Text(6s, 110, “Torosdal nagnetic ield 58 15 430187'1)
Toridal magnetc eld 5, 439187




Total current Iy p




Basic diagnostics - numerical processing, Uchyp

¢~>-4-Cco® a-mx 3

al-n
Ghamber (+ Plasma) curent I, calculation e

o
seta \2I>E\ o6 1", ylabel's1s (A1, title='estinated chanber current and neasured total’)

Check the daia avalabiy

s e gt s, sy g 55

Plasma current I, calculation

iere s pasma.

if 1 plasna:
X Loop_voltage/R chanber = creates 3 v S

Integraton (tis & magnetic diagnostic) & calbration Ip=Tpch -

.nane
= 15 naive.plotgric

Koo s o) et Trve, Labeletnaive S0 6 R {chis)
frieata S T A e R o derre, Lobeter vsing L o T (N - L_(ch) \frac(d T_{ch1}at18")
—or X Legtndl|

Show plasma Uimits(

e, Sritintl + K axset(xlabal="Tine [s]", ylabel="$1 {p}é A]", title="Plasea current ST {{p}}¢ #(}".fornat(shot no)};

et
Ip = Tpch = @ # no curren
s Gt 4 i TR headlng
R i) et s i Plasma detected

s fetme of 15,1 ms, rom 2.5 s 10 7.6 ms.

Fssms caent, 429167

=N

Chamber current I, calculation . — s
o [
[ ——— s

figure(dpi=ze

fig = gt
Chser tnucance & chmer for £l 1k renanel. ST (chhs'), Toch. renama( ST {chl+ ), Ip.rensns(




Visible radiation

#39187

——  Ha Radiation power
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Electron density n. interferometry measurement scheme

MW generator PLASMA

O splitter sin(wt)
_/

sin(wt)

sin(wt+o)

. mixer diode
analogue analysis

circuit selective f. band amplifier

saw-tooth voltage

enerator
9 Tektronix DPO 3014

oscilloscope




The GOLEM tokamak interferometry HW




Finally " Typical”, well executed discharge @ GOLEM

#39187
25
S %8 ] —— Loop voltage U,
S 1(5): 9
0
Fo04f 0
o 0.2 A —— Toroidal mag. field B;
O.Q B
g 3! 0
= 27 —— Plasma current /,
5 < ] A
& 0.197 X
238!
RER —— Whole spectrum radiation
9 0.00
£ 0.64 —— electron density ne 0
< 0.4 1
0'2 a f’-—
0.0 T T

5 10 15 20
Time [ms]

o



homepage (=~ 2 minutes after discharge execution

Tokamak GOLEM - Shot Database - #40631 = Basic Diagnostics
The date of discharge execution. 23.02.07 17:23:54 . [Shot Logbook] B 5

The session ID 40605 ¥
The discharge comment Rake probe S6mm
Discharge command

50¢

ignostics.imitermimovcolls “vacuum_shot=40619" ~discharge preionization “m H
infrastructure.posiion_stabilization

+150003000-2010000.25 1200 >,

2030000 225000,

25:
Seambeion 40825 40633 —samment Rake proe S 8]

Technological parameters ° 5 1] 5 3
+ Working Gas: B =5.04 mPa @l ™= 15 MPa@ Xy =H) .
- Toroidal magneii fiel: U ous -

Pk + Cument dive fild: UL S

Go to shot "

20531 | o Plasma: * - & ' :

Golem utils + Plasma: yes of no ¢

Lome . nmwemem, L1088 S (ROMty31=2.67 M5 101013 54 ms) N

Pt asta s

ettt Plasma parameters: ® - 1

 Loop Vollage Ty =6.92 i 10ty

e V. Ui =000V
operations  Toroidal magnetic feld: B,=0.24 T, max.

36T .

Shors st + Plasma current

On stage diagnostics

Dataflow  measurement - digitization - analysis
Name Experiment setup  Data acquistition system  Raw data. Analysis results

v

€ oo

Basic
Diagnostics

o ¢ /d \ &=
i, | = ")

2% § - Without a

EX R \‘—/ e’ | Analysis

$54 . .

& : s - - v
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Tokamak GOLEM - schematic experimental setup

Preionization (electron gun)

— S/ Wion € <on .. on .. off> [-]
Magnetic confinement B; generation

CBt . |
135 mF -|- . Zkv'l'

— Up, € <200 .. 800 .. 1300> [V]

Trigger
sequence

Current drive E.q generation

= l A< M |

v forr T CEch-
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I'N— handling l e
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Remote control interface of the GOLEM tokamak

ren!erlng settings

Introduction | [ENNSOPRECEN  Preionization | Magnetic field | Electricfield | Submit 3D model rendering method:  IECUEEMIEUY  Interactive X3DOM (slower)

Set the pressure and type of the working gas from which the
plasma is formed. Pressure must be high enough for plasma to
form, but low enough for gas breakdown to occur.

3D model rendering

A
@ GAS ) )
handling engineering scheme

Gas type and pressure pyc= 16 mPa

~— sliders and checkboxes

Set recommended value [l 3 workflow buttons




Control room: Introduction

T (e (e e e 30 mocel endering metnoc: [ ricracive X3DOM (Sower)

This web interface will walk you through the process of configuring a
discharge in the GOLEM tokamak. All settable values are perfectly
safe. Proceed through each step by setting the desired values and
then clicking the Next button. You can always go to a specific step by
clicking its tab.

Preionization (electron gun)

Toroidal magnetic field

Current drive

™

JAN
@ GAS ‘@

handling



Control room: Working gas

Set the pressure and type of the working gas from which the plasma is formed. Pressure must be high
enough for plasma to form, but low enough for gas breakdown to oceur.

Vacuum
stand

Qe

handling

[ ———

Set recommended valle




Control room: Preionization

e | v fremeny v

The neutral working gas must be first ionized in order to break down Into a plasma.Using the eleciron gun
wil locally fonize the gas. Without any ionization, no plasma can form.

Preionization (electron gun)

lonization method

Ko




Control room: Magnetic field B;

neoscson | wosong s | preonzsion Cectcten | suom

Set the voliage on the capacitors to be discharged into the toroidzl field coils. The higher the voltage, the
larger the magnetic field confining the plasma.

2|

s

Toroidal magnetic field

‘Set recommended vai




Control room: Current drive E4

oacson | otang g | preonzston | ognetenes PO ... xsoon (sove

Set the voltage on the capacitors to be discharged into the primary transformer winding. The higher the

voltage, the larger the electric field creating plasma.The electric field
discharged after a configurable delay with respect to the magnetic field capacitors.

B 2
Time oeay ofectc 1 star e e magnetc el sars = microseconds
Capacorvorage Us 400V
‘Set recommended value




Control room: ... and Submit

woaucson | wosnggs | preonizsion | wegnesenes | cecvenes [ EREERY o o RO cevecvve xaom samer

Write a comment describing your discharge configuration, L. the scientific aim of your experiment. O just
leave a fiendly message.

ok vt ot o sns your gt o e cuece ([

(B sk s G QU

r—




homepage (=~ 2 minutes after discharge execution

Tokamak GOLEM - Shot Database - #40631 = Basic Diagnostics
The date of discharge execution. 23.02.07 17:23:54 . [Shot Logbook] B 5

The session ID 40605 ¥
The discharge comment Rake probe S6mm
Discharge command

50¢

ignostics.imitermimovcolls “vacuum_shot=40619" ~discharge preionization “m H
infrastructure.posiion_stabilization

+150003000-2010000.25 1200 >,

2030000 225000,

25:
Seambeion 40825 40633 —samment Rake proe S 8]

Technological parameters ° 5 1] 5 3
+ Working Gas: B =5.04 mPa @l ™= 15 MPa@ Xy =H) .
- Toroidal magneii fiel: U ous -

Pk + Cument dive fild: UL S

Go to shot "

20531 | o Plasma: * - & ' :

Golem utils + Plasma: yes of no ¢

Lome . nmwemem, L1088 S (ROMty31=2.67 M5 101013 54 ms) N

Pt asta s

ettt Plasma parameters: ® - 1

 Loop Vollage Ty =6.92 i 10ty

e V. Ui =000V
operations  Toroidal magnetic feld: B,=0.24 T, max.

36T .

Shors st + Plasma current

On stage diagnostics

Dataflow  measurement - digitization - analysis
Name Experiment setup  Data acquistition system  Raw data. Analysis results

v

€ oo

Basic
Diagnostics

o ¢ /d \ &=
i, | = ")

2% § - Without a

EX R \‘—/ e’ | Analysis

$54 . .

& : s - - v
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GOLEM basic Data Acquisition System (DA

Data file example, DAS At = 1lus/f = 1MHz (neutral gas into
plasma breakdown focused)

m U, Us, U, lrad

» At=1pus/ f =1MHz. ‘ U mUsr RV Nl
m Integration time = 40 ms, thus : : L :
DAS produces 6 colums x 40000 first ~ 7405 lines .
rows data file. : : : :
m Discharge is triggered at 5th 0.007383 153931  0.390015 0.048828 0.001831
milisecond after DAS to have a 0.007384 153686  0.395508 0.067749 0.00061
. e 0.007385 154053  0.391235 0.079956 0.00061
zero status identification. 0.007386 153686  0.38147 0.072632 0
0.007387 154207  0.397949 0.059204 0.00061
0.007388 154053  0.384521 0.05249 0.00061
0.007389 154053  0.30856 0.068359 0.001221
0.00739  1.54053  0.393677 0.082397 0.001221
0.007391 153809  0.38208 0.072632 0.001221
0.007392 154297  0.400391 0.056763 0.00061
0.007393 154419  0.383911 0.053101 0.00061
0.007304 153931  0.397339 0.068359 0.001221
0.007305 154297  0.391846 0.084229 0.00061
0.007306 154541  0.394897 0.074463 0.00061
0.007307 154297  0.388184 0.056763 0.001221
0.007308 154297  0.391846 0.056763 0.00061

0.007399 1.54297 0.394287 0.06897 0.00061

néxt % 32500 Iine-s .



Data access

All the recorded data and the settings for each discharge (shot) are available at
the GOLEM website. The root directory for the files is:

http://golem.fjfi.cvut.cz/shots/<#ShotNo>/
The most recent discharge has the web page:
http://golem.fjfi.cvut.cz/shots/0

Particular data from DAS specified with <DASname> and
<DASchannelidentifier> have the format:

http:
//golem.fjfi.cvut.cz/<#ShotNo>/<DASname>/<DASchannelidentifier>


http://golem.fjfi.cvut.cz/shots/<#ShotNo>/
http://golem.fjfi.cvut.cz/shots/0
<DAS name>
<DAS channel identifier>
http://golem.fjfi.cvut.cz/<#ShotNo>/<DAS name>/<DAS channel identifier>
http://golem.fjfi.cvut.cz/<#ShotNo>/<DAS name>/<DAS channel identifier>

Jupyter (python)

import numpy as np
import matplotlib.pyplot as plt

shot_no = 39187

identifier = "U_loop.csv"
DAS=’Diagnostics/BasicDiagnostics/Results/’

# create data cache in the ’golem_cache’ folder

ds = np.DataSource(’golem_cache’)

#Create a path to data and download and open the file
base_url = "http://golem.fjfi.cvut.cz/shots/"

data_file = ds.open(base_url + str(shot_no)+ ’/’ +DAS +identifier)
#Load data from the file and plot to screen and to disk
data = np.loadtxt(data_file,delimiter=",")
plt.title(’#’+str(shot_no))

plt.plot(datal:,0]*1000, datal:,1]) #1. column vs 2. column
plt.xlabel(’Time [ms]’);plt.ylabel(’$U_1$ [V]’);
plt.savefig(’graph. jpg’)

plt.show()

#Run it: save it as script.py and run "pvthon script.py" or execute in a



\YEYdEY)

ShotNo=39187
baseURL="http://golem.fjfi.cvut.cz/shots/’;
diagnPATH=’/Diagnostics/BasicDiagnostics/Results/U_loop.csv’;
%Create a path to data
dataURL=strcat (baseURL, int2str (ShotNo) ,diagnPATH) ;
% Write data from GOLEM server to a local file
urlwrite(dataURL, ’LoopVoltage’);

% Load data

data = load(’LoopVoltage’, ’\t’);

% Plot and save the graph

f = figure(’visible’, ’off’);

hold on

plot(data(:,1)*1000, data(:,2), ’.’) ;
xlabel(’Time [ms]’)

ylabel(°U_1 [V]’)

hold off

print -djpeg plot.jpg

close(f)

exit;



Octave

ShotNo=39187
baseURL="http://golem.fjfi.cvut.cz/shots/’;
diagnPATH=’/Diagnostics/BasicDiagnostics/Results/U_loop.csv’;
%Create a path to data
dataURL=strcat (baseURL, int2str (ShotNo) ,diagnPATH) ;
% Write data from GOLEM server to a local file
urlwrite(dataURL, ’U_Loop.csv’) ;

% Load data

data = load(’U_Loop.csv’, ’\t’);

% Plot and save the graph

plot(data(:,1)*1000, data(:,2), ’.’) ;

xlabel (’time [ms]’)

ylabel (’U_{loop} [V]’)

saveas(gcf, ’plot’, ’jpg’);

exit;



Gnuplot

identifier = ’U_loop.csv’ ;

ShotNo = ’39187’

# Create a path to the data
DAS=’Diagnostics/BasicDiagnostics/Results/’
baseURL="http://golem.fjfi.cvut.cz/shots/’

DataURL= baseURL.ShotNo.’/’.DAS.identifier

set datafile separator ’,’;

set title "Uloop for #".ShotNo;

! wget —-q @DataURL ;# Write data from GOLEM erver to a local file
# Plot the graph from a local file

set xrange [0:0.02];set xlabel ’Time [s]’;set ylabel ’U_1 [V]’
set terminal jpeg; plot identifier u 1:2 w 1 t ’Uloop’

shot_no=39187;\
signal_id="Diagnostics/BasicDiagnostics/Results/U_loop.csv";\
gnuplot -p -e "set title \"Golem\";set datafile separator \",\";\
set xlabel \"t [s]\";set ylabel \"U\";\

plot \"< \

wget -q -0 - http://golem.fjfi.cvut.cz/shots/$shot_no/$signal_id\" \
w1t \"U\""



GNU Waget is a free software package for retrieving files using HTTP,
HTTPS and FTP, the most widely-used Internet protocols. It is a
non-interactive commandline tool, so it may easily be called from scripts,
cron jobs, terminals without X-Windows support, etc.

m Runs on most UNIX-like operating systems as well as Microsoft
Windows.

m Homepage: http://www.gnu.org/software/wget/
m Basic usage:
m To get U;: wget http:
//golem.fjfi.cvut.cz/utils/data/<#ShotNo>/loop_voltage
m To get whole shot: wget -r -nH —cut-dirs=3 —no-parent -12 -Pshot
http://golem.fjfi.cvut.cz/shots/<#ShotNo>


http://www.gnu.org/software/wget/
http://golem.fjfi.cvut.cz/utils/data/<#ShotNo>/loop_voltage
http://golem.fjfi.cvut.cz/utils/data/<#ShotNo>/loop_voltage
http://golem.fjfi.cvut.cz/shots/<#ShotNo>

File—Open—
http://golem.fjfi.cvut.cz/utils/data/<#ShotNo>/<identifier>

Spredsheets (Excel and others)

are not recommended, only tolerated.


http://golem.fjfi.cvut.cz/utils/data/<#ShotNo>/<identifier> 
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Hands on the GOLEM tokamak - equipment




The GOLEM tokamak - standard diagnostics

Plasma

Photocell
with H, filter

coil (hot) B, field coils
& small B;measurement coil



The GOLEM tokamak interferometry HW
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Towards the Electron Energy Confinement Time 7¢ . OtG

House Tokamak
(cooling after heating stops) (cooling after heating stops)

Energy confinement time - demo

— ~1e [
Closed ing OFF i w
windows B o8 (@)
& insulation I _ E‘ o
Tl % (=
206 =
5]
Closed 2 ©
windows H : % \ W P(t = ()
= 04
s 2 @
£ = N N\
2 a
Open g E 0.2 T E
windows El E. S
9}
ﬁ 0.0
Time—— -1 o 1 2 3 4
"Confinement time" time (a.u.)

When heating is switched off, both systems lose their internal energy exponentially.
This motivates the definition of the electron energy confinement time 7¢ .



ITER vs GOLEM

GOLEM:
TE e ~ on the order of 10 us

credit:[4] credit:[5]

Different scale, same physics — and you will measure it today OtG.



What follows — roadmap

m Lawson criterion — the fusion requirement

m Quasi—stationary method @tG — how we measure
confinement

® Ohmic heating power Py

m Electron temperature from Spitzer conductivity T,
m Electron energy content W,

m Putting it all together: the confinement time 7¢



Lawson Crlterion ; credit:Lawson criterion @ Wiki [6]

m To achieve net fusion power, fusion heating must exceed losses:

P, fusion = P loss-

m Plasma energy content:
W =3nkgT.
m Confinement time links energy to losses:
o w
TE = P

m Fusion reaction rate (DT):
1
f= Zn2<av>, Prusion = f En, E, = 3.5 MeV.

m Condition for ignition becomes the Lawson criterion:

12 kg T
e = £ 57 ~15x10%s/m® (DT at T ~ 26 keV).



Measuring 7 . ©tG: the quasi—stationary method

m On GOLEM we cannot switch off the ohmic heating abruptly
(capacitor discharge drives the current throughout the pulse).

Therefore we use the quasi—stationary phase of the discharge:

dip o dTe o dWe

dt dt ~ dt 0.

In this regime, the ohmic heating balances the losses:
POH ~ Ploss'

m The electron energy confinement time becomes:

We
Pon’

TE,e ~

This provides a consistent and reproducible estimate of 7¢ . suitable
for a small tokamak like GOLEM.



discharge — quasi—stationary phase

Quasi—stationary phase:

O RG] m Plasma current /,, electron
phase temperature T, and density ne
Golem shot No:12529
PSS vary only slowly.

m Therefore dW,/dt =~ 0.

T T
Loop voltage

Ui vl

T

Toroidal mag. field —

m Ohmic heating balances losses:

g:‘z’ " Plasma current — = POH ~ PIOSS'
o8 \\L . .
00 N m This is the interval used to

B [T]

1ot [kA]
~
IS

020 e — )

012 viible estimate the electron energy
0.08 . .
004 = confinement time:

We

5 T T
2 [ Electron density

3t

2t ~

il TE,e R b
0 TR S S OH

a4 6 8 10 12 14 16 18 20 22 24 26
time Imsl1

T
L

ne [1018 m3] Intensity [a.u.]
o
°
8

m All quantities are measurable
0tG.



Ohmic heating power Poy OtG

On the GOLEM tokamak the plasma is heated solely by ohmic heating,
driven by the toroidal electric field that sustains the plasma current /,. The

instantaneous ohmic heating power is directly obtained from two
measurable quantities:

POH(t) = Vloop(t) lp(t)u

where Vi, is the toroidal loop voltage measured by the flux loop, and
Ip(t) is the plasma current from the Rogowski coil. In the quasi—stationary

phase, where dW,/dt ~ 0, this power balances the energy losses:
POH ~ PlOSS7

providing the key ingredient for estimating the electron energy confinement
time 7¢ ¢ OtG.



Central electron temperature T, (Spitzer conductivity)

The time evolution of the central electron temperature T¢(0, t) is obtained
from Spitzer's resistivity formula for a collisional, fully ionized plasma.
m Spitzer resistivity (symbolically):
(Te) < Zeg In A T3/2,

m Using n = R,A/L with plasma resistance R,(t) one may write for the
on—axis temperature:

(R 8Zg \? .
Te(ovt) - <32 1544Rp(t‘)> [eV, m, Q]

m For the particular case of the GOLEM tokamak (fixed geometry, Zog~1,
In A=z const) all geometric and numerical factors can be grouped into a single
coefficient, giving the practical formula:

2/3
T.(0,£) ~ 0.9 < \Aﬁc,(:()t)) [eV: A, V].

m Thus ©@tG the central electron temperature can be estimated directly from
the measured I,(t) and Vigop(t).



Electron energy content W, ©tG

The electron energy content follows from the ideal-gas expression for a
single thermal species:

Wa(t) = gne(t) ks To(£) V.

where ne(t) is the line-averaged (or central) electron density, T(t) the
central electron temperature, and V), the plasma volume. For a circular,
low—aspect—ratio tokamak the plasma volume is well approximated by:

V, ~ 2m° Rya?,

with Ry the major radius and a the minor radius. At GOLEM all quantities
entering W, are experimentally accessible:

m n.(t) from microwave interferometry,

m T.(t) from Spitzer conductivity,

m V, from known machine geometry.
Thus We(t) can be evaluated directly during the quasi—stationary phase of
the discharge.



Electron energy confinement time 7¢ . OtG

In the quasi—stationary phase of the discharge, where dW,/dt ~ 0, the
ohmic heating balances the energy losses:

POH ~ 'Dloss-

The electron energy confinement time is therefore obtained as:

CWe() %ne(t)kBTe(t)Vp
TEve(t) o POH(t) N Vloop(t) /P(t)

All entering quantities are experimentally accessible ©tG:

m Pon(t) = Vieop(t) Ip(t),

m T.(t) from Spitzer conductivity,

m n.(t) from interferometry,

m V, from machine geometry.
This yields a self—consistent, fully diagnostic—based estimate of the
electron energy confinement time on the GOLEM tokamak.



Measured quantities ©tG for computing 7¢ .

Directly measured on GOLEM:

Plasma

Y photocell
with H,, filter
i

Rogowski 1
coil (k) B, field coils
& small B;measurement coil

Diagnostics relevant to 7¢ . on GOLEM

m Plasma current /,(t) from the
Rogowski coil (shown as the helical

pickup).

m Loop voltage U, (not needed for g,
but measured).

m Machine geometry: major radius Ry
and minor radius a.

m Electron density from interferometry.

These are all required inputs to compute:

o We(t) %”e(t)kBTe(t)Vp
B POH(t) B VIOOP(t) Ip(t)

TE7e(t)



From measured signals to 7¢ ¢

Plasma discharge
ICh+P(t)v
‘/loop(t)r ne(t)

Vacuum discharge
152e(t), viase (t)

loop

hamber resistan:
Chambe Colstales Plasma current

loop

Ip = lensp — Ra
ch

B Quasi-stationary interval [t1, to]:
Ip = {Ib);, VMoop = (Vicop), e = (ne

Plasma resistivity Central T, (S
R, = Voop T.(0) ~ 09

_Ohmic heating
Pon = Vicop Ip

Ip

_Electron energy
We = 3 heks TeVp

Electron energy confinement time
We

Pon

TE,e
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Towards the Safety Factor g

Relatively Constant Electric Current

] Torcidal
‘:_tl:-L _.J- _ Field

= Coils

Constant Tarcidal Field
Transiont
loical

Field

Resultant
Trangient Field
r

Toroidal Fieta = “Transient
Component Poloidal
Field

Magnetic field lines in a tokamak

Why it matters:

g measures how much field lines twist around the
torus.

A key parameter controlling MHD stability.

Rational g surfaces (g = m/n) — possible island
formation.

Operating limits: too low g — kink instabilities.

ITER, JET, ASDEX-U all use g(a) as a primary
equilibrium metric.

Fundamental limits: ¢g(0) > 1 (avoid internal
kink), g(a) Z 2 (avoid external kink).



ITER vs GOLEM: typical values of g(a)

ITER

Typical edge safety factor: Typical edge safety factor:

g(a)~3-4 g(a) ~2—6
Large device, strong shaping, high

. . Small device: circular plasma, flexible
stability margin.

operating space.



What follows — roadmap to the safety factor g

m Definition of the safety factor — toroidal /poloidal twist of
magnetic field lines.

m Circular tokamak geometry — relation between B;, B, and
plasma current.

m Quantities measured OtG — /,(t) from Rogowski, B; from
toroidal field coils, geometry (Ry, a).
27a’B

m Computing the edge safety factor — g(a) = ey

,UOROIp

m Typical operating window — GOLEM: 2 < g(a) < 6, stability

limits g(0) > 1, g(a) 2 2.




Definition of the Safety Factor g

Relatively Constant Electric Current

aibyp T

||||||

Resultant
Transient Field
r

Toroidal Fletd - “Transient
Component Poloidal
Field

Magpnetic field line winding

Geometric definition:

__ toroidal turns
~ poloidal turns

q(r)

In a circular tokamak:
rB;
r)= —m—m—
q(r) RoBy(r)

where B, is the toroidal field, B,(r) the poloidal
field, Ry the major radius. Using Ampére's law:

o040

This gives the practical form:

(r) - 27Tr2Bt
N = oRoly(r)



Measured quantities @tG for computing g(a)

Directly measured on GOLEM:

Plasma

Ui photocell
with H, filter
4

Rogowski
coil (hot) B, field coils
& small B;measurement coil

Diagnostics relevant to g(a) on GOLEM

m Plasma current /,(t) from the
Rogowski coil (shown as the helical

pickup).

m Toroidal field B; from the TF coil
current (and verified by the small Bt
measurement coil).

m Machine geometry: major radius Ry
and minor radius a.

These are all required inputs to compute:

o 27T82 Bt

- NOROIp ’

q(a



Computing the edge safety factor g(a)

Definition:
(r) = rB:
A RoBy (1)
Using Ampere’s law at the plasma edge:
,MOIp
B ===,
P(a) 27‘_3
Insert into the definition:
(a) _ 27Ta2Bt
B = LRl
For GOLEM (fixed geometry):
Koo = 272
HoRo
B
q(a) = Kgcom Tt
P

Thus:measuring I,(t) and knowing B; is fully sufficient to compute g(a) for any
discharge on GOLEM.



From measured signals to the safety factor g(a) ©tG

Plasma current Toroidal field
Ip(t) from Rogowski B; from TF coils

GOLEM geometry (constant)
R(), a

and mean current

Quasi—stationary interval
b = <’p>

Safety factor at the edge:
27a?B;
q(a) =

1o Ro 7p
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The global schematic overview of the tG experiment

Tokamak technology setup

Preionization (electron gun)

Magnetic coninement £, generation,

s
=8
wi
o2

E

WWW server

OpenSSH serve

gnostics , ., OpensSSH server

J J
e

intensty a1, ()

internet
—

Virtual control room
(remote participation)

WWW control

A Data presentation
interface

HTML & PHP scripts

HTML (www pages)

SSH control
interface
WINDOWS via putty

Data handling

*wget
*gnuplot
*idl
— *mathematica
LINUX via ssh *matlab
or ssh+X tunnel *et,
(advanced mode) etc...




Two key fusion technology parameters you can touch

experimentally

Energy Confinement Time 7¢ Safety Factor g

P

ext

magnetic | @
surfaces  Ro

credit:[2] credit:[3]

m Describes how magnetic field lines
wind around the torus. Key stability
parameter (MHD behaviour).

m Indicates how long the plasma keeps
its energy — a key fusion metric.

m
P— Wplasma [ ] )
E = Ploss q(a) = 2ma” B
m On tG, from energy balance, we woRlp
estimate the electron component 7¢ m On tG, derived from B; and plasma

( we can measure only n. and T. ). current /.



Production

m Everything via http://golem.
fjfi.cvut.cz/warsaw

This presentation

Control rooms

Contact: Vojtech Svoboda,
+420 737673903,
vojtech.svoboda®@fjfi.cvut.cz
Videoconference:
https://meet.google.com/hnv-
qjhu-xvi



http://golem.fjfi.cvut.cz/warsaw
http://golem.fjfi.cvut.cz/warsaw
https://meet.google.com/hnv-qjhu-xvi
https://meet.google.com/hnv-qjhu-xvi

Fee: postcard from the venue of remote measurements
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