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Introduction



Milestones to Fusion Power Plant




Education importance

Education is the
k.eq to success




Let's start with the tokamak GOLEMthe smallest
tokamak in the World with the biggest controll room




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).

ontents

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 backgro

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 pawof celestial
stars themselves. Calmly dormant, awaiting mankind to diger the magic
key, to use this power for their benet...

At the end of the 16th century, in the times when
the Czech lands were ruled by Emperor Rudolf II,
Prague, there were Rabbi Judah Loew, well knowr
alchemist, thinker, scholar, writer and inventor of
the legendary GOLEM - a clay creature inspired wi
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 usefu
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 Con nement Time ¢

P

ext

" (1= )Py Pou

credit:[2]

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

- Wplasma
Ploss
= On tG, from energy balance, we
estimate the electron componente.e
( we can measure onlye and Te ).

E

Safety Factor g

Lo
magnetic | 2
surfaces  Ro

credit:[3]

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

2 a%B;
oRlp
m On tG, derived fromB; and plasma
current Ip.

a(a) =



Production

m Everything viahttp://golem.
fifi.cvut.cz/warsaw

This presentation

Control rooms

Contact: Vojtech Svoboda,
+420 737673903,
vojtech.svoboda@fj .cvut.cz
Videoconference:
https://meet.google.com/hnv-
gjhu-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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The Tokamak (GOLEM)



Tokamak magnetic con nement concept

credit:Tokamak concept@Wiki


wiki:GeneralTokamakConcept

Tokamak (GOLEM) basic concept
to con ne and heat the plasma

Transformer
(o]}

Toroidal

magnetic field = a
coils u
TO: generate toroidal magnetic field B

to confine the plasma Vacuum
chamber




The tokamak GOLEM basic characteristics

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

m Vessel major radiud®p =0:4 m

m Vessel minor radiugg =0:1 m

= Maximum plasma current:

& < 12 kA

m Maximum toroidal magnetic
eld: BM* < 07T

Typical electron density:
<ng>2(0:2;3) 10°m 3

m Maximum electron temperature:

T < 80 eV

Maximum discharge duration:
g < 50 ms




The global schematic overview of the tG experiment

Tokamak technology setup internet D Virtual contro_l room
== (remote participation)

Preionization (electron gun)

WWW control
interface

Magnetic coninement £, generation,

Data presentation

USER
authorization

HTI

ripts HTML (www pages)
WWW server
OpenSSH serve

SSH control
interface
WINDOWS via putty Data handling

Basic plasma diagnostics ..., OpenSSH server
T — toop vortage ] " *wget
*gnuplot
s - *idl
e *mathematica
wﬁ LINUX via ssh *matlab
or ssh+X tunnel *et
M (advanced mode) etc...
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Our goal: the technology to create &un on the Earth




Magnetic con nement requires toroidal geometry




A chamber contains the thermonuclear reaction




Toroidal magnetic eld coils con ne the plasma




A transformer action creates and heats the plasma

Ll 1|
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The nal technology altogether
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Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
m pre-discharge phase

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

_.:§ U . m discharge phase

m Trigger Magnetic
= Current drive By generation con nement & Current
: drive

m Plasma positioning
m Diagnostics
m post-discharge phase
m Data collection &
analysis
m Shot homepage creation

Preionization (electron gun)

Magnetic confincment B, generation




Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
m pre-discharge phase
m Charge the capacitors
m Fill in the working gas
m Preionization
m discharge phase
m Trigger Magnetic
con nement & Current
drive
m Plasma positioning
m Diagnostics
m post-discharge phase
m Data collection &
analysis
m Shot homepage creation




Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
m pre-discharge phase
m Charge the capacitors
m Fill in the working gas
m Preionization
m discharge phase
m Trigger Magnetic
con nement & Current
drive
m Plasma positioning
m Diagnostics
m post-discharge phase
m Data collection &
analysis
m Shot homepage creation




Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
m pre-discharge phase
m Charge the capacitors
m Fill in the working gas
m Preionization
m discharge phase
m Trigger Magnetic
con nement & Current
drive
m Plasma positioning
m Diagnostics
m post-discharge phase
m Data collection &
analysis
m Shot homepage creation

—» Ut € <200 .. 450 .. T00> [V]



Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
m pre-discharge phase
m Charge the capacitors
m Fill in the working gas
m Preionization
m discharge phase
m Trigger Magnetic
con nement & Current
drive
m Plasma positioning
m Diagnostics
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m Data collection &
analysis
m Shot homepage creation
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Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
m pre-discharge phase
m Charge the capacitors
m Fill in the working gas
m Preionization
m discharge phase
. ' m Trigger Magnetic
con nement & Current
drive
m Plasma positioning
m Diagnostics
m post-discharge phase
m Data collection &
analysis
m Shot homepage creation

Preionization (electron gun)
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Plasma in Tokamak (GOLEM) - the least to do

m session start phase:

m Evacuate the chamber
m pre-discharge phase

m Charge the capacitors

m Fill in the working gas
m Preionization

m discharge phase

e <0 3600 . 100005 [;;s m Trigger Magnetic
Current drive Lo generation con nement &

Magnetic confincment B, generation

A Current drive
(g L 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'

— Up, € <200 .. 800 .. 1300> [V]

Trigger
sequence

Current drive E.q generation

= l A< M |

v forr T CEch-

acuum stan @ GAS 48 mF-l- ( 2le|.
I'N— handling l e

— pi € <0 .. 10 .. 40> [mPa] = Ugea € <200 .. 450 .. 700> [V]
—> tgeq € <0 .. 1000 .. 10000> [us]




Remote control interface of the GOLEM tokamak

rendering settings

Introduction |[EWSIPUNISEEM  Preionization | Magneticfield | Electricfield | Submit 3D model rendering method:  IEEUECACIl  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 o
handling engineering scheme

Gas type and pressure pyg= 16 mPa

- sliders and checkboxes

Set recommended value [Ra 3 work ow buttons




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




Switch on the preionization




Introduce the magnetic eld



Introduce the electric eld



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




Infrastructure room (below tokamak) 10/16




Tokamak room (North) 10/16




Tokamak room (North) 10/16




Tokamak room (South) 10/16




Tokamak room (South) 10/16
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The GOLEM tokamak - basic diagnostics




Hands on the GOLEM tokamak - equipment




Basic diagnostics - numerical processing, shot homepa




Basic diagnostics - numerical processing, raw data




Basic diagnostics - numerical processing,

Jupyter-notebook@GitLdhownload & play



Basic diagnostics - numerical processing, Jupyter-notel

applied on the Discharge #



Loop voltagel, @ the GOLEM tokamak



Basic diagnostics - numerical processligsp




Toroidal magnetic eldB; @ the tokamak GOLEM




Basic diagnostics - numerical processByg,




Total currentlep




Basic diagnostics - numerical processlog, p




Visible radiation



Electron densityn interferometry measurement scheme




The GOLEM tokamak interferometry HW



Finally "Typical", well executed discharge @ GOLEM

#39187
25
S %g ] —— Loop voltage U,
5 121 v
0
£ 04 { P
o 0.2 1 —— Toroidal mag. field B
0.(1 1
g3 i
= %: —— Plasmacurrent |,
S 0121
S.0.09 1 P
2 888 ] —— Whole spectrum radiation
& 0.00
£ 0.6 4 —— electron density  n, D
£ 0.4 A
0.2 i f-—
0.0 T T T
0 5 10 15 20

Time [ms]



Shot homepage ( 2 minutes after discharge execution)
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Tokamak GOLEM - schematic experimental setup



Remote control interface of the GOLEM tokamak



Control room: Introduction




Control room: Working gas



Control room: Preionization




Control room: Magnetic eld;



Control room: Current drivEqq



Control room: ... and Submit




Shot homepage ( 2 minutes after discharge execution)
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GOLEMbasic Data Acquisition System (DAS)

Data le example, DAS t =1 s/f = 1MHz (neutral gas into
plasma breakdown focused)

] U| ) UB[ ; U|p+ch; Irad

m t=1 s f=1MHz. ! Y Uder Y d00pcn) hrad
. . dt —a
m Integration time = 40 ms, thus : : : :
DAS produces 6 colums x 40000 ret 7405 lines .
rows data le. : : : :
m Discharge is triggered at 5th 0.007383 153931  0.390015 0.048828 0.001831
milisecond after DAS to have a 0.007384  1.53686  0.395508 0.067749 0.00061
. . . 0.007385  1.54053  0.391235 0.079956 0.00061
zero status identi cation. 0.007386  1.53686  0.38147 0.072632 0
0.007387 154297  0.397949 0.059204 0.00061
0.007388  1.54053  0.384521 0.05249 0.00061
0.007389  1.54053  0.39856 0.068359 0.001221
0.00739 154053  0.393677 0.082397 0.001221
0.007391  1.53809  0.38208 0.072632 0.001221
0.007392  1.54297  0.400391 0.056763 0.00061
0.007393  1.54419  0.383911 0.053101 0.00061
0.007394 153931  0.397339 0.068359 0.001221
0.007395  1.54297  0.391846 0.084229 0.00061
0.007396  1.54541  0.394897 0.074463 0.00061
0.007397  1.54297  0.388184 0.056763 0.001221
0.007398  1.54297  0.391846 0.056763 0.00061

0.007399 1.54297 0.394287 0.06897 0.00061

next 32500 lines ..



Data access

All the recorded data and the settings for each discharge (stao8 available at
the GOLEM website. The root directory for the les is:

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

Particular data from DAS speci ed withk DASnameand
<DASchannelidentifier>  have the format:

http:
/lgolem.fifi.cvut.cz/<#ShotNo>/<DASnhame>/<DASchannelidentifier>



Jupyter (python)

import numpy as np
import matplotlib.pyplot as plt

shot_no = 39187

identifier =

DAS=

# create data cache in the 'golem_cache' folder

ds = np.DataSource( )

#Create a path to data and download and open the file
base_url =

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(data[:,0]*1000, data[:,1]) #1. column vs 2. column
plt.xlabel( );plt.ylabel( );

plt.savefig( )

plt.show()

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



Matlab

ShotNo=39187

baseURL= ;
diagnPATHZ ;
%Create a path to data

dataURL=strcat(baseURL, int2str (ShotNo),diagnPATH);
% Write data from GOLEM server to a local file
urlwrite(dataURL, );

% Load data

data = load ( );

% Plot and save the graph

f = figure ( , );

hold on

plot (data(:,1)*1000, data(:,2), )

xlabel ( )

ylabel ( )

hold off

print -djpeg plot .jpg

close (f)

exit;



Octave

ShotNo=39187

baseURL= ;
diagnPATHZ :
%Create a path to data

dataURL=strcat(baseURL, int2str (ShotNo),diagnPATH);
% Write data from GOLEM server to a local file
urlwrite(dataURL, );

% Load data

data = load ( );

% Plot and save the graph

plot (data(:,1)*1000, data(:,2), )

xlabel ( )

ylabel ( )

saveas(gcf, , );

exit;



Gnuplot

identifier = ;

ShotNo =

# Create a path to the data

DAS=

baseURL%*

DataURL= baseURL.ShotN¢. .DAS.identifier

set datafile separator ;

set title .ShotNo;

I wget - @DataURL # Write data from GOLEM erver to a local file
# Plot the graph from a local file

set xrange [0:0.02]; set xlabel ; set ylabel

set terminal jpeg; plot identifier u 1:2 w | t

shot_no=39187;\
signal_id= A\
gnuplot -p -e



GNU Woget

GNU Woget is a free software package for retrieving les using HTT
HTTPS and FTP, the most widely-used Internet protocols. It is a
non-interactive commandline tool, so it may easily be callezhfrscripts,
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:
/lgolem.fifi.cvut.cz/utils/data/<#ShotNo>/loop_voltage

m To get whole shot: wget -r -nH {cut-dirs=3 {no-parent -I2 -Pshot
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.
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Hands on the GOLEM tokamak - equipment




The GOLEM tokamak - standard diagnostics




The GOLEM tokamak interferometry HW
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Towards the Electron Energy Con nement Timg. @tG

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

When heating is switched o, both systems lose their internakagy exponentially.
This motivates the de nition of the electron energy con nement tane.e.



ITER vs GOLEM

ITER: GOLEM:
e 36s E:e Onthe order of 10 s

credit:[4] credit:[5]

Di erent scale, same physics | and you will measure it today @t



What follows | roadmap

m Lawson criterion | the fusion requirement

m Quasi{stationary method @tG | how we measure
con nement

m Ohmic heating power Poy

m Electron temperature from Spitzer conductivityl ¢
m Electron energy content W,

m Putting it all together: the con nement time g



LaWSOH Crlterlon _ credit:Lawson criterion @ Wiki [6]

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

Pfusion  Ploss:

m Plasma energy content:

W =3nkgT:
m Con nement time links energy to losses:
— W .
E — .
I:)Ioss
m Fusion reaction rate (DT):
1 .
f= anh Vi Prusion = f E : E =3:5MeV:
m Condition for ignition becomes the Lawson criterion:
12 kg T
ng —2_ 15 100%s=m® (DTatT 26keV):

E hvi



Measuring g.e @tG: the quasi{stationary method

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

m Therefore we use thequasi{stationary phase of the discharge:
dlp _ dTe _ dWe
dt ’ dt ’ dt

= In this regime, the ohmic heating balances the losses:

0:

Pon  Ploss:
m The electron energy con nement time becomes:

We
Pon

E.e

m This provides a consistent and reproducible estimate ©f suitable
for a small tokamak like GOLEM.



The discharge | quasi{stationary phase

Quasi{stationary phase:

Plasma currentl,, electron
temperatureT and densityneg
vary only slowly.

ThereforedWe=dt 0.

Ohmic heating balances losses:
Pon Ploss!

This is the interval used to
estimate the electron energy
con nement time:

We |
Pon -

E;e

All quantities are measurable
atG.



Ohmic heating powelPoy @tG

On the GOLEM tokamak the plasma is heated solelydhymic heating,
driven by the toroidal electric eld that sustains the plasncarrentl,. The

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

Pon(t) = Vloop(t) Ip(t);

whereV)qp is the toroidal loop voltage measured by the ux loop, and
Ip(t) is the plasma current from the Rogowski coil. In the quasi{statoy

phase, wher@lWe=dt 0, this power balances the energy losses:

Pon  Ploss:

providing the key ingredient for estimating the electron enempn nement
time g.. @tG.



Central electron temperaturg. (Spitzer conductivity)

The time evolution of the central electron temperatuiie,(0;t) is obtained
from Spitzer's resistivity formula for a collisional, fully i@ed plasma.
m Spitzer resistivity (symbolically):

(Te)! Ze In T, %2

m Using = RyA=L with plasma resistanc®,(t) one may write for the
on{axis temperature:

Ry 87 2=3

a2 1544R,(t)
m For the particular case of the GOLEM tokamak ( xed geomet&, 1,
In  const) all geometric and numerical factors can be grouped into a sinc
coe cient, giving the practical formula:

Te(0;t) = [evim;]:

Loy oo PO T ey Ay
e Vloop(t) Y

m Thus @tG the central electron temperature can be estimatedadly from
the measured,(t) and Vigep (t).




Electron energy contetw, @tG

The electron energy content follows from the ideal-gas expressiom f
single thermal species:

We(t) = > ne(t) ke Te(t) Vp;

whereng(t) is the line-averaged (or central) electron densify,(t) the
central electron temperature, and, the plasma volume. For a circular,
low{aspect{ratio tokamak the plasma volume is well approximétey:

Vp 2 2Red’;

with Ry the major radius anda the minor radius. At GOLEM all quantities
enteringWe are experimentally accessible:

m Ne(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
the discharge.



Electron energy con nement timg.. @tG

In the quasi{stationary phase of the discharge, whei&.=dt 0, the
ohmic heating balances the energy losses:

Pon  Ploss:
The electron energy con nement time is therefore obtained as:

We(t) _ 3ne(t)keTe(t)Vp.
I:’OH(t) Vloop(t)lp(t) .

All entering quantities are experimentally accessible @tG

m Pop (1) = Vieop (1) Ip(t),

m T¢(t) from Spitzer conductivity,

m ng(t) from interferometry,

m V, from machine geometry.
This yields a self{consistent, fully diagnostic{based estimatethe
electron energy con nement time on the GOLEM tokamak.

Ee(t) =



Measured quantities @tG for computirg

Directly measured on GOLEM:

Diagnostics relevant to g.e on GOLEM

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

pickup).

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

m Machine geometry: major radiusRg
and minor radiusa.

m Electron density from interferometry.

These are all required inputs to compute:

We(t) _ %ne(t)kBTe(t)VP:

E:e(t) = Pon (t) - V|00p (t) |p(t)



From measured signals tp.e @tG

Plasma discharge
Ich+ p(t),
Vioop (t), Ne(t)

Vacuum discharge
132 (1), Ve (1)

Chamber res‘ilggance
loop
vac Ip = leh+
lch g eI

Plasma current
loop

Ren

Quasi{stationary interval [t1;t2]:
lp = hpi; Vieop = WVigopi; Ne = Mei

Plasma resistivity Central Te (Spitzer)
R = Vllip Te(0)
p

Ohmic heating
Pon = Vloop Ip

Electron energy
We = 3 nekg TeVp

Electron energy con nement time
We

Pon

Eie =
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Towards the Safety Factay

Magnetic eld lines in a tokamak

Why it matters:

m g measures how much eld lingsvist around the
torus.

m A key parameter controlling MHD stability.

m Rationalq surfaces § = m=n)  possible island
formation.

m Operating limits: too lowq  kink instabilities.

m ITER, JET, ASDEX-U all usej(a) as a primary
equilibrium metric.

m Fundamental limits: q(0) > 1 (avoid internal
kink), g(a) & 2 (avoid external kink).



ITER vs GOLEM: typical values gfa)

Typical edge safety factor: Typical edge safety factor:

a@ 3 4 q@ 2 6
Large device, strong shaping, high

) X Small device: circular plasma, exible
stability margin.

operating space.



What follows | roadmap to the safety factoq

m De nition of the safety factor | toroidal/poloidal twist of
magnetic eld lines.

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

m Quantities measured @tG| Iy(t) from RogowskiB; from
toroidal eld coils, geometryRp; a).

2 a’B;
OROIp .

m Typical operating window | GOLEM: 2 < q(a) < 6, stability
limits q(0) > 1, q(a) & 2.

m Computing the edge safety factor | q(a) =




De nition of the Safety Factoq

Magnetic eld line winding

Geometric de nition:

toroidal turns
poloidal turns

q(r) =

In a circular tokamak:

where B, is the toroidal eld, By(r) the poloidal
eld, Ry the major radius. Using Amgere's law:

olp(r)
2r

Bp(r) =
This gives the practical form:

2 rth .

A= R (D)’



Measured quantities @tG for computa(@)

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

pickup).
m Toroidal eld B from the TF coil

current (and veri ed by the small Bt
measurement coil).

Directly measured on GOLEM:

m Machine geometry: major radiusRy
and minor radiusa.
These are all required inputs to compute:

Diagnostics relevant to q(a) on GOLEM 2 ath

a@ = =g




Computing the edge safety factq(a)

De nition: B
Bt
r)= :
q(r) RoBy ()
Using Ampere's law at the plasma edge:
I
Bp(a) = =2P:
p(d) > a
Insert into the de nition:
q(a) _ 2 ath .
0R0|p .
For GOLEM ( xed geometry):
2 &
Koeom = =Ry
B
q(a) = Kgeom -

lp
Thus:measurindp(t) and knowingB; is fully su cient to compute q(a) for any
discharge on GOLEM.



From measured signals to the safety facta) @tG

Plasma current Toroidal eld
Ip(t) from Rogowski Bt from TF coils

GOLEM geometry (constant)
Ro; a

and mean current
lp = hpi

{ Quasi{stationary interval }

2 a?By
q@d =
oRo Ip

‘ Safety factor at the edge: |
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The global schematic overview of the tG experiment



Two key fusion technology parameters you can touch

experimentally

Energy Con nement Time ¢ Safety Factor g

credit:[2] credit:[3]

= Indicates how long the plasma keeps ™ Describes how magnetic eld lines
its energy | a key fusion metric. wind around the torus. Key stability
parameter (MHD behaviour).

- Wplasma | 5
E Ploss q(a) - 2 aB:
= On tG, from energy balance, we oRlp

estimate the electron componente.e m On tG, derived fromB; and plasma
( we can measure onlye and Te ). current Ip.



Production

m Everything viahttp://golem.
fifi.cvut.cz/warsaw

This presentation

Control rooms

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



Fee: postcard from the venue of remote measurement
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