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Fakulta jaderna a fyzikdIn& inZenyrskd (FJFI)
Ceské vysoké uteni technické v Praze

N

insignie FJFI Betlémska kaple - slavnostni siit CVUT

Hlavni budova FJFI v Praze - B¥ehova

m CVUT zaloZena roku 1707 cisatem Josefem .

m CVUT mé priblizn& 2700 zam&stnanci, 16500 vysokoskolskych
studentd, 1700 doktorandi. (& 2500 zahraninich student).

m FJFI byla zaloZena v roce 1955 s poslanim vyskolit nové odborniky na
vznikajici ¢eskoslovensky jaderny program.

m FJFI je v soucasné dob& centrem vzdélavani a vyzkumu, které se
specializuje na hrani¢ni oblasti mezi moderni védou a jejich aplikacemi
v technologiich, medicing, ekonomii, biologii, ekologii a dalSich
oborech.
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Aplikované ptirodni védy - Elektfina a magnetismus
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Aplikované ptirodni védy - Lekselliv Gamma n(iz

l Radioactive l




Google: Energy
About 2,950,000,000 results (0.60 seconds)




Zakladni princip tepelné elektrarny

péra
turbina _——
spotiebic

generator

Zakladni otazka zni:

?? Cim topit ??




Uhelna elektrarna

Praha (~ 1 GW): denn& ~ vlak uhli

Emise



Jaderna elektrdrna - $tépnd

Generator

Reaktor

Kondenzator

Cerpadlo

Praha (~ 1 GW): ro&n& ~ vagén jaderného paliva

Dotdhnout technologii: Suroviny, Odpad, Bezpenost
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Topit malym Sluncem /hvé&zdou 77
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Vyzva
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MuzZeme se zmocnit-energies ..
kbera pohani Slunce/hveézdyg j_‘i




1952 " Operation Ivy - Mike" Prvni test vodikové bomby

Operation Ivy - Mike 10.4 Megatons

credit:YouTube:lvy Mike Countdown and detonation

|
Toto neni vhodnd technologie




Inercidlni fize

Injection

Light lon Beam Inertial Confinement Fusion
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Velka vyzva

credit:mext.jp



NIFOLLNL 12/22

Zazeh (ignition)

Vyprodukovani vice &~ 150 % energie z fize (3.15 MJ), nez kolik bylo
zapot¥ebi energie v podobé laserového impulzu (2.05 MJ) do experimentu
dodat.



Magnetic confinement: magnetic bottle
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Vize: Jadernd elektrarna - sluéovaci/fizni

Blanket

Magnet coils

Plasma heating
Current drive

Divertor
Turbine
Generator

credit: Max-Planck-Institute

Praha (~ 1 GW): ro¢né ~ doddvka D-T smési

Vypiplat technologii



Inspirace:

Slunce - protonovy fetézec

Main Form of Proton-Proton (pp) Chain in Sun
® oet 4

1
Hen
H e 0
‘h\ f \{? -8 D
:g_l_if 9/ 3He K.y
SR O proton
P \3 ¥ © neutron
H v @ positron
O v neutrino
WAV oy photon
credit:CSIRO

4lp=3He+2e" +21e+27+26.73 MeV



Pro¢ tak obrovské teploty?

m Coulomb law:
Fr— -1 Q Q@

T 4meg  r?

ID(10kev) 13 T(10kev) =3 Hez smev) + N(14.1Mev)



Star burning stages

Core Burning Stages in a 25 Solar Mass Star:

Fuel: Products: Temperature Minimum Burning

(K): Mass: | Period:
H He 4x 108 01  7x108
years
He C,0 1.2x108 04  5x10°
years
C Ne, Na, 6x 108 4 600
Mg, O years
Ne O,Mg 1.2 x 10° ~8 1year
O SiLSP  15x10° ~8 ~0.5
years

Si Ni-Fe 2.7 x 109 ~8 ~1day




Uvolnéni vazebné energie atomovych jader

[— >8r P
Cr e R L

-

Binding energy per nucleon (MeV)
Energy released by fusion

0 20 40 60 80 100 120 140 160 180 200 220 240

Mass number (A)

fize lehkych jader X $tépeni tézkych jader

2D+3T =*He+!n + 17.6MeV X B5U 4 nenermal = Kr+**Ba + 3n + 176MeV



Fazni 2H - $H (deuterium - tritium) reakce

(nejvhodng&jsi kandidat do pozemskych podminek)

8 “He + 3.5 MeV

24 Q/ T o n+14.1 MeV

credit: Wikipedia contributors
2H 3H 4H 1
1710 kev + 1710 kev = 3F1€35 Mev+gN14.1 Mev

may = 2.01355m,,, msy = 3.01550m,,, my, = 4.00150m,,, m, = 1.007332m,,
m(2H+3H = 5.02905mu,m(He+n) = 501017”’1”,
pak hmotnostni schodek Am = 0.01888m,,.
E=Amc?* E =Am krit CZ?“:17.6 MeV

leV ~ 11600°C ~ 2H1g0 mcc + $H100 moc = 3Hess goc+ghia1 coc



Palivo: IAEA " Natural water”




Odpad




Bezpetnost

Reactor containment

Lithium
blanket

Deuterium

* Nejde o Fetézovou reakci.

. * Tritium: slaby (8 za¥i¢

Pr:‘rgasry vessel [\ Helium .. 7 Ve

e  Hole e Tijp = 12.5 roku. Minimlni

s nebezpedi.

" e ¥ Minimalizovany potencidl aktudlng
pfitomného D-T paliva.

Vacuum

Steam
generator



Hleda se vhodnd flzni technologie

Podminky:

Zah¥at na ~ 100 000 000 °C & udrzet po dobu ~ 30 let +
konkurenceschopnost




Badatelska skupina / studijni specializace
Fyzika plazmatu a termojaderné fize
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99.999 % Vesmiru je v plazmatickém stavu




Ohf¥ev plazmatu

Radio Frequency Heating

credit: Eurofusion



Fundamental forces (to confine?)

lustration: Typoform
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Electronics




Magnetické udrzeni: magneticka nddoba

Musime ji ale svinout do kruhu (zbavit se podstav)

zachranny kruh/duse pneumatiky/donut



Tokamak magnetic confinement concept

credit: Tokamak concept@Wiki



Let's make a discharge




The global schematic overview of the GOLEM experimen

Tokamak technology setup
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Vision: Nuclear power plant — a fusion one

Blanket

Magnet coils

Plasma heating
Current drive

Divertor

Turbine
Generator

credit: Max-Planck-Institute

Prague (~ 1 GW): yearly ~ a van of D-T mixture

Master the Technology



Milestones to Fusion Power Plant




1997: Svétovy fuzni rekord @ JET (EU)

output comparison 1997 and
2021.png

DTE2 59 MJ

Fusion Power (MW)

00 10 20 30 40 50 60 70
time (s)

1997:P ~ 22 MW, @ ~ 0.65, AT ~5 s,
2¢MN9-P ~FKO0O MW O ~?2 AT ~A c



ITER =~

Feeders (31)

Correction Coils (18)

17 billion euros

ITER Member Contributions

Thermal Shield

Vacuum Vessel

Central Solenoid (6)

=

m Fusion power 0.5
GW for 10 min.

m Q = 10.
m Feasibility.




ITER status update 07/24 ~ 22 miliard EUR

Odklad dosazeni plného vykonu o 4 roky na 2039 + navySeni nakladi o 5
mld. EUR na 22 mld. EUR:

COVID, RUxUA, chyba Korejcli v rozmérech segmenti reaktoru, naleptdnf{
heliového chladiciho potrubi, kompletni vyména prvni stény z beryllia na
wolfram, zndsobeni mikrovinného oh¥evu plazmatu.




Ptispévek Ceské republiky: tokamak
COMPASSQIPP.CAS.CZ
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Education importance

Education is the
key to success

o fE N




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

START




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

Transformer
core

Plasma
"’ al electric field 1in
Plasmg current I, LN

Toroidal ‘1 ]

magnetic field X bt 4
coils u % ..’ /
TO: generate toroidal mag‘netlc field B;
to confine the plasma

Vacuum
chamber




The global schematic overview of the GOLEM experimen

Tokamak technology setup
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The GOLEM tokamak basic characteristics

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

m Vessel major radius: Ry = 0.4 m

m Vessel minor radius: ry = 0.1 m

m Maximum plasma current:
[ < 8 kA

m Maximum toroidal magnetic
field: B"™* <05 T

m Typical electron density:
< ne >€(0.2,3) -10° m—3

m Maximum electron temperature:
TN < 80 eV

m Maximum discharge duration:
Tp % < 25 ms




Tokamak GOLEM @ Wikipedia ..

Hle Eit Vew Go Sookmads Toos Setngs Window Hep
FY 31 A E~21 W hups:fen wikipedia.org/wikirTokamak aev|
Shome , @ lendit S Produkee | @ Forecsst © Somk S Rano

& Notlogged in Talk Contributions Create account Login (]

Article Talk Read Edit View history

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
rraat auact —— 5 Sinld linac that Ao - hatical cho b o holical 6 - = tncoidal fiold &

f )< >

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 .
\,;

er
i, thefree encyc | W Tokamak - Wikiped, the ree encyc- | B8 (svoboda) buon {f vtz - Konso




The GOLEM tokamak 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 I, 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. Wikipedia contributors .




The global schematic overview of the GOLEM experimen

Tokamak technology setup
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Nas c

|: vytvorit uSlunce v pozemskych podminkach




Magnetické udrzeni vyZaduje toroidaIni geometrii
Svinuta magnetickd nadoba




Musime to celé umistit do reaktorové nadoby - komory




Toroidalni magnetické pole udrZuje plazma




Transformdatorovd akce vytvori a zahteje plazma
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Vse dohromady - voila tokamak
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Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
Preionization (electron gun)

m pre-discharge phase
m Charge the capacitors

| C — M — o) 2 .
o |G m Fill in the working gas
ol ( F m Preionization
Toroidal magnetic field L dISCharge phase
m Toroidal magnetic field
Current drive to confine plasma
o — m Toroidal electric field to
y S : breakdown neutral gas
‘acuum stand GAS smr : L .
@ nandiing (121 mT v into plasma
O m Toroidal electric field to

heat the plasma
m Plasma positioning
m Diagnostics

m post-discharge phase



The GOLEM tokamak mission

ii) Runaway electron,




Lawson Crlterlon credit:Lawson criterion @ Wiki Wikipedia contributors

m Net power = Efficiency x (Fusion - Radiation loss - Conduction loss)
m The confinement time: 7¢ = P‘I/V

Energy density W = 3nkg T & rate of radiation and conduction
energy loss per unit volume P,

Reactions per volume per time of fusion reactions is:

f = nany(ov) = 1n?(ov)

m Fusion heating fE.,, where E., = 3.5 MeV should exceeds the losses:
fEch > Ploss
12 kgT

> =< > 1.5.10%0 >
e = En (ov) m3

(DT reaction@minimum =~ 26 keV)



Towards ... Energy confinement time

Tokamak

House
g Energy confinement time - demo
3 S
— 10
Closed Heating OFF - t
windows 3 \
& insulation || = o8 @)
= = ()]
AN - c \
206 =)
Closed g ©
windows El Z O H/P(t f— 0)/
e ° g 04 T
3 =
g ] W—’\
Open & = 0.2
Wi | g G-
& < 00
Time —— -1 0 1 2 3 4

"Confinement time"
time (a.u.)



T¥i moZné cesty jak udrzet plazma pro fuzi

Lawsonovo kritérium: n7g > 1.5-10025 (2x 6> 11 || 6 x 2> 11)

Long-lived low-density
Confinement

Continuous - 4
onfinement
Inertial Confinement

Gravitational Confinement
inthe Sun and Stars

Using Lasers



Runaways electrons - Brief introduction

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils

Resulting helical magnetic field

Toroidal field coils

Plasma electric current
(secondary transformer circuit)

Toroidal magnetic field
credit: Wikipedia contributors

m Strong guide field generated by
toroidal field coils.

m Plasma current induced by
transformer coils is needed to
establish stable magnetic field
configuration

Each electron is affected by the electric
field and by collisions.

The force of the electric field
accelerates the electrons, whereas the
friction force decelerate them.

When the force of the electric field tops
the friction force, the electron is
accelerated.

The cross section of collisions falls and
the electron achieves almost a speed of
light.

As the electron is accelerated the radius
of its trajectory increases.

The electron emits photons due to
synchrotron radiation, bremsstrahlung,
collisions with the vessel (most
electrons hit the limiter)



Runaway electrons, a brief intro

Pulse 86801 iw ‘

[ Plasma
15 current

T RE Plateau
2, t
91'0." -
05k DMV1 DMvV2
33 N
0.0L P, -l L
_ray i i = 3 g
a0k Hard X-ray intensity i 1
i a % |
o
- -

2000 2002 2004 2006 20.08 20.10

Time(s) ‘ 1
(a) (b)

Figure: In-vessel image of melt damage due runaway electrons in JET

Matthews et al. 2016 PhysScr T167 014070



Scintillation probes at the tokamak GOLEM

Focus on CeBrs scintillation crystals with fast decay time (18-25 ns),
superior energy resolution (4% FWHM at 662 keV), light yield ~ 60
photons/keV and density ~ 5.1 g/cm3.



Bremsstrahlung radiation by CeBrs scintillation detector

Discharge: 37500

Y [— |
£2 102
= = ..
o . m Favorable conditions for runaway
electron generation
0.4

E ' m high loop voltage
w2 (E~2-5V/m)
0.0

; ~ 1018 m—3
% 5 m low density (ne =~ 10'® m—?)
— | 40_. .
Z10 i = m Density of plasma could be
= Lk 207 . L
g ° & partially controlled by initial
Y18 lo ¥ .
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Cerovsky-2023-ECPD



Bremsstrahlung spectrum by CeBr3 scintillation detector

HXR spectrum: 42243

= Fit - Epax =590 keV
{ Data

102 _

—
1

T
4

101 J

10° T T T r T

0 100 200 300 400 500 600

Chlum-2023-ECPP



Runaway electron diagnostics using silicon strip detector

In collaboration with the experimental particle group (diagnostics branch)

The silicon n+ -in-p sensor
consists of 32 AC coupled 250
um x 18 mm x 525 um strips.

0 O

The silicon strip sensor
connected to the PH32
readout chip

PH32 detector attached to a radial
manipulator.

SvihraFUSENGDES18



Runaway electron diagnostics using silicon strip detector

M
0
0 —/\
0
—— HXR Nal(Tl)
010 ‘
0.05
"

—— PHID strip n.25
strip 0.25 hit-count

thththth

1 125 5. 175

2 2

150
Time [ms]

#29364, the PH32 detector in the LGM collected a number of hits,

m Loop voltage of plasma
discharge.

m HXR scintillation,

m Analog signal voltage in
the 25th strip

m Number of hits in all
strips.

NovotnyJINST20



The distribution of REs in SOL

_ — Voo
s 3 /\'u\N 22 Ipiasma — 32ms 11.8 ms
32 22104 2 — HR — 58ms — 12.0ms
S o
;:< £ 11.6 ms —_— 122 ms
0 4= Aed o
1 T 32
RE beam —_ L 1 30 0.75 _
3 A f 28 3 050 &
5 mm = 1 /v Yoz A 26 T
e g A A i\ 24 E
i J i 22 0254
< Zg 1 <
18 4 0.00
16 €
_ us 10 _
3 1245 3
limiter = 10 =
NI/ F ! 053
| & 6 = &
. . & 4 limiter &
Two opposite-oriented 2 ‘ , fshadow | | 4
. 84 86 88 20 92
sensors to observe: ¢ tmm]

m trapped particles,
m During the discharge, REs are usually detected near

= RE backsc_at’.cering the limiter edge or with a uniform distribution.
from the limiter. ) .
m At the end of the discharge, most of the energy is
typically deposited on the LFS side of the limiter.
Chlum-2023-ECPP



26.5 — 40 GHz ECE radiometer

m The radiometer is sensitive to
non-thermal high energy
electrons

m Allows simulating radiation from
plasma as a combination of
single electron radiation.

m Matching model to experimental
signal via variation of electron
energy distribution function
gives possibility to estimate the
distribution function.

m Due to low electron temperature
and density, the ECE radiometer
cannot be used for electron
temperature measurements.

Ilvanov-2023-ECPP



ECE simulation for optically thin plasma

26.5-27.35 GHz

27.35-28.2 GHz

. 29.05 -29.9 GHz.

—— Exmerimental data
20| E,=18e5eV
—E,=4edeV

© HXR data
HXR data approximation E, = 8.8¢4 eV
102 —— simulation with E, = 5e4 eV
3 —— simulation with E = 1e5 eV
10
10° %

100 200 300 400 500 600 700 800

Left) Comparison of thin plasma model and experimental #42245 ECE
signal. Right) Comparison of HXR energy distribution and electron energy

distribution from ECE measurements.

Ilvanov-2023-ECPP



Timepix3 detection module

m Compton camera has the ability to detect the direction of gamma rays
produced by radioisotopes.

m The Compton camera was created from a Timepix3 detector with a sensor
from Cadmium-Telluride with a thickness of 2 mm.

m Ongoing improvements of the camera resolution and location.

0 5 0 5 10 15 20 25
x[mm]

HV J\ 10 5 0 ‘5 25 { T
Pixels signal Thr. level ) .
[~ r— = m Example with Na radioisotope

> om)
Comp. Counter TOA TO0T . . .
T p— radiation detection.

docksignal , | MMM

Malec-2023-MastThes,Malec-2021-1EEE




Compton camera on the GOLEM tokamak #39048 to
#39097

| :
m Compton camera has the ability to detect the direction of gamma rays
produced by radioisotopes.
m The Compton camera was created from a Timepix3 detector with a
sensor from Cadmium-Telluride with a thickness of 2 mm.
m Ongoing improvements of the camera resolution and location.
Malec-2023-MastThes



Fast cameras at the GOLEM tokamak

Radial Camera
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Tomographic reconstruction #39304

t = 0.005 ms -
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(a) tg = 0.5 ms, (b) tgy = 1.13 ms, (c) tg = 3.63 ms, (d) ty = 7.96 ms.



MHD ring @ tGOLEM




Magnetic turbulence and long-range correlation studies

Poloidal limiter Langmuir
probe

Figure: Arrangement of the GOLEM probe diagnostics (left) side view, (right)
bottom view. Mirnov coils are installed behind the circular limiter, aj;,, = 0.085 m.
The Langmuir probe is shifted toroidally with respect to the Mirnov probes by 90°.

Sarancha-JPCS-2021



Magnetic turbulence and long-range correlation studies

PSD MC-out

=!;'“\.\/

|

MC-out|LP MC-up|LP
/\/\/‘*\\,\/\N ’\/‘/\/‘\fm
M/\/J\

20 40 60 8 100 0 20 40 60 80 100

1 [kHz]

Figure: (left) Power spectral density of the signals of the MC-out (top) and
Langmuir (bottom) probes and (right) quadratic coherence coefficient (top) and
cross-phase between the signals of the magnetic and Langmuir probes (bottom).

Sarancha-JPCS-2021



Particle flux measurement with Langmuir probes

Probe
Tip
m A small, conductive component
in direct contact with plasma.

Vbia; _

e m The measurement output is

amber . . .

0 X @ determined: i) shape: Langmuir
probe, ball-pen probe, tunnel

= probe, Katsumoto probe, Mach

probe ... ii) by the applied

0.006 ; $p. €. Region { Voltage .

i ~ 1

0.008 .

0.004

] m Measurement only at the edge
] of the plasma.

Current (A)

0.002
i m Measured quantities: plasma
potential, electron temperature
0002 [——ts 20 20 = and density, electric fields,
e electron distribution functions ...

0.000

credit:DavidPace:LangProbe



VA characteristics at the GOLEM tokamak
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Fast T; measurement with 5us temporal resolution

lprone=(U_current)/Ry

(Tek64 -math#1) =
Uprope=U_current+U_bias = Function
(Tek64 -math#2) |Z§ Generator
Teks RIGOL
U ufg, f fg

Electrlcalgg
grid @ §§

J. Adamek, D. Cipciar, Macha et al. 2021 ECPP conf



Fast T; measurement with 5us temporal resolution

£ R= 65.0 mm; 0.35< B [T] <0.40
K OH-regime; main SOL; By ~ 0.38 T 1.0 436709
00
- T, swept BPP #36708 7
— Te=(f-Vif)25, #36703 0.8 - T
. T
H 2
320 206
- =1
A o
O 04
t
o 200 .
g2onh .
io i W h i /
£ 101441 17
i ol W M
R 0 10 20 30 40

10.2 10.4 10.6 10.8 11.0
time Imsl Temperature [eV]

Measurement based on the electron branch IV characterics of a BPP.
The probe collector is biased with a voltage swept between -30V to
+130 V at a frequency of 100 kHz.

Cut-off fitting technique is applied to all the IV characteristics (left).
Fluctuations of the T; ranging between 5 eV up to 40 eV (middle).
m NON-Gaussian shaped histograms of T; and T, are observed (right).

J. Adamek, D. Cipciar, Macha et al. 2021 ECPP conf



The rail probe concept

m A probe head consists of a rail probe (RP, length = 40 mm, wide = 2
mm), Langmuir probe (LP, length 1.5 mm, diameter 1 mm), and
ball-pen probe (BPP).

m Special manipulator with changable inclination to B; within +10°.

J. Adamek, J. Malinak, Macha et al. 2021 ECPP conf



The rail probe concept

T T
a=(-01%0.6)° 8
® Langmuir probe - T,

& Rail probe - T, 6
s é Ball-pen probe - T i i —_
S04 ; % ]
I /& of i =
10 4
L] i. -. @i .i ! ’
0 L o

40 T

a=(-4.6 % 0.6)°
@ Langmuir probe - T
@ Rail probe - To.
é Ball-pen probe - T,

Figure: Comparison of T, measured by
LP, RP and BPP+LP.

m The RP concept can sustain
exceptionally high heat flux and
reduce the sheath expansion
effect.

m T, is measured using a swept
LP and RP (f = 5 kHz) and a
floating BPP.

m Capability of RP to reduce the
sheath expansion effect was
confirmed.

m Good agreement between LP,
RP and BPP T, measurements
for large B;.

J. Adamek, J. Malinak, Macha et al. 2021 ECPP conf



Hands on tokamak




The competition

- 777 77
The ITER: 3.6 s The GOLEM: ?7? s or ms or us ?7

credit: ITER contributors

credit: Tokamak GOLEM contributors



Towards ... Energy confinement time

Tokamak
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g Energy confinement time - demo
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Plasma discharge
%
IDt:irog ID:loop_voltage ID:electron_density
w]
Loop Voltage U, (t)
Chamber+plasma current I, (t)

ID:irog  ID:loop_voltage
t
v v

Loop Voltage Uj(t)
Chamber current /,;, ()

| [lokamak GOLEM plasma volume:V, = (57 = 5) 1
Boltzman constant: kp = 1.38 - 10~ B 3K
Energy associated with 1 ev:e]/ — 1.602-10=1° J

QR ik S N S

|Chamber resistance Ry, ~ 705 el |9I Plasma current I (t) = Lenp(t) — Len(t) = Lentp(t) — LIZ(:) I

| Plasma resistivity R = —l

v v
|Plasma 2R e POH — Rp . Ig | ICeptraI Electron temperature (in eV) T,‘_3 (0) —09-. R72/3 I

Spitzer formula)GOLEM case
v v
IThe loss power (d?t’p =0): -Ploss = POH I I Total electron energy contenth = ‘/p o

ne-kp-(Te(0)-eV) I
3

) N Wy Note: All physical quantities requested
The electron energy confinement time TeE —

in the form of estimated value
P and iated degree of




Tokamak GOLEM - vzdalené ¥izeni: 2009-2019 inventura

Studenti z TU Eindhoven, operujici tokamak, 650 km vzdugnou &arou

m Demonstrace: Ghent University 09; Bochum University 13; Garching 13; Lemvig
High School 14; Instituto Tecnologico Costa Rica 10; Armidale University 17.

m Zimni a letni 3koly: French Training Course & EM 12-14,16-19; Bangkok 16-19;
TU Eindhoven 11,15-19;TU Kobehaven 14,15,18;Grenoble TU 15, University of
Belgrade 15-18; BUTE Budapest 10,12-18; University of Padova 14,16,18; TU
Torlno 16 18 St. Peterburg University 18 19 Kharkov University 19
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Poplatek: pohlednice z mista vzddleného Fizeni
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1997: Svétovy fuzni rekord @ JET (EU)

output comparison 1997 and
2021.png

DTE2 59 MJ

Fusion Power (MW)

00 10 20 30 40 50 60 70
time (s)

1997:P ~ 22 MW, @ ~ 0.65, AT ~5 s,
2¢MN9-P ~FKO0O MW O ~?2 AT ~A c



ITER (jizni Francie) ~ 17 miliard EUR

ITER Member Contributions

Feeders (31)

Poloidal Field Ce
T

Mise 2035:
P =~ 500 MW, @ ~ 10, AT = 10 minut, konkurenceschopna cena elekt¥iny




ITER status update 07/24 ~ 22 miliard EUR

Odklad dosazeni plného vykonu o 4 roky na 2039 + navySeni nakladi o 5
mld. EUR na 22 mld. EUR:

COVID, RUxUA, chyba Korejcli v rozmérech segmenti reaktoru, naleptdnf{
heliového chladiciho potrubi, kompletni vyména prvni stény z beryllia na
wolfram, zndsobeni mikrovinného oh¥evu plazmatu.




Ptispévek Ceské republiky: tokamak
COMPASSQIPP.CAS.CZ




Paper model ABC




Dékuji za pozornost

Tokamak TM1 Tokamak CASTOR Tokamak GOLEM
@Kurchatov Institute near Moscow  @Institue of Plasma Physics, Prague @Czech Technical University, Prague
_~1960-1977 1977-2007 2007-

sCIENCE v SCIENCE EDUCATION

& education & science

Tokamak Golem **REMOTE™* for MASTER (Level I)

.. with the biggest FFEELEEEEERER
control room &
in the world .
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