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Objednavka

Ahoj Vojto, napadlo mé, zda bys nechtél udélat u nds na FEL jeden
Fyzikalni &tvrtek o Golemovi. Kolega Fabian pravé dava dohromady
program. Myslim, Ze by naSe studenty, ale i vefejnost, kterd tam chodi,
zajimalo, Ze tu je maly tokamak s ovldadanim po siti, ale i to, jak jsi ho
vzkfisil z pristrojové marnice a vdechl mu novy Zivot a jak slouzi
studentim i védé. Pokud bys do toho 3el, byl bych moc rad.

Diky za jakoukoli zpravu, Petr
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Uvolnéni vazebné energie atomovych jader
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faze lehkych jader X Stépeni tézkych jader

2D 3T =*He+'n + 17.6MeV X 35U + nhermal =P Kr+1**Ba + 3n + 176MeV



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

(nejvhodng&jsi kandidat do pozemskych podminek)

ab\ /QHE + 3.5 MeV

» Q/ T~ @ n+141Mev

credit:[?]
2H 3H 4H 1
1110 kev + 1F10 kev = 2F1€35 Mev+gN14.1 Mev

meyg = 2.01355m,, msyg = 3.01550m,,, my, = 4.00150m,,, m, = 1.007332m,,
mepy3g) = 5.02905my, M(ye ) = 5.01017m,,
pak hmotnostni schodek Am = 0.01888m,,.
E=Amc% E = Am krdt £™=17.6 MeV

e

1leV ~ 11600°C =~ %HIOO Mec + :i!HIOO MeC = gHe35 Goc+(1)n141 GoC



1952 " Operation Ivy - Mike" Prvni test vodikové bomby

Operation vy - Mike 10.4 Megatons

credit:YouTube:lvy Mike Countdown and detonation

|
Toto neni vhodna technologie



https://youtu.be/Q3ezhvCzWCM

Hledd se vhodnd flzni technologie

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




T¥i mozné cesty jak udrzet plazma pro flzi

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

Long-lived low-density
Confinement

Continuous f
onfinement
Inertial Confinement

Gravitational Confinement
in the Sun and Stars

Using Lasers



Magnetické udrzeni: magnetickd nddoba

Musime ji ale svinout do kruhu (zbavit se podstav)

zachranny kruh/duse pneumatiky/kobliha - donut



Milestones to Fusion Power Plant




The challenge

transformer primary winding coils
TO: generate toroidal electric field E,
Transformer to breakdown neutral gas into a plasma

core and heating it
o= )
-\ =

Y ~
f s Diagnostics
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credit:[?]

credit:[?]

uSun on the Earth

... to heat & confine




Velké ambice ....

Education is the
key to success

—




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

START
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The GOLEM tokamak basic characteristics

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

Vessel major radius Ry = 0.4 m
Vessel minor radius rp = 0.1 m
Plasma minor radius: a =~ 0.06 m

Maximum toroidal magnetic field
B < 05T

Maximum plasma current /7 < 8
kA

Typical electron density:
< ne>~02-3 x10¥ m3
Effective ion charge: Z.g ~ 2.5

Maximum electron temperature
T < 100 eV

Maximum ion temperature
Tmax _ EN ~\/



Tokamak GOLEM @ Wikipedia ..
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Tokamak

From Wikipedia, the free encyclopedia

This article is about the fusion reaction device. For other uses, see Tokamak (disambiguation).

A tokamak (Russian: Toxamar) is 2 device that uses a powerful magnetic field to confine plasma in the shape of a torus. Achieving a stable plasma

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
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 start of operations)

- 1960s: TM1-MH (since 1977 Castor; since 2007 Golem'12)) in Prague, Czech Republic. In operation in Kurchatov Institute since
early 19605 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.14!

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 /1! at the CEA, Cadarache, France

- 1989: Aditya, at Institute for Plasma Research (IPR) in Gujarat, India

- 1980s: DIII-D,"*®’ in San Diego, USA; operated by General Atomics since the late 1980s

. 1989: COMPASS, 23! in Prague, Czech Republic; in operation since 2008, previously operated from 1989 to 1999 in Culham, United
Kingdom

- 1990: FTU, in Frascati, Italy

- 1991: Tokamak ISTTOK, 17! at the Instituto de Plasmas e Fusao Nuclear, Lisbon, Portugal;
et AemEw
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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

. o
L \974 2?

Institute of Plasma Physics
Czech republic
CASTOR COMPASS

@8

Czech Technical University Prg
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. Wikipedia/Golem.



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

The global schematic overview of the GOLEM experiment

Tokamak technology setup
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The GOLEM tokamak mission

probe techniq
ii) Runaway electro
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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

m session start phase:
m Evacuate the chamber

ranslormerprimarywindingcols m pre-discharge phase
TO: generate toroidal electric field E,

L — to breakdown neutral gas into a plasma ] Charge the capacitors
and heating it o .
m Fill in the working gas
m Preionization

m discharge phase

I~ m Toroidal magnetic field
[ s to confine plasma
B Toroidal electric field to
Toroidal g
magneic ficld ‘A breakdown neutral gas
colls
TO: generate toroidal magnetic field B, into plasma

to confine the plasma

m Toroidal electric field to
heat the plasma

m Plasma positioning

m Diagnostics

m post-discharge phase
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Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
m pre-discharge phase
B Charge the capacitors
m Fill in the working gas
m Preionization
m discharge phase

m Toroidal magnetic field
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to breakdown neutral
gas into plasma
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m Plasma positioning
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m post-discharge phase




Tokamak GOLEM - schematic experimental setup

Preionization (electron gun)

2kv'[

Toroidal magnetic field

Current drive

=y A —
ol |
Vacuum stand . L
135 mF-|- . -
I /.
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Introduce the working gas (Hydrogen x Helium)




Switch on the preionization




Introduce the magnetic field




Introduce the electric field




HMESER
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Towards ... Energy confinement time

Tokamak

House
T Energy confinement time - demo
Closed Heating OFF ™
windows & [T
& insulation B (e}
O o
c
Closed =
windows ©
= : L \ Wp(t=0)/e
T 4 . == \
g H,—/\
=
Open = —
windows CIE 3 02 TE
: 3
ET. [—— 0.0
© "Confinement time" -1 0 1 2 3 4

time (a.u.)



The competition

The ITER: 3.6 s The GOLEM: ??? s or ms or us ?7?

credit:[?]

credit:[?]



Towards Electron energy confinement time 7¢

Plasma discharge

= . =
. '

IDt:irog ID:loop_voltage ID:electron_density
Ll i

| Loop Voltage U (t)

| okamak GOLEM plasma volume:V, = (57+5) 1
[Boltzman constant: kp = 1.38 - 10723 J/K
Energy associated with 1 ev:e}/ = 1.602- 1019 J

1
1
1
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1
1 Chamber+plasma current I, (t)
1

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

|Chamber resistance Ry, ~ %.((% |9| Plasma current I, (t) = Iep4p(t) — Ion(t) = Lcnip(t) — Ul:(i) I

-
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1
1
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Y y

| Plasma resistivity Rp =] I |

v

n — L T2 Central Electron temperature (in eV) —2/3
I“asma heating power P pr = R Ip I ISpitzer formula)GOLEM case Tc(0) = 0.9 Ry

v ¥y
I The loss power (d?t/p =0): Poss = Pom I I Total electron energy content Wp = Vp 0

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

) . WIJ Note: All physical quantities requested
The electron energy confinement time 7, p; —

in the form of estimated value
Pioss and associated degree of uncertainty




Hands on the GOLEM tokamak




Hands on the GOLEM tokamak

m Laboratory Practice for Basic course of Physics 2015-19 (CT University Bachelor
level).

m Advanced plasma training course 2014-19 (CT University Master level).

Week of scientists 2013-19 (Czech republic High school level).

m International Golem Training Course 2013,2019 (Master and PhD level).



Bachelor & Master thesis made @ tokamak GOLEM

m Bachelor thesis: Magnetic field configurations and their measurement, Interactive
model, Plasma flow velocity measurements using Mach probe arrays, Virtual
model, Bolometric measurements, Breakdown studies, Vertical plasma stabilization.

m Master thesis: Microwave interferometry, Remote operation of the vertical plasma
stabilization, Measurements of magpnetic fields.
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Remote control interface of the GOLEM tokamak

ren!erlng settings

intoducton RS Frconizaton | Magneticfield | Electricfield | Submit 3D model rendering method:  SCUSLEENCENN  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.

Vacuum
stand

3D model rendering

L\
@ GAS ) )
handling engineering scheme

Gas type and pressure pyc= 16 mPa

—— sliders and checkboxes

Set recommended value [ S workflow buttons




real-time view of the experiment

Preionization (electron gun)
Charging capacitors, sefing working gas pressure

Vacuum Tokamak chamber camera
stand
> 1
= Toroidal magnetic field
: Toroidal electric field
GAS \H
handling

Room camera Discharge request queue

Vs Us  gas

Status  User Comment M ™M mPa

n User  plasma 800 450 16(H)

progiess A reference

Waitng ~ User  higner 800 450  20(H)
A pressure

Waltng  User strongEfiels 600 500 16 (H)
B




Shot homepage

Date: 2016-09-29 - 14:33:57
Session:  TrainingCourses/Universities/Uni_Belgrade rs/2016/
Comment: Standard discharge

Basic parameters: (compare)

Vacuum log
Other

Gas pressure Popie.42->20.20 mPa (request: 20 mPa) ww
Working gas: 4

Preionization: Upper el. gun

Chamber temperature: 27.20 C

CB‘ capacitors charged to: sea v, triggered 5.8 ms ==
Cpgp capacitors charged to: e v, triggered 5.8 ms we

Ccp capacitors charged to: 48e v, triggered 6.8 ns *=
Cgy capacitors charged to: 8 v, triggered 5.8 ms w=

Probability of breakdown: 850 w
Time since session beginning: 0:07:50 h

Tokamak GOLEM - Shot Database - 22471

Plasma parameters:

Plasma life time 14.8 [ms] (from 7 & to 22.6)
Mean toroidal magnetic field Bt 0.23 T w»
Mean plasma current: 3.60 kA ==

Mean Uloop: 5.92 V »=

Break down voltage: 9.6 V v

Ohmic heating power: 21.33 KW

Q edge: 2.9 we

Electron temperature: 41.1 eV we

Line electron density: 5.52 [10117.m"-2] w=

Golem shot No:22471 Wik
™
— Loop voltage Y
A
i
1
1
i Wikl
—— —
— - 1
e |




Remote data access

(using a few high level functions)

import pandas as pd
import matplotlib.pyplot as plt

URL = "http://golem. fjfi.cvut.cz/utils/data/{}/
# function for reading 1D y(t) signals 20 — loop_voltage
def read_signalld(shot_number, signal_id):
url = URL. format (shot_.number, signal_id) 0 ./\ ; - (s .

return pd.read_table(url names=["time’', sign
index_col="time") 2500 —— plasma_current
# read the specified signals
shot_no = 29395 o
U_l = read_signalld(shot.no, 'loop.voltage') 051 ___ toroidal field
I_p = read_signalld(shot.no, ’'plasma_current’) B
P.OH = U_lxl_p
# vectorized , time—aligned operation

B_t = read_signalld(shot.no, 'toroidal_field") 0.2 { — photodiode_alpha
H_.a = read_signalld(shot.no, 'photodiode_alpha’
# combine into a data frame table |

0.0 ' . . . :
df = pd.concat([U.l, I_.p, B_t, H.a], axis='colul o &»° & & o
# plot the data table in subplots from 4 to 25 o Q’t, o ©
df.loc[4e—3:25e —3].plot (subplots=True, ylim=(0, ., me
plt.show()

# display the figure in a window



Remote control 2009-2019 inventory

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

m Training courses: 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
Torino 16-18, St. Peterburg University 18-19. Kharkov University 19

m Workshops Kiten: 14,16,18; Observatorium Valasske Mezirici 14; Islamabad 14.



Remote discharges over the Czech borders (up to 2017)
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Fee: postcard from the venue of remote measurements




Tokamak GOLEM - Toilet discharge




05/16: The youngest tokamak (GOLEM) operator, Adam
(7 years).
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Thank you for your attention




XX/YY: TM-1




XX/YY: CASTOR




12/07: Last minutes at the IPP Prague




12/07: First minutes at the CTU Prague




07/09: First plasma in the tokamak GOLEM

Casové priibéhy signali zietelné ukazuji, Ze doslo k priirazu neutralniho plynu a k
zformovani plazmatu.

15
10

Uiop [V
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o
T T T
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O tom svedci:
1. Rychly pokles napéti na zavit v Case t = 6-7 ms a jeho malé fluktuace.které 1ze vidét az



09/09: Tokamak and tokamak




11/11: NP laureat at tokamak GOLEM




05/16: The youngest tokamak (GOLEM) operator, Adam
(7 years).




0916: ITER DG, Mr. Bernard Bigot (Shot #22185)

Quotation from Czech Television Hydepark

I am very pleased with the GOLEM ...




Paper model ABC




2010: Tokamak GOLEM




2011: The tokamak COMPASS with NBI




2016: ITER segment




2017: First Spitzer Stellarator




10/15: Trojan horse - #20000

Tokamak GOLEM - Shot Database - 20000

Date:  201510-22-16:00:25
Session:  SessionPreparation
Comment: 20k

Congratulation, you have reached nuclear fusion.

The following explosion destroyed half of Prague and radioactive fallout contaminated whole Europe.

Have a nice day

Analysis

Basic parameters: (compare) Plasma parameters:

+ Gas pressure py:10.25
+ Working gas:

38 mPa (request: 5 mPa) W+ Plasma lfe time 8.7 [ms] (fom 7.5 0 16.2)

Mean toroidal magnetic field BE: 0,22 T we

« Preionization: Upper el gun
+ Chamber temperature: 20,00 C

+ Cp, capaciors charged to: 1696 V, triggered 5.0 as
+ Cpp capacitors charged to: 6 Y, triggered 5.0 s

+ Cep capaciors charged to: 535 V, tiggered 5.0 =5
+ Cs capacitors charged 10: 0 , riggered 5.0 ns *»

+ Probabilty of breakdown: N/A =

+ Time since session beginning: 0:19:25 h

« Mean plasma current: 1.2 kA e
« Mean Uloop: 1241V =

« Break down voltage: 105 V ==
« Ohmic heating power: 17.50 kW,
- o

+ Electron temperature: 13.5 eV W

« Line electon densiy: /A [10:17.m-2) o

Go to shot ‘Golem shot No:20000 -

oo <)

Loop voltage.

(Template source]
[



11/17: GOLEM tokamak "mapping”

Tokamak GOLEM

MAPPING FJFI TOKAMAK NnJ17

)

~




Zakladni (¥adova) statistika k 30.11.2012

Pocet dni od instalace: 1815.

Polet operaénich dni: =~ 438.

Polet hodin: ~ 1954

Pocet shotli: 10417.

Pocet shotli — > plazma: = 7600.
Primérnd délka vyboje: ~ 7 ms.

Celkova delka trvani plazmatu: < 60 s.



0916: Noc védcil - feholnice mezi ndvstévniky
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