











1956

For the first time in the world at the
International Conference (Harwell, UK)
LLV. Kurchatov openly declared on behalf of
the Soviet Government that the Soviet Union
has it's own fusion research program. The
final objective of which is to obtain the
controlled fusion reaction and to create on
it's basis an inexhaustible energy source to

the benefit of the mankind.

Axkagemuk Kypuatoe U.B.
(1902-1960 rr.)
Academician i.V. Kurchatov

Brnepecie B MWpe Ha MeXAayHapogHow
KOHthbepeHuuK (r. Xapyan, AHrnua)
W.B. Kyp4yaToB OTKpbITO OOLABUN OT UMEHMW
Cosetckoro [lpaButensctBa O TOM, HTO
Coserckun Cow3 wumMmeer COBCTBEHHYIO
nporpammMmy TepMOsiiepHbIX UCCNefoBaHWUNA,
KOHEYHOW UEenb KOTOpbiX SBAAETCH
ocyuwecTteneHue ynpasnsemou
TEPMOSAEPHON pPeakuun v co3faHue Ha
3TOW OCHOBE HEWCCAKAaeMoro WCTOYHMKA

3Heprun Ha 6naro Bcero Yenose4ecTsa.




OCHOBONMOJI0XHUKN TEPMOSIAEPHBIX UCCNEZIOBAHUMN B CCCP
INITIATORS OF THE FUSION RESEARCH IN THE USSR

195051954

Worldwide acknowledged 3 BcemupHo npuaHaHHblie

; ; S BblAalolUue POCCUIICKHUE Y4YeHble,
outstanding Russian scientists ARIOLY P y
: : : - 3anoxueLiue TEeopeTUuYecKumn
who laid theoretical foundation of %

faauc uccnegoBaHuin no

fusion and plasma physics ynpasnseMomMy TepMosfepHoOMYy

research. cuHTe3y U huauke nnasmel.

AKapemMuk AKageMuk
Tamm WU.E. NeoxToBmy M.A. Caxapos A.[.
(1895-1971 rr.) (1903-1983 rr.) (1921-1989 rr.)
Academician Academician Academician
ILE. Tamm M.A. Leontovich A.D. Sakharov




AxageMuK
Apuumosuy JLA.
(1909-1973 rr.)
Academician
L.A. Artsimovich

Axkagemuk
Wadpanos B. 4.
(1929 r.p.)
Academician
V.D. Shafranov

The leading Russian scientists, who worked and implemented
under the supervision of L.A. Artsimovich the concept of the
fusion facility consisting of the toroidal vacuum discharge vessel

and external magnetic system that meets the criteria of the

plasma column stability in the magnetic field (Shafranov-Kruskal
criteria). Tokamak facility is the world acknowledged leader in
fusion research. For the first time in the world, the facility of this
type (TFTR, USA, 1997) a breakeven was reached (the parity of
the supplied and released energy) as a result of D-T reaction.

AxkapneMuk
Kagomues B.B.
(1928-1998 rr.)

Academician
B.B. Kadomtsev

Mpodeccop
NonosuH U.H.
(1913-1997 rr.)
Professor
I.N. Golovin

HAokTop pM3.-maT. HayK
flBnuHckuiA H.A.
(1912-1962 rr.)

Dr. of phys. and mathem. sci
N.A. Yavlinsky

Boigawowuecs poccUMCKME Yy4eHble, paspaborasiuve u
peanu3oBaBLlMe NOJA PYKOBOACTEOM akagemuka Apuumosuya J1LA.
KOHUEenuuw TepMOffepHOW YCTAHOBKW, COCTOALUEN M3
TOpoMAanbHOW BaKyyMHOW Ppa3psfHOM Kamepbli W BHELUHEH
MarHMTHOM CUCTEMb! U YAOBNETBOPAIOLIEN KPUTEPUIO YCTOWYUBOCTH
nnasMeHHoro WwHypa B marHutHom none (kputepun LWacpanoea -
Kpyckana) — TOKAMAK (TOpoupanbHas KAmepa MArHutHas
Katywka). YcraHoekm TOKAMAK HbIHE npu3HaHHbBIA MWPOBOM
nupep B8 TepMosAepHbIX WUCCNefoBaHWsAX, BrNepebie B MUpPe Ha
YCTaHOBKE AAHHOro Tuna 6LiN0 NONy4YeHo PaBeHCTBO BIOXEHHOW W
BbiCBOOOAUELIEeNcs B pe3aynbtate D-T peakuwu cuHTe3a aHepruu
(ycradoeka TFTR, CLUA, 1997 r.).
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More than a half of the world population lives in “ITER countries”
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ITER construction Schedule
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ITER operation and research Schedule

Full field, Short Q=10
current, Operating pT Q=10 500 mw  Full nen-inductive
and H/CD License pum 00 MW 400s current drive

2021 | 2022 | 2023 | 2024

Integrated Commission machine Develop full DT high Q. Improve operation.
Commissioning | with plasma. Reference Develop nondinductive High duty.
Heating and CD Expts. scenarios in D. aimed at Q =5.

PLASMA AND Reference scenarios inH. Short DT burn Low duty.

PERFORMANCE

Mo|Plasma H Plasma DPlasma DT Plasma

Equivalent accumulated
nominal bum pulses 1 750 1750 3250 5750 8750 11750

System checkout Characterisation Performance Test

TESTING Electromagnetics. Meutronics. Short-term T breeding. On-line tritium recovery.
Hydraulics. Validate Thermo-mechanics. High grade heat generation.
Effect of breading Preliminary high grade Possible small-scale
ferrtic steel. performancel heat generation. electricity generation.
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13. Cre/utaparopubiii myth K Y 1C

The history of the helical magnetic systems is not less dramatic than
the tokamak one. Both the PPPL first figure-eight stellarator (circular
magnetic coils and plasma cross-section, no shear) and the next type the
racetrack stellarator C (/=2 and /=3 helical windings on U-bend sections,
noncircular plasma cross-section) had enhanced Bohm diffusion. The
same time there were no explicit evidence of Bohm diffusion in
stellarators with periodic structure of the magnetic field (Garching’s I =2
stellarators as well as stellarators of Lebedev Institute in Moscow and of
Khar’kov’s stellarators). In spite of this the PPPL closed the stellarator
program in 70-th in favor of the tokamak one.

The optimization of the magnetic surface boundary (Garching)

instead of the magnetic field winding position has become the key for
the followed improvement the stellarator systems. The use of Hirshman
code VMEC without fixing magnetic axis has led to striking favorable
results. There was discovered the well optimized helical axis stellarators

( Helias) with good properties which differs from the Heliac-system by
the quite moderate excursion of the helical magnetic axis (cm. ciea. puc.).

” BepHyTE 0OBMHEIN pEstkr |



CresiapaTopsl ¢ MaJIbIM ITUPOM (JUTHHHOIIEPHOIHBIC CHCTEMBI)

I'EPMAHMNA
WVII-A C TokoMm bes Toka
1976: 7.,= 15058 1978: 7.= 700 »B, 1984: /,=7;=1x>B
7; =400 »B 5=1%

WVII-AS (¢ 1988T.) be3 ToKa

1990: 7, = 600 »B, 1992: H-mona 2001: 7.=3 x»B

7y =10Mmc, P =1% £ =2%
2006: WVII-X
R=35.)5 ap= 0.55 B —=4,5%

PEAKTOP: HSR522 a,= 18 B=5T Nei=50 1=08 -1
HSR4I8 @=20 B=5T1T N.u=40 =08 -1
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Z-pinch as a Pioneer of Controlled
Nuclear Fusion

Harwell, 1956. Igor Kurchatov opens the
Soviet Fusion Program

This program at that moment was
based, in particular, on Z-pinches.

Z-pinch, compared to magnetic traps,
is to more extent dynamical system.

Nevertheless, it has provided the base
to develop the toroidal
quasi-steady traps, to wit, tokamaks.
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EXPERIMENTS ON THE PROLONGED PLASMA
CONFINEMENT WITH THE FUSION CHAMBER MAGO

L
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Initial
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Reverse g
pinch

“Fusion plasma

Physical scheme of MAGO
chamber operation




Prospect of ignition in the Z-pinch neck

Plasma column
Plasma column

High temperature
Dlsturbance plasma

Agar-agar foam, Po~ 0.1 g/cm 3,

- 2 H

60ns 70ns 7Ons  80ms  100ns

12

> Plasma column

Thermonuclear
burn wave

Electrical current

. Anode

10 mm

IYCathode

ICT photographs in the optical range (1,2)
and VUV-SXR range (3.4,5)



FAST Z-PINCHES (Smirnov, Rudakov, Quintenz,
Cuneo, Deeney, Matzen, McDaniel, Mehlhorn, Olson...)

M 1. Gas-Puff Liners 4

— 0

0 02 04 06 08 r.cm

Instability

Stabilization by the applied longitudinal magnetic field



2. HOHLRAUM. HIGH-CURRENT WIRE ARRAYS

Indirect drive 3

Capsule inside the hohlraum, the
surface is ablated by radiation.

DRIVER

Dynamic Hohlraum
(TRINITI)

Double-ended
N P, vacuum Hohlraum

] o




FAST INTENSIVELY RADIATING Z PINCHES DRIVEN
BY PULSED POWER GENERATOR ANGARA-5-1

SRC RF TRINITI, TROITSK

W wire liners, N=120
d=6um D;=12 mm D,=20 mm

0. Carreént
) 42 MA | AN
0. / \\
N / nXeray,. 9
NUMBER OF UNITS: 8 ITW
CURRENT PULSE: 4, 90ns > i
Load- WIRE ARRAYS: & / "
ENERGY 100 kJ 0. / %
PULSE DURATION 6-10 ns el o -

740 760 780 800 820 840 860 880 900 920 940

Intensively radiating Z pinches of the matter with high
atomic number is a driver for ICF on base of the indirect
ICF targets compression



ANGARA-5-1, TRINITI

Double Liner Implosion Dynamics

Vimax 0 (5]7) 107 cm/s
Rout = 16 mm mg, = 100 ...g/cm (Xe)

out —

r,= 2mm m;, =200 ...g/cm (foam)

60 ns before pinch

45 ns before pinch

15 ns before strike

[ ns after strike

Laser shadow pictures
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ZIZR Pulsed Power Machine

Modular

High Efficiency (> 15% wall-
plug to x-rays)

Low cost (< $30/J)

Laser-triggered pressurized
gas switches

Technology is possibly rep-
rateable at 0.1 Hz with fast-
cycling Marx




“Z” SANDIA National Laboratories
1.8 MJ in SXR range; 200 TW




BAIKAL, THE NEW GENERATION OF PULSED
POWER MACHINES

32*2 MODULES lﬁ

ENGINES —

TKD-200 | E I—» ﬁ
&

—> [ ’ - TRANSFORMERS

' — |—> (@ MAGNETIC

LINER

COMPRESSORS
MAGNETIC

AMPLIFIERS

Estore = 3 GJ [] Eout = 30 MJD E> =10-15MJ
TIN-900 T=6s T=150 ns T=10ns




AT PRESENT MOMENT, Z-PINCH PROVIDES MAXIMAL

ENERGY OF X-RAY PULSE
The level of energy achieved is close to that necessary for ignition
(~10 MJ)
10 L High Yield Facility F] ]
! ~TBaikal
[ n ~ " Emi
1L e IR

Angara /Oz" Saturn

Enegy (MJ)
o
|
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Z-Pinch Power Plant
Crucible Details

. REPLACEABLE
" ENERGY ABSORBIN

X ool WIRE ARRAY
/{:««:-y\ &

FUSION CAPSUL
TUNGSTEN
HEMISPHERICAL Y

SHELL FOR ENERGY
PLASTIC N
REFLECTION HEAT J i:-"__/

SHIELD

PLUNGER

INSULATOR
STACK

PULSED POWER DRIVER
—

CARTRIDGE Inert Gas
Flow for

Contamination
FLIBE Control

JETS

10-20 Torr
Inert Gas

LIQUID METAL/
MOLTEN SALT
POOL

POOL AND DEBRIS \ TO HEAT EXCHANGER

MOMENTUM LARGE PARTICULATE
DIFFUSER COLLECTIONS CRUCIBLE
SYSTEM Sandia

9 GER 9/15/04 ﬂ" bl

The basic functional elements | = gg mA - for ignition.
of ZP-3 reactor chamber | =90 MA - for IFE power plant.
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