YcTtonymBoe ropeHne B TOkaMake C NMMKNpoBaHHbIMUA
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vladimiryankov@yahoo.com, 8-926-207-0987

I[l1azmMa TokaMaka ¢ KAHOHUYeCKUMU npopuiisavu B L-mMoae MOkKeT roperb yCTOMYUBO
HAa CKHHOBBIX BPEMEHAX, MOCKOJbKY TEIUIOBbIJAEJCHHE PACTEeT KAaK TeMIeparypa B
KBaJpare, a CTOK TeIlJIa HA TPaHuIle ObICTPee, KAaK TeMIepPaTypa B YeTBEPTOM CTEIEeHH.
Tpedyemble mapamerpbl 0Jm3ku K crposiiemycsi Tokamaky SPARC, Ho mpoduian
HOJIKHBI ObITH 0OoJiee TNHUKHPOBAaHbI MW chepuunbl. CreneHb CcHEepUIHOCTH
ompeneasiercssi KOMIIPOMHCCOM HWHXKCHEPHOM CJOKHOCTHM ¥  BbIMIPBIILIEM OT
yIy4YlIeHUs YAepPsKaHHUs.

MeToabl YCWJICHUSA TNKUPOBAHOCTU MOKHO U HY?’KHO 3AJI0KUTDH B IIPOCKT CICAYIOIIIECTO
pOCCI/IﬁCKOFO TOKaAMaKa.


mailto:vladimiryankov@yahoo.com

YnyudweHue yaepxaHusi cOpocom Toka

T-3 YTpoeHune BpemeHu yaepxaHusa! S. Mirnov Nuclear Fusion, 9, (1969) 57
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A y3Han o pesynbtate MupHoBa 1969 B 2021 nocrne pacckasoB 0 MOUX
npeackasaHnax 1994-2003. bonblUMHCTBO NOCHeayLNX peKopaos
ncnonb3oBanu cbpoc Toka.

Nna3ma cama cobupaeTcsl B LEHTP TOKamMaka 3a TypOyrieHTHbIe
BpemeHa! KceHusa PasymoBa 1994, ycTHoe coobLieHue

Mapagokc camocobumpaHue nnasmbl B LIEHTPE, 3TO NPUYMHA ycrnexa TOKaMaKkoB U
KoY K MOHMMaHUIO U YINyYLLIEHNIO TOKaMaKoB.



YcTtonumnBoe ropeHume CornHua v ero
TYPOYNEeHTHbIN aTTPaKToOp

* [oput TONbKo B LeHTpe CornHua n 3Heprua NePeHoOCUTCS
K MOBEPXHOCTU BCMNSIbIBAOLLEN rOpAYEn MrasmMomn.
TypOyneHTHbIN aTTPaKTOp onpeaensaeTcs CoOXxpaHeHNEM
BOOMNb TPAEKTOPUN yOEeNIbHOW SHTPONuUn s=const
(agnabata). Kak cnegcreme, NOCTOAHHAA SHTPOMUS
yCTaHaBnMBaeTCs NoYTU BO BCeM 0b6beme, NnogobHo
KOHLIEHTpaLuMn caxapa B Kooe.

* [Nlpodunb ATTpakTopa TypOyrneHTHOro
paBHopacnpeaeneHnusa ¢ TO4HOCTLI 99 npoLueHToB
coBMnagaeT C 3KCMNePUMEHTOM MO AAaHHbIM CEUCMUKU

« TennoBou NOTOK N3Ny4YaeTCcd C NOBEPXHOCTU KaK TA4
« B TOoKamake OyoeT noxoxe, TOMbKO MHBAPUAHT ApYrou



TypOyneHTHLIN aTTpakTOp TOKamMaka BbIBEOEH U3
nHBapmaHTta nv=const

« [lapagokc PasymoBon cyxaeT nouck MHBapuaHTa, onpeaensaroLero
TypOyneHTHbIN aTTpakTop. Mon 6nyxgaHus ¢ 6eCKOHEYHbIM YMUCITOM

NHBaApPWUaHTOB BMOPOXXEHHOCTU B YpaBHEHUM BnacoBa OKOHYMNUCH
NPOCTbIM MPU3HAHMNEM:

[Tna3ma BMOpPOXEHHAa B rnoJjiongasibHoe MarHMTHoe rorsie nv=const

roe v — yaesnbHbi nonovngarnbHbli 06 bem

* nv=const B TOKaMakax V rnponopumoHansHO q, C NpeanonoXxXeHnem
ogHoMepHon agmnabatbl T=n”2 5TO HEMEANEHHO BEAET K NMMKNPOBAHHOCTU
aaBrenna nvA3=const n Bcem CBOMCTBaAM KaHOHUYECKNX NPOdOUIIEN,
BHYTPEHHMM Bapbepam n 06bACHEHUIO NapagokcoB MupHoBa u
PasymoBon.

« B. Coppi, Nonclassical Transport and the "Principle of Profile Consistency”,
Comments Plasma Phys. Cont. Fusion 5, 261 (1980)

Yu. Esipchuk and K. Razumova Plasma Phys. Cont. Fusion 28, 1253 (1986)

* [paHunyHble ycrnioBus lNactyxoBa, CMmnpHOBa, ['0n1iaCTOyHA CO CTOKOM
9Heprum T*4, kak Ha ConHue, AONOSHAKT aTTPaKTop.



Comparison of Baker-Rosenbluth
formula with experimental data

« The mechanism of particle peaking and TEP were popularized by A.
Gruzinov, M. Isichenko and P. Diamond Phys. Plasmas 2, 3541
(1995) and M. Isichenko, A. Gruzinov, P. Diamond and
P.Yushmanov Phys. Plasmas 3, 1916 (1996).

« D. Baker and M. Rosenbluth Phys. Plasmas 5, 2936 (1998)
generalized the V. Yankov JETP Letters, 60, 71 (1994) formula
n~1/v

by introduction of a fitting parameter alpha (in large aspect ratio
tokamaks v is proportional to q)

n(r)=1/q(r)

 The Baker and Rosenbluth approximation has been experimentally
tested in TCV tokamak with variable magnetic geometry, Weisen et
al Nuclear Fusion 42, 136 (2002)
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Weisen coordinates.
Integrated normalized particle content versus normalized poloidal flux

in an OH TCV data set. 226 density profiles from Weisen et al. (2002)
Best fit is alpha =1.0 nota 0.9 or a 1.1



JET density profiles H. Weisen et al poster EX/P6-31 20th IAEA FEC,
Vilamoura, Portugal, 1-6 Nov. 2004
JET L-mode, Reversed shear, H-mode and TEP

Shear dependence in qualitative agreement with
Turbulent EquiPartition / curvature pinch

Due to invariance of Il and J, turbulent diffusion causes trapped electrons to spread over poloidal flux
(dNg/d‘P'=const):

b
leledv = Né,’a o< ‘\V(b) _ W(a)‘

corresponding to C,=1 ( & C¢=0). Fair agreement with L-modes (normal shear) and low Vg H-
modes 1
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Theory / interpretational issues:
the verses don’t quite rime...

TEP/ curvature pinch not supposed to apply at high v
?7?7?7 but no vq; dependence in L-mode.

Density profiles not hollow in negative shear region
7?7?77 What causes peaking there? If thermodiffusion, why is there no direct
evidence ?

In TEP picture L-mode and low vg¢ H-modes behave as if all electrons

were trapped.
?7?7?7? Why should all electrons behave like trapped ones?

. Max peaking higher than expected from TEP restricted to trapped elec-
trons (Isichenko 1996, Baker 1998) or fluid theory (Garbet 2003)
??7?7 but no evidence for other contributions

Curvature pinch dominates in ITG regime
7?7?77 But then, why no shear dependence at vg>0.27

JET team discussion, 23 3Haka ? Ha ogHom cnange.

23 Bonpoca ceogatcs k ogHomy: NOYEMY npodwunn n~1/v Bo3HUKalOT
Be3ae, XoTa aMepuKkaHckmue paboTbl UX He NpeackasbiBanu?
HBapmaHThI - 3TO CTarnbHbIE PENbLCLI aHanM3a.

TypOyneHTHbIN aTTpakTOp TOKaMaKka BbiBEAEH N3 €QNHCTBEHHOIO
dyHOaMeHTarnbHOro HBapmaHTa, UMeeT NpeackasaTesibHY CUny, u
Teopusi BXOAUT B 3KCMEPUMEHT, KaK NaTPOH B NATPOHHUK.



Tonop ecTb, HaAo pyouTb

Improvement of confinement by a weakening the poloidal
magnetic field at the boundary, Yankov JETP Letters 2003

YnyuJlleHve yaepxaHna — 3To eCTECTBEHHOE CreaCcTBUue
aTTpakTopa n~1/v, NOCKONbKY yBENMNYEHNE V BNEYET pacLUMPEHNE
nnasmMbl y rpaHuLbl 1 6onee HU3KYK NNOTHOCTb U TeEMMepaTypy.
Bonbluee v MOXXHO AOCTUTHYTb:

1.

2.
3.
4

Cbpocom Toka. XopoLlo Ans 3aXuraHns++
YBenuyeHue ymcna X todek+? 3,4, or 57?
Cdepunyeckumn Tokamak+?

PacnonoxeHue X Toyek ganblue ot ocn. OTpuuartensHas
TPEeyrosfibHOCTb!+

bonblias BeITAHYyTOCTL+? 0.5-0.78



MapamMeTpbl TOKaMaKka ¢ MMKUPOBaAHHbIMU NPOPUNAMU U
BO3MOXHbIM 3aXuraHuem, aanekas aKkcrpanonsauus, kak m ITER
HO U3 Teopuw

Moi BaApHaHT ONTUMHU3ANUU 0Ka3aJIcH 0JIM30K K SPARC, KOTOPBIN H0JKHBI 3AIyCTUTH

B 2025M, m03TOMY YacTh MapamMeTpoB nMpocTo Bo3bmy co SPARC:
https://en.wikipedia.org/wiki/SPARC (tokamak)

bonwmon paguyc 1.85 m

Maruautnoe noje 12.2 T Jlenra Superox! Mbl Beirpanu ot nporpecca BTCIT.
Harpes 2 MBT1

[Tonesen Li

Teneps oTanuus:

I'naBHas PasHUIIa B MIHKUPOBAHHOCTH, OTHOINICHUH BCJIMNYNHDBI B IICHTPEC K BCJIMYUHC

BHYTPH CelapaTpuchl, sl Tpex nepemeHubix: 1/v 25, n 25, T 125
OO0BbIYHO NMKUPOBAHHOCTD MO MJIOTHOCTH MEHbIIIE 1eCATH.

Mautsiit paguyc npegnarairo 1 M BMecto 0.57 M, 4TO TpyIHEE

Toxk Bcero 4 MA Bmecto 8.7 MA, 4To nerue

JIMUTENbHOCTh HArpeBa B HECKOJIBKO pa3 KOpoye, YTo JIeTue

Hy>xen cOpoc Toka Ha TpeTh 0T MakcuMyma 4 MA, TpeOyeT ycuiuit

Hyxen OLIP ns ynipaBieHust npouiieM TOKa, B TOM YUCJIE U IJIsI BHYTPEHHUX OaphepoB


https://en.wikipedia.org/wiki/SPARC_(tokamak)

BbiBOOb!

MeTtoabl ycHJI€HHUSI NUKHPOBAHHOCTHM MOKHO M HY)KHO 3aJI0)KUTh B INPOEKT
CJIEYIOIEr0 POCCUICKOT0 TOKAMAaKA

Teopuss HeOKAHOHMYECKHUX NPOduJieil, NOCTPOCHHAS HA UHBAPUAHTE Nv=const, uMeeT
MpeACKa3aTeJbHYI0 cuiy. st yTouHeHnH Hy>KHa 00pad0TKa CTAPBIX IKCIEPUMEHTOB,
0c00eHHO cepuYecKUX M KPYThIX TOKaMakoB. HyKHbI pacueTbl HEOKAHOHHUYECKHX
npodujier M yCJI0BUM 3aKUTAHUS.

IlnazmMa B TokamMake ¢ HEOKAHOHMYeCKHMH npoduiasimu B L-moge MoxkeT roperb
YCTOWYHMBO HA CKHHOBBIX BpeMeHAaX.

Tpedyemble mapamMerpbl 0Jm3Kku K crposiiemycsi Tokamaky SPARC, Ho mpoduian
HOJI2KHbI ObITH 00JIee MMKUPOBAHbI U C(pePUYHBI.

Crenenb ceprMYHOCTH oONpeaeasieTcsi KOMIIPOMHCCOM HMHKEHEPHOH CJI0KHOCTH M
BbIMIPHINIEM OT YJOYUILIEHUS yAePKAHUSA.

Heonenumyio nmomMoinb B MOMCKe U aHAJAM3e IKcnepuMeHToB oka3aau K. Pazymosa, C.
Mupnos, C. [lIlapanos, B. Ilactyxos, II. FOmmanos, B. Bepmikos, 10. /lnecTpoBckmii,
J. J. Rasmussen, J. Nycander, D. Baker, M. Rosenbluth, H. Weisen u MHOrHe apyrue.



Appendix



[TloarotToBka MHCTPYMEHTOB

3aKoHbl COXpaHEeHNSA MNOABUNUCH OO0 YPaBHEHNN ABUMXXEHUS N HAOEXKHEN
ypaBHeHUN AuxkeHns. CBA3Ka KITloYeun.

NHBapunaHT Poincare onpegeneH B 3+3+1 pazoBom ob6beME 1 O3HAYaeT
OTCYTCTBUE BUXPEBbLIX CUIT B [[@aMUITbTOHOBBIX NEPEMEHHbIX.

I={pdq
Ecnn nmnynec p ectb oyHKUMA KoopanHaT q, To 3+3+1 nuBapmuaHT lNyaHkape

MO>HO CMpPOeKTMpoBaTb B 00bI4YHOE 3+1MPOCTPaHCTBO.

Ecnu MOMEHT BKOYaET MEXAHUYECKY0 U MAarHUTHYHO YacTu, TO BO3HUKaET
coxpaHeHne 0600l EHHON 3aBUXPEHHOCTH

—_
p=mv+eA/c
B BOAE XpPaHAT MEXaHNYECKYHO 4YaCTb, a B rnjiadMe TOJIbKO MarHUTHOeE rorJie.

Ecnn TpaekTopum NnoyTn NnepuognyHbl, TO NOSABAOTCA agmabaTnyeckme
NHBapuaHTbl. Ecnn HaBmBaTCsa Ha Topbl, TO KAM nHBapmaHThl.

A 0600LWKMN NOHATNE BMOPOXXEHHOCTU Ha YypaBHEHME Bnacosa, BkNoyas
apendoBble popmbl, YOH 97.
YuyebHMKM BbIBOOAT 3TU MHBAPUAHTLI KAk HE3aBUCUMbIE, YTO HEMOPSIAOK.



Tokamak TEPs are derived from the frozen-in law, while
the frozen-n law is derived from the Poincare Invariant

The Poincare Invariant is a consequence of Hamiltonian nature of our world and appear in
many variants of MHD and Vlasov eqgs. Many models, but the same invariants and the
same TEPs.

Alternative derivation. TEP is a plateau on the distribution function of the toroidal
momentum.

Remember the quasilinear beam relaxation by Vedenov, Velikhov, Sagdeev (1962),
where the incompressibility is a consequence of Liouville theorem. The only difference is

dropping mechanical part of momentum p=mv+eA/c instead of magnetic one.
For simplicity consider a large aspect ratio tokamak with a circular cross-section

f(p)=dN/dp=const

p=ed/c dA/dr:Bp dN/dr=2mrn

n(ryr=B p(r) n(r)=1/q (r)



Galeev, Berk and Galeev, Sagdeev, Wong predicted H-mode as an ion
banana thick boundary barrier in two papers in Phys. of Plasmas in 1967!
The cause of the barrier is loss of ions and poloidal rotation

M 10 =
L H
o # 280KkA
8 |-
a | 230kA
A & 170kA A
6 = " A
Ay
® Aa "
1 “u
o.. 4
4 -
m ® e &
- A 0 A
& o) A A
7 o 00.')<> 4
o o o
o & ”
0 0
- ]
7 I | I I I I
0 10 20) 30 40 50 60

Vi
i

Figure 6. The poloidal Mach number as a function of ion collision rate.
Data for the JFT-2M tokamak [88]. Open data points refer to L-mode,
solid data points refer to H-mode.




Improvement by negative triangularity in TCV Y. Camenen
et al., Nucl. Fusion 47, 510 (2007)

and DIlI-D M. Austin et al., Phys. Rev. Lett. 122, 115001
(2019) suggests a possibility operation in a highly improved
L-mode

The DIII-D profiles show that placing X-points far from the center
increases specific poloidal volume. | propose a third X-point in outward

part of equatorial plane
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Last touch: Why tokamak plasmas diffuse through the
magnetic field, but the magnetic field does not? Why
conductivity is close to the neoclassical one?

Because passing particles are not chaotic due to KAM-like invariant tori.
The passing particles work as a custodian of the topology of the
magnetic field (Semi-ldeal MHD). Neglect collisions and the plasma
behaves like a mixture of viscous and superconducting fluids.

No quantum mechanics, but the fundamental reason is the same: the
coexistence of integrable and chaotic particle behavior.

Similar explanation was published by Alan Boozer Phys. Fluids B 2
2300 (1990) well before me, | apologize for not mentioning him in my
first publication on the subject.



To describe TEPs in tokamaks we have to
derive frozen-in laws of Vlasov eq

Invariants appear before and are more robust than eqgs of motion.

Consider a trapped banana particle in a tokamak and assume, that
turbulent perturbations are much slower than the oscillations of the
particle and that banana thickness is smaller than the size of
nonuniformities. It means, that we have two adiabatic invariants and
motion of banana center lies in the 2d equatorial plane of a tokamak.
Since only poloidal magnetic field crosses the equatorial plane, we
arrive to the frozen-in law of trapped particles nv=const. Here the
density of trapped particles is marked by the two adiabatic invariants.

Why the whole plasma density behaves like trapped particles? Because
passing particles are stable due to KAM-like invariant tori, but collisions
mix them. Villagers and townspeople.

For different frequencies of collisions and different models of turbulence
many different MHDs can be used, but all MHDs will have toroidal
component of the frozen-in law destroyed by the poloidal torque.



A big problem bigger than tokamak turbulence: number of
invariants is fewer than number of variables, hence our world is
chaotic and nonintegrable.

Observation: The huge complex multidimensional world is knowable due
to simple attractors. The process of attraction is nonintegrable, but
attractors have much lower dimensions and therefore could be described
analytically.

Exact solutions are not a typical case and have a measure zero unless
they are attractors.

Ptolemy-Kepler-Newton model of Solar system is a well-known attractor,
which can be described by conservation of energy, angular momentum,
adiabatic invariants and KAM invariant tori.

The Solar system is an attractor a bit more complex than energy
minimum.
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Integrated normalized particle content versus normalized poloidal flux
in an ECH TCV data set. 200 density profiles from Weisen et al. 2002 Best fit 0.8
The turbulent attractor n~1/v is confirmed and must be used to improve confinement.



Turbulent EquiPartitions are a class of attractors

Sugar in coffee is distributed uniformly for three reasons: conservation of sugar,
water incompressibility, mixing. The concentration of sugar is constant along
infinite number of trajectories n=const. The uniform distribution is an attractor
n=const. Note, that the constants are different!

Atmosphere is compressible but turbulence conserves the number of particles

and the specific entropy (adiabatic law), hence, the temperature drops with
altitude

TEP of the specific entropy in the nearest thermonuclear reactor is confirmed with
accuracy 99%.

TEP was accurately derived in a magnetoelectrostatic trap from eqs of motion by
V. Pastukhov Sov. Journal of Plasma Physics 6 549 (1980).

A TEP was assumed as a tokamak attractor, but the problem was a choice of
invariants. K. Razumova gave a key hint in 1994: Enigmatic density peaking!

Toroidal direction in tokamaks is symmetric, but poloidal one is not. Therefore,
there are considerable torque forces in poloidal direction, which destroy toroidal
component of frozen in law. As a result, plasma is attached to lines of the poloidal
magnetic field and nv=const along trajectories like sugar. v is the volume of a
poloidal magnetic tube. Assume a good mixing, and the constant will be the same
inside tokamak, like sugar in coffee!



Difference between q and v in
the 7t figure, A. Dnestrovsky
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Any useful model of our complex world includes simple attractors

« | apply attractors to many problems of physics, climate, Al etc. and would like to
give you several samples to promote the tool.

« TEPs are among the simplest attractors, but solitons are more complex than sugar
in coffee.

« Importance of solitary waves in non-integrable systems was evident, because they
appear in simulations. Theory of attractors predicted that linear waves will
condensate in solitons and solitons will merge. The math obstacle was absence of
an invariant measure in functional space, so the results are not rigorous.

« Simulations by A. Dyachenko, V. Zakharov, A. Pushkarev, V. Shvets, V. Yankov,
JETP 1982 confirmed the predictions.

a 5 30 45 60 x

b

ﬂ ?

W= T/(f+f’) 3(‘,;20 15 30 45 60

where F’ is a negative frequency shift in solitons  ~f ’l

/) 75 30 45 60 x

FIG. 1. Fragments of the evolution of the solution of the equation
i, + ¥, + |¥|¢ =0 with the parameters 3, = 1 and L = 60; the time
t=17.4 (a), 365.4 (b), and 730.8 (c).



Condensation in 2d solitons
A. Dyachenko, V. Zakharov, A. Pushkarev, V. Shvets, V. Yankov, JETP 1982

FIG. 3. Fragments of the evolution of the solution of
the equation i), + ¢, + ¢,, + |¢|"*¢¥ =0 with the
parameters ;=1 and L =37.7: a—t=13 and
1Y) max = 33.2; b—£ =277 and |¢|?,.. = 63.9; and,
c—t = 2681 and |¢|? .. = 137.3.




Thin vortex attractor is defined by conservation of vorticity
(Poincare invariant!) and energy maxima




Other
source

of energy,
the same
attractor







The first satellite launched by the US was stabilized by
spin like a rifle bullet, but lost orientation soon. The people
used eqs of motion instead of invariants.




Oumuamua rotates chaotically hence it is not an abandon
starship, which should include something flexible and rotate
perpendicular to the long axis




To predict the complex and chaotic world, including
tokamaks, we must use invariants and attractors.

The turbulent attractor nv=const is robust and has a predictive power.

The attractor is confirmed by MHD simulations of Pastukhov, Smirnov,
Chudin.

I'm pretty sure similar attractors are hidden in gyro simulations and I'm
here to help.

The goal of my tokamak activity is to improve confinement of
tokamaks in order to lower the financial barrier of ignition several
times. ITER is very expensive, but hopefully not optimal.

We must read and interpret many thousands of experimental papers,
available databases, talk to experimenters to distill the data into a
statement so brief, that it can be minted on a coin.

Thank you!



Repeating objections of my friends and my answers

1. Vladimir, all your fairy tales about attractors are wrong.
Why, Boris?

| know all the textbooks by Landau and Lifshits very well. There is nothing about your
attractors.

Boris is right. Books and journals are filled with theories of perturbation.

2. ITER scalings clearly indicate improvements with increase of poloidal magnetic
field/toroidal current.

 |ITER scalings do not incorporate current rampdown.

« The scalings show improvement with increased elongation in accordance with the
suggestion of weakening.

3. Read textbooks, a magnetic field is frozen-in. Your generalized vorticity is not
mentioned.

« The law was rediscovered many times, including P. Dirac (1940), S. BraginskKii
(1948), O. Buneman (1949), Linden-Bell (1967), V. Yankov (1979) and several times
later, every time without references on previous results.

4. The Poincare Invariant and the frozen-in invariants are not related.
« The projections from 6d space to 3d space are not evident, but true.
5. There are magnetic field tubes while your poloidal magnetic tube is nonsense.

« Both are mathematical abstractions. Magnetic field tubes were drawn many thousand
times in textbooks and papers, so many believe they are real.



Repeating objections of my friends and my answers

6. With ECH, we can change density profiles as we want.

« Attractors are elastic and overheating plasma near the center expands
plasma, it's natural. Show me tokamak with maximum density near the edge
where the particle source is.

7. Your attractor is just a new word with no new results.

* |n tokamaks, both the particle pinch mechanism and the profile n~1/q, as
well as the prediction of reversed shear stabilization, were new.

« Experimentally the canonical profiles and the enigmatic density peaking
were known long before my theory, it's true. The theory must have been
made in 70ties.

8. Do you really think that theoretical physics can be done without calculations?
* | have been doing this since my student days.
» The outstanding Boltzmann distribution does not require calculations.

The Boltsmann attractor is an equipartition on a multidimensional
hypersphere, determined by the law of conservation of energy E

F(E)~(1 - E/Tn)*n=exp-E/T
the Euler formula!



—_— —
I=[pdq
Poincare Invariant is integral form of Hamilton Equations
—_— —
I=[pdq
Adiabatic Invariant
—_— —
I=[pdq
Generalized frozen-in law

ﬁ=m§+62/ c



Reversed shear stabilization has
been predicted as energy minimum

«Suppression of turbulence can be obtained without moving
the heat source in the atmosphere, but by inverting gravity.
In tokamak, a similar effect is achieved by decreasing the
safety factor q with a radius...» Yankov, Soviet Fizika

Plazmy (1995) dq/dr<0

The theory has predictive force! It was suggested a half year
before discovery by TFTR Levinton et al, DIlI-D Strait et al
PRL (1995).

As shear flattens, rational surface barriers appear and merge
if the shear is negative



Tokamak profiles are hierarchy of three attractors. The first is a
simple minimum of magnetic energy as was explained by Kruskal
and Shafranov, the second one is Turbulent EquiPartition of
angular magnetic momentum, the third is current profile

Experimenters observed similar profiles of plasma in tokamaks
beginning 1962. Canonical profiles of pressure were described by
Coppi and later by Esipchuk and Razumova.

The puzzling feature of experimental profiles is a maximum of
plasma density in center and minimum at boundary, while the
source of particles is at the boundary! Central maximum is natural
for temperature because the plasma is heated at the center.

The hint: what set of invariants leads to a turbulent attractor with
maximum at the center?

The hunt has started from Poincare invariant application to drift
Vlasov equations, which resulted in new set of frozen-in invariants,
relatives of frozen-in invariants of magnetic field and adiabatic
invariants.

Finally, the angular magnetic momentum leads to the central
maximum of density
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Figure 4. Profiles of the density #, the safety lactor ¢. and the Lagrangian invariant ng in the TFTR tokamak [69]: (a) supershot 76770, temperature peak:
(b) the same supershot after swithing-ofl the heating before crash; (¢) L-mode. Here, nigp is the profile suggested in [77].



MHD simulations by Pastukhov, Chudin,
Smirnov, Dnestrovsky confirmed TEPs and ITBs
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The chaotic and complex world is
knowable and predictable due to
attractors; the success is due to reduction
of number of parameters around 10230

Samples of attractors: energy minima and maxima,
Boltzmann distribution, solitons and wave collapses,
vortices, measurements in qguantum mechanics, brain
and Al, Life, z-pinch singularity, turbulent attractor in
tokamaks (Yankov UFN, 1997)

The best way to study attractors is simulations
What the Amish say about science? Too wordy.



