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MOTIVATION
Anomalous cross-field energy transport
An assumption of “local” energy transport:

(1) diffusion-type differential equation for the particle’s mean energy
(temperature)

(2) transport coefficients depend on local (in space) parameters

lee(r) MINT(r)/ r << 1

Observations of “fast nonlocal transport”:
heat front moves faster than diffusionr?(t) >>c_t, r~a

“Jumps” (instant change, within diffusion time scale) of transport
coefficients in a large part of plasma volume

( 1.e. transport is fast as compared to the time scales of the adopted sen
empirical characteristics of anomalous diffusion of heat)

The faster and more localized the perturbations are,
the stronger are the “jumps” of transport coefficients.



Evidences for fast nonlocal transport of heat - 1
Resolving the fast distant response to a localized instant source of lceat
(so called “heat pulse” and “cold pulse” experiments)

() net inwardflux of energy duringff-axis heating (c.< 0 7?9
DIII-D (Luce, Petty, de Haas, 1992)
(i) prompt riseof temperature in the core aold pulseexperiments
(C.< 0?7?79
TEXT (Gentle et al, 1995)
TFTR (Kissick et al, 199
JET (fast response of the core, 1995)
(i) fast “volumetric” response of energy transport to plasma edge behav
duringL-H transitions
JET (Neudatchin et al,1993; Cordey et al,1994, Parall et al,1994;
Cordey et al,1995)
JT-60U (Neudatchin, Shirai, Takizuka, et al, 1995)

Summary on nonlocalities in experiments and theory
(J.D. Callen, M.W. Kissick, Plasma Phys. Contr. Fusion, 1997)



Evidences for fast nonlocal transport of heat — 2

Most recent evidences by March 2005

S. Inagaket. al. Comparison of Transient Electron Heat Transport inLHD Helical
and JT-60U Tokamak PlasmasProc. 2@ IAEA Fusion Energy Conference (Vilamoura,
Portugal, November 2004), EX2-12;T.

Shimozuma, et. al., Transition Phenomena and Thermal Transport Property In
LHD Plasmas with an Electron Internal Transport Bar  rier. lbid., EX/P3-12.



RECENT evidences for fast nonlocal transport of heat — 1

Confirmation of inversion of response to a distant electron
temperature perturbation (a rise instead of diffusion-predi¢ed drop)
In the “cold pulse” experiments instellarator LHD

N. Tamura et al. Impact of Nonlocal Electron Heat Transport on the Hgh
Temperature Plasmas of LHD. Proc. 21nd IAEA FusiorEnergy Conference

(Chengdu, China, 2006), EX/5-6.

Detalled analysis ofreverse of “cold pulse” polarity, 1.e. derivation of
formally negative value of heat conductivity €.< 0), if T, evolution is
Interpreted in terms of diffusion-type formalisms.
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RECENT evidences for fast nonlocal transport of heat — 2

Fast “semi-global”’ response of toroidal rotation and internal transport
barrier (ITB) formation to the switch-on of electron cyclotron (EC)
current drive in tokamak JT-60U.

S. Ide,et al. Studies on Impact of Electron Cyclotron Wave Injecion on the Internal
Transport Barriers on JT-60U. Proc. 21nd IAEA Fusian Energy Conference (Chengdu,

China, 2006), EX/P1-5.

“Degradation of the T, ITB occurs no matter if the EC deposition is on-
axis or off-axis... Within the time resolution of 5 ms, no clear delay was
observed in bothT; and V, signal in the ITB region. This indicates that
ECREF is acting on a certain background structure which has semi-global
nature.”

b ; b

1200003 0% 00 08 1 0 0 0% 0€ 0 | Comparison of Change In the toroidal
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= Boa | Foee cases, the/ t profile is found to be

T S (00T Sitrcase flattened by the EC injection.



RECENT evidences for fast nonlocal transport of heat — 3

Non-local heat transport bifurcations inside and around ITB (abupt
variations of transport in a ms timescale within 30-40% of minor radius)

In tokamak JT-60U

S.V. Neudatchin, T. Takizuka, Y. Sakamotoet al.ITB-events and their Triggers in T-10
and JT-60U. Proc. 21nd IAEA Fusion Energy Conferene (Chengdu, China, 2006),
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RECENT evidences for fast nonlocal transport of heat — 4
Abrupt reduction of heat transport in the central part of the plasma
column, which often interrupts a slow diffusive inward coldpulse

propagation in tokamak T-10
S.V. Neudatchin, T. Takizuka, Y. Sakamotoet al.ITB-events and their Triggers in T-10
and JT-60U. Proc. 21nd IAEA Fusion Energy Conferene (Chengdu, China, 2006),

EX/P1-8 (a) Interruption of diffusive

asﬁ I;redﬁnlof 13 reduction of EC-powt b) inward COId pUISe
. i transport | ITB-event perturbation (CPP) created by
/ e shot 34573  off-axis ECRH cut-off. Abrupt
1o [1a018\ Wit ra=0.05 /a=0 decrease of transport in a
N ; ] central zone Is observed as
213 ' 1 14 disappearance or deceleration
! : : E /a=0.15 of the decay at time shown by
12 foas 1 'A e ra=024 1 | a second vertical line. (b)
| [cru ool I Similar reduction of transport
oI \\ : . [ raae 027 mwly after a partial reduction of
1 | 0.9 ECRH with new sawtooth-free

0.84 0.86 0.88 0.9 0.92 0.94 0.96

0.61 0.62 0.63 0.64 0.65 0.66 0.67 time (s) steady-sta’[e.

time (s)



RECENT evidences for fast nonlocal transport of heat — 5

Ballistic jump of the total heat flux after EC heating (ECRH) switch-on In
tokamak T-10 and similar events intokamaks RTP and TEXTOR

K.A. Razumova, V.F. Andreev, A.J.H. Donne et al Link between self-consistent pressure
profiles and electron internal transport barriers in tokamaks. Plasma Phys. Control.
Fusion, 48 (2006) 1373-1388.
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Figure 6. The pressure profiles normalized at o = 0.3 in a series of identical TEXTOR. discharges
with 50 ms ECRH pulses deposited off-axis at pgep ~ 0.35. Outside pgep. the pe profiles perfectly
overlap. Inside pgep. the ne peaking only partially compensates for the T; flattening during ECEH,
resulting in a flatter pe profile. After ECEH switch-off ( Ar = (), the normalized pe profile returns
toits standard shape; during some time { Ar = 1535 ms), pe 1s more peaked than normal, indicative
of a transient transport barrier inside pgep.



RECENT evidences for fast nonlocal transport of heat — 6
Fast non-local response to ECRH switch-on/off in tamak ASDEX Upgrade

K.K. Kirov, V.F.
Andreev, F.
Leuterer, et al.
Analysis of ECRH
switch on/off
events in ASDEX
Upgrade. Plasma
Phys. Control.
Fusion, 48 (2006)
245-262



Conclusions, part 1.

Strengthening of evidences for fast nonlocal transport of heat in
tokamaks and stellarators,

both in active experiments on a response to localized instant
cooling/heating (i.e., cold/heat pulse experiments) and

“passive” experiments (nonlocality as a by-product of various
transient phenomena, like, e.g., switch on/off of non-ohmic heating).



CONTENTS

(1) recent evidences for fast nonlocal transport of heat in tokamaks
and stellarators: active experiments on a response to localized
Instant cooling/heating (i.e., cold/heat pulse experiments);

“passive” experiments (nonlocality as a by-product of various
transient phenomena)

(i) nonlocal transport formalisms for interpreting the non-diffusive
cross-field heat transport in strongly magnetized fusion plasmas

(i) theoretical approaches to treating the fasthonlocality (heat

transport by electron cyclotron waves in fusion reactor-grade
tokamaks)

(iv) can we restore a fast nonlocal mechanism from “fast localized ae
perturbation” experiments?



Interpretations-1.:
Integral equation formalisms to treat nonlocal (non-diffusive) tansport :

Energy transport by energy carriers oflong mean free path (MFP)
luep 2 L (including >> L) L, plasma characteristic size

DIFFUSION = statistics of small-step, ‘non-ballistic’ energy transfer

NONLOCAL TRANSPORT =
(1) mechanics of the ballistic flight of a single, huge energy caer

or
(1) statistics of ‘ballistic’ energy transfer by small/moderake energy

carriers

An integral term, in space variables, in heat transport equation, which,
strictly speaking, isnot reducible to a diffusion-type, differential term:

thermal diffusivity c_=cC(L)???andC_(L@3¥) ¥ 277
How it happens? Dominance of long MFP carriers




Plasma in a_strongmagnetic field

Dominant contribution of long MFP waves to total energy losses :

» Longitudinal waves: Rosenbluth, Liu (1976)(electron/ion Bernstein waves in a
plasma slab)

» Transverse wavesS.Tamor (1983,1988)(electron cyclotron radiation (ECR) in
tokamaks)

» Longitudinal (electron Bernstein) waves:Kukushkin, Lisitsa, Saveliev (JETP Lett.
1987), non-diffusive propagation of heat perturbation: rju t®(gt1/2) : rju t, (gpl/2
— “superdiffusion”) - still not sufficient to explain the experiment...



Interpretations-2:  Fractional diffusion formalisms
= Partial differential equations of fractional order
IS an equivalent of nonlocal integro-differential guation formalism

Recent attempt to treat cold pulse phenomena:
D. del-Castillo-Negrete, Fractional diffusion modes of nonlocal transport. Phys. Plasmas,

13, 082308 (2006).

A transport model using fractional derivative operators  unifies non-locality
(i.e., non-Fickian transport), memory effects (i.,e. , non-Markovian transport),

and non-diffusive scaling features known to be pres ent | ' :
Transport equatic SHEHLE TP e

Kernel of integral
equation

For fractional derivatives in space, the slow, algebraic decay of the
fractional derivative kernel accounts for long-rang e effects in the
flux . Fractional derivatives in time allow the incorpor ation of
memory, i.e. non-Markovian effects.



Variation of kernel’'s asymptotic parameters, which allow the

reproduction of uphill transport, gives a solution to an inverse
problem of reconstructing the kernel which might be

responsible for actual heat transport by an unknown physical
mechanism.

“In sharp contrast with the standard diffusive model , the strong

nonlocality of fractional diffusion leads to a line ar in time
response for a decaying pulse at short times. Inad  dition, an
anomalous fractional pinch is observed, accompanie d by the
development of an uphill transport region where the “effective”
diffusivity becomes negative.



D. del-Castillo-Negrete Phys. Plasmas (200

Fast pulse propagation phenomena in the

nonlocal fractional transport model. The figures
show contour plots of the spatio-temporal
evolution of the temperature profile following a
“cold” pulse perturbation introduced at t=0.01.
Red denotes high values of T, and blue denotes
low values of T. Cases a, b, and c correspond to
various symmetry of the kernel. The dashed black
line corresponds to the fractional pinch velocity
scaling. The area enclosed by the red curve is the
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Interpretations-3
Variation principles for steady-state plasmas
(minimization of free energy functional)

Plasma equilibrium equations implicitly incorporate the nonloal
transport mechanisms

Taylor J.B., Phys.Rev.Lett., 33, 1139 (1974); ReMod. Phys., 58, 741 (1986).
Minimizes magnetic energy W, under conservation of magnetic helicity K (low beta
plasmas). Showed big success fepheromaks and reversed field pinches (RFP)
«Profile consistency» phenomencin tokamaks:

Coppi B., Comments Plasma Phys. Contr. Fusion, 562 (1980).

Various minimization procedures:

Kadomtsev B.B. Sov. J. Plasma Phys. 13, 443 (1987).

Biskamp D., Comm. Plasma Phys. Contr. Fusion, 10, $§1986).

Hsu J.Y., Chu M.S., Phys. Fluids, 30, 1221 (1987).

Edenstrasser J.W., Schuurman W., Phys. Fluids, 2600 (1983)



Heat transport models vs Profile Consistency principle

Modeling the tokamak plasma with global transport code (like ASTRA)

using theprofile consistencyapproach

Yu.N. Dnestrovskij, A. Yu. Dnestrovskij, S. E. Lysako. Self-organization of plasma in
tokamaks. Plasma Phys. Rep., 31 (2005) 529-553;

Yu.N. Dnestrovskij, K.A. Razumova,A.J.H. Donne , et al Self-consistency of
pressure profiles in tokamaks.  Nucl. Fusion 46 (2006) 953—-965.

K.A. Razumova, V.F. Andreev, A.J.H. Donne, et al Link between self-consistent pressure
profiles and electron internal transport barriers in tokamaks. Plasma Phys. Control
Fusion, 48 (2006) 1373—-1388.

“Tokamak plasmas have a tendency to self-organizati on: the plasma pressure
profiles obtained in various operational regimes an d tokamaks may be
represented by a single typical curve, called the s  elf-consistent pressure
profile... In internal transport barriers (ITBs) th e pressure gradients can largely
exceed the gradients dictated by profile consistenc y. So the existence of ITBs
seems to be in contradiction with the self-consiste nt pressure profiles (this is
also often referred to as profile resilience or pro file stiffness).” The interplay
between profile consistency and ITBs is suggested t 0 be determined by relative
density of rational g surfaces, which are known to be the local transport
barriers.



Conclusions, Part 2

1. Treating the fast nonlocal heat transport with various plasma
mechanisms (plasma and EM waves, kinetic and MHD instabllitigs
didn’t give satisfactory solution, including the non-diffusive, integral-
equation formalisms.

2. Existing non-diffusive, integral-equation formalisms are succeaful in
describing nonlocality in the observed transport phenomena (e.g.,
cold/heat pulse experiments)vithout identification of specific physical
mechanisms

3. Relative success of variation principle-based approach (e.g., a
modified self-consistency for plasma pressure profile) ismited to the
case ofweakinternal transport barriers and based onessentially semi-
empiric parameterization of heat transport equations.



CONTENTS

(1) recent evidences for fast nonlocal transport of heat in tokamaks
and stellarators: active experiments on a response to localized
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MOTIVATION:
Numerical studies of contribution ofsuperthermal electronsto
electron cyclotron radiation (ECR) transport in toroidal
magnetically confined plasmas with

hot electrons Te > 10 keV(*)
strong magnetic field B,>5T (*)
highly reflecting walls Rw > 0.5 (*)
(including the ITER -like conditions).

TASKS:

Dependence ofpatial profile of net radiated power density,
Pec(1), on:
effective temperature/densityof superthermal
electrons (in terms of a bi-Maxwellian)
- deviations from Maxwellian, caused by the transport of
plasma’s self EC radiation.



Spatial profile of net radiated power density

Proc. 24th EPS Conf. on Contr. Fusion & Plasma Phys., Berchtesgader
1997, vol. 21A, Part Il, p. 849-852.

Quae = AW, dufk (F,r)J (W) - Q(F,r)]

X

r Fo{w,n,x}
F eS(T kK(F,r)(ndr)£1 k(F)- absorption
ry coefficient
r,— plasma’s boundary Q()- emission rate
dv dw, QF,r)
‘]esc: \Y :Vesc(m

W, 0 &J1- RF.S)+ dv awk(F.r)

V...(W) is projection of phase space .. (with angle-averaged
absorption coefficient k) onto coordinate space.



ECRH 20 MW, O mode, n=1, =138 GHz,
Rerpendicular launch (p=0), equatorial plane

—  —

ITER-like
Te(0) = 35 ke

\%

T(E)° - {1 fE))/1E"

METHOD OF CALCULATION

Beam tracing codeTORBEAM calculates a power deposition profile
Prorseam (X) and providesw and DN, on set of flux surfaces.

Fokker-Planck codeRELAX [2] takesw and DN, from TORBEAM and
calculates depositiorPgg, ax (X) With resonance broadening.

Fokker-Planck codeRELAX outputs the distribution function

[1] E. Poli, et al., Comp. Phys. Commun. 136 (2001) 90.
[2] E. Westerhof, et al., Rijnhuizen Report RR 92-211 (1992).

Formation of Superthermal Electrons Under ECRH/ECCDin ITER-like Tokamak
L.K. Kuznetsova, K.V. Cherepanov, A.B. Kukushkin, E. Westerhof




1. The EC absorbed power density may attain ~10 MW/m3, for 20 MW
total absorbed power and wave beam focusing in the plasma core.

2. For perpendicular launch (ECRH only), the deviation of the EDFrom
the Maxwellian Is stronger for the thermal part (E, < T,), with the
effective temperature T(E, ) (defined as the exponential slope of the
EDF with respect to energy for a given electron kinetic energy k)
exceeding [ by 10-20% and 20-40% for, respectively, J0)= 25 keV and
35 keV.

3. For obligue launch (ECCD/ECRH), with an injection angleb ~ 2(°,
T/ T,Is about twice smaller, but in a substantially broader energy range,
up to E,, /mc?~ 0.5, producing thus a strong enough fraction of
superthermal electrons. Also, formation of a plateau on the EDF at
higher energies is found (& /mc? ~1, T./T, ~2-5) for both launch
geometries.



Wall reflection
coefficient R,=0.6

Comparison of radial profiles of net ECR power
loss density:

(1) maxwellian background plasma;

(2) non-maxwellian EDF produced byECRH;
(3) maxwellian EDF with the same relativistic

mean electron energy.

How the distortions of the electron velocity distrbution
(EDF) caused by the absorption of external intenseCR,
injectedinto the plasma at low harmonics of the cyclotron
frequency (n=1,2)for ECRH and ECCD, may influence the
transport of ECR, emitted by the plasma itself at 8 other
harmonics (2<n<15)responsible for formation of theP_.(r)
profile in reactor-grade tokamaks.

Method of calculation

1. ECRH and ECCD (n=1,2)[1] in ITER-like tokamak
(Scenario 2, Te(0)=25 keV; modified steady stat®ée(0)=35
keV)

code TORBEAM [2] (beam tracing) [4]

code RELAX [3] (Fokker-Planck, distribution function

fe(vir))

2. ECR transport (n>2):
code CYNEQ[5] (power loss R(r))

[1] L. K. Kuznetsova, K. V. Cherepanov, A. B. Kukushkin, E.
Westerhof, Formation of superthermal electrons ..(EC-14
paper 71)

[2] E. Poli, et al., Comp. Phys. Commun. 136 (2001) 90.

[3] E. Westerhof, et al., Rijnhuizen Report RR 92-211 (1992).
[4] L.K. Kuznetsova, Juelich (2002).

[5] Cherepanov K.V., Kukushkin A.B., EPS-2004, IAEA-2004.

Influence of ECCD/ECRH-Produced Superthermal Electons on Transport of Plasma’s Electron Cyclotron
Radiation in Tokamak-Reactor

A n I/l IIII lf\lﬂll:lﬂ I/ \I r‘lﬂf\“f\lﬂﬂlﬂf\l
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1. For the same value of total absorbed EC power, the effect of
ECCD/ECRH-produced superthermal electrons on the net ECR @wer
loss density, R.(r), is stronger for power absorption at larger electron
velocities. For equatorial plane launch, the effect is maximal (~20%r
wave beam focusing in the core and toroidal injection angle~2C°. For
perpendicular launch, effect is ~few percents only, similaylto the case
when EDF’s distortions are caused exclusively by the ECR emitdy
the plasma (“self ECR”).

2. In ITER, total power of self ECR inside the chamber (15 MW foi
scenario 2, wall reflection coefficient R=0.6) will be comparable to 20
MW ECCD total power. As far as the ECCD is resulted exclusiug
from asymmetry of electron velocity distribution in co- and counter
current directions, the impact of self ECR (at high harmonicsof total
15 MW) on ECCD may not be small and has to be evaluated.



May we look at the observedstrongestevidences for fast
nonlocality of heat transport in magnetic fusion phsmas
by the eyes ohonlocalformalism of heat transport by
EM waves???
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Integral Equation Approach to Modelling of the Observed Phenomea of
Fast Nonlocal Heat Transport in a Tokamak

Initial stage of temperature behavior in cold/heat pulse experiments

At this stage the contribution of all the recognized transport mechamms
IS assumed to be weaker than that by hypothetical long mean free patl
(LMFP) carriers.

INVERSE PROBLEM of reconstructing major parameters of the integral
term for nonlocal transport

Phenomenologice description of

(1) source and sink functions (i.e. emission and absorption coeffients) for
such carriers:

(i) coefficients of reflection (conversion) of the wave from/at plasma
boundary/ periphery: R, >> 1;

(i) phase velocity: v =c.

Numerical modeling for various experiments (TFTR, TEXT, etc.have
shown thattoo exoticcombination of most favorable conditions are
needed...



|dentification of radial filaments in tokamak plasmas opens new,
unprecedented opportunities for nonlocal transport of heat by EMwvaves

along such structures.

Kukushkin A.B., Rantsev-Kartinov V.A. Wild Cables in Tokamak Plasmas Proc. 27th
Eur. Conf., Budapest, Hungary, 2000http://epsppd.epfl.ch/Buda/pdf/p2 029.pdf

p2 028.pdf

“Wild cable” hypothesis:

Transport of EM waves alongnanodust-based filaments

works simultaneouslyin two ways:

- protect the condense-matter structures, by the Miller force (pressure of
high-frequency EM field), from the access of ambient plasma, via
producing thin vacuum channels around filaments,

-assuresstrong nonlocality of heat transport .

More about filaments and dust in fusion devices In:
“Self-similar skeletal structures Iin fusion and material test devices:
numerical modeling and new observational data ”,

by Kukushkin A.B., Rantsev-Kartinov V.A., this Symposium.



CONCLUSIONS

. Strengthening of evidences for fast nonlocal traaport of heat in tokamaks and
stellarators, both in active experiments on a respa@e to localized instant
cooling/heating (i.e., cold/heat pulse experimentand “passive” experiments
(nonlocality as a by-product of various transient fnenomena, like, e.g., switch on/off of
non-ohmic heating).

. Treating the fast nonlocal heat transport with \arious plasma mechanisms (plasma and
EM waves, kinetic and MHD instabilities)didn’t give satisfactory solution, including
the non-diffusive, integral-equation formalisms.

. Existing non-diffusive, integral-equation formalsms are successful in describing
nonlocality in the observed transport phenomena (g., cold/heat pulse experiments
without identification of specific physical mechanisms.

. Relative success of variation principle-based apoach (e.g., a modified self-consistency
for plasma pressure profile) is limited to the casef weak internal transport barriers

and based oressentially semi-empiriqgparameterization of heat transport equations.

. Recent progress in identifying the probable presnce of afractal condensed matter
(FCM) in fusion plasmas hints at the probable roleof heat transport by EM waves
along FCM-assembled filaments/networks.
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