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UccnepoBaHue npoueccoB NnepeHocCa

MexaHnam? — [porHo3 ana peakropa (Kakou npodpunb

MOXHO MONY4YUTb, KaK U YeM onpeaensieTca aBonuus )
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MeToAabil:
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TpaHcnopT YacTuy

* ONMMCaHne pe3yribTaTtoB MMEKLLINXCH SKCMEPUMEHTOB
* npeackasanusa ans NTOP, DEMO

QDT
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* yoarneHue renneBon 3051bl (

NoAnNUTKY TONNIMBOM)
* MOBeAeHne TPUTKUS
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H-moxa JET ¢ NBI

No dependence on Vg,

Lowest V|qop found at low v
when peaking is highest:

Ware pinch does not determine
peaking

No dependence on <n.>, hence

not on mean free path of beam
and edge neutrals:

Fuelling does not determine
peaking

® 17<n_ <3
e e DD
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MeToabl uccrnegoBaHUSA

. IM1ysibCHBIN HAIyCK rasa

. MH>XeKIUs TeCTOBOM NEJUIEThI (OCHOBHOTO MOHA,
MOHA MPUMECH )

. Laser Blow-off — nmxekuus marepuaiia B miasmMy C
nepu@epru 3a CYET paclbUICHUS HMITYJIBLCOM JIa3epa

. BBog Manoi 1o00aBKH BeleCcTBa (TPUTHI) C
noMo1ipro my4dka (NBI)

. AHanu3 OajlaHca YacCTUIl



KaHgnaaTtHble mMexaHUu3mMbl

Indicative 0.1 KoPs 1. 10
turbulence ; -,
scales 1. kg (em™) 10 100
Turbulence/ ITG
transport TEM
mechanisms ETG
Affected lon thermal
transport Momentum |
channels Electron particle

Electron thermal

ITG: (—R VTi] = f(—R vn, g /Ti,s,..J
. n
crit

1 e

TEM :(—R VTTGJ = f[—R Vo, ,ft,...]
crit

n

c &

ETG: [—R L j = f[—R Vo, /Ti,s,..]
crit

n

[§] C



Pa3pneneHne Ha MOHHbIE U 3NEeKTPOHHbIe MOAbI —
ngeanuiauus, cnpasegnuBas ons HEKOTOPbIX

PEeXUMOB
YR [ I I ]
lon + Electron Mode
(ITG+TEM)
) 10
=0
o
.'jh lon Mode
% | (TG) ’
Electron
Mode
(TEM)
0 l I
0 2 4 6

-Rd Log(n,)

Figure 1: Stability diagram of ITG/TEM modes. Electron and ion temperatures are equal.
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-

General model for particle flux: collisional transport
E = -Dn[Vnin + C,Vqg/q - Cr VT./T.] +
{ : l.--- Thermoiiffusion

— pinch - Vi, . (<E,)
Complex coupling g, T, and E_ in inductive plasmas
— difficult to discriminate among these effects

Ideal conditions now met in Tore Supra plasmas

v No central fuelling (RF heating), I'=0

v V... COMpletly suppressed over 6 min. (80-100x resistive time).
Vieo ~ 0, hence: Vn/n =- C, Va/q + C; VT /T,

v Accurate density profiles provided by powerful reflectometry
See R. Sabot EX/P6-25

G.T. Hoang, 20th IAEA Fusion Energy Conference 3



el 1. ITlukupoBaHHBIA NPOPUJIH IJIOTHOCTU B OTCYTCTBHE
E ' BeepoBCKOro nMHYa M HCTOYHHKA YaCTHII B IIEHTPE

siv-minute discharge Radial n, profiles from 40 — 350s

. T 3 -
LH Power (MW)
Ne (x107¥m-3)

i R S —_——

~ ’ -y N ' L
Transformer flux (Wb) 2
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5/ T0) (V) | !
|J W o VMagnetlc o

. M . /enl0 . N
Line density (x10m™>)
- I

) (ke 0- =
0 i i i
0o 100 200 300 : s|
2 Density peaking p
1 (2)4 : ..
4 Eo (Vim) @ r/a=02.04.06 R(m) |
0 100 200 300 Inward pinch >> V_
Time (s)

VID=-Vn/n~1(m")

Long discharge and peaked profile In the gradient region
2. Noware

% 3. No source

ég':}bang, 20th IAEA Fusion Energy Conference 5

See D. van Houtte, pc ]




Density peaking increases when increasing T,

=B =
| gradient in the plasma center
N ETTH — Inward thermodiffusion pinch
2l2mt x * dk u “{ correlated with pure ITG unstable
}g_._._._ modes, as predicted turbulent
“- vn/n (m™) Lo | simulations Garbet PRL 91, 035001 (2003)
1 Maximum linear growth rate (s7)
: With KINEZERO
10 .
0.5} | E¥ o - ITG &TEM
0 o : d, : ; 3 e
2 & & ¢ s s g
rla< 0.3 - VTe/ Te (mT) l 10° P , X “‘,\ j
a set of 7 discharges o) : 0.4 ; 0.6

@ various T (Te(0) = 4- 8keV), and q Ralized radius
(Jeage = 8-9-14), in condition

Vnin =- Cq Va/q + Cy VTe/Te TEMs more and more dominant

when moving from the core to
\G.T. Hoang, 20th IAEA Fusion Energy Conference the outer plasma 11




Density peaking decreases when increasing T,
gradient in the gradient region

Outward thermodiffusion pinch
(weaker than curvature pinch),
correlated with dominant TEM
as predicted by Garbet's

simulations
PRL 91, 035001 (2003)

e

Maximum linear growth rate (s-1)
108 With KINEZERO
ITG &TEM
Sl Cr=-0.2 10%}
1 Cq - 9'8 , _ " Ass§ming ok,
0 5 4 6 8 . trapped elec.
~ T / T (m-1) 10 (Pur Iy ITG) “\‘ ‘
03<rla<06 )¢ € o 0o I
N 7 Normalized radius
TEMs more and more dominant
G.T. Hoang, 20th IAEA Fusion Energy Conference wihan maovinmn froaom tha fcrara tn 12



Density peaking increases with magnetic field shear

= In the gradient region

[+ ——

Rv; ,'xx
A T/Te <¥¥ \

5#

Dominant inward curvature

ol - Vn/n (m™) | | pinch correlated with dominant
Circles: T/T; =1.3 ¢ TEM, consistent with
2.5} Dlamonds T‘3 i=2.1 & 1 . -
T4 turbulence simulations

2l % || If curvature pinch dominant
1 not if thermodiffusion

1t dominant!!!!!
il C:~-0.15] | eg. x Garbet PRL 91 (2003);

C,~ 038 C. Angioni, Phys. Plasmas 10 (2003)
% 3 41 5

03<rac0.6 YA/ (M)

Similar observation at JET & TCV
[H. Weisen, PPCF 46 (2004) 751]

G.'l: Hoang, 20th IAEA Fusion Energy Conference 14



2=

Slightly under estimated using
Isichenko’s formula based on

ITGs M=1_ij’(l+irﬁ)dr
St0)  _Ri: 2 3

(fits TFTR L-mode) rri74 1995

Over estimated by model 1/g
(fits TFTR supershots) PoP 2 1995

Empirical model, n ~1/g°*,
reproduces better experiments
also fits JET and ITER database

CR Acad. Sci. T315, Ser. I, 273 (92)

Qedge ~4

———

Density peaking varies with g-profile

Normalized profile to the value @ r/a =0.6
50 profiles from 10 shots.

17 25

Nycander

Isichenko
16

153

Eglplge ~14

-
-
;
;

—

ni) / n(~0.6)

nf) ! n(«0.8)

Sies
N
1 T

~o
<2320

03 0?4 as [ 03 04 as 06
Neormalized radivs Normalized radivs

Boucher&Rebut&Watkins

1.7 1.7
16 Qnge ~14 16 Qnge ~9
15
B 3]
(714 i
3 3
=13 RN <
< . -
12 .
Model ™\
11 471~05 o
] J q U.9
1 - 1 .
03 04 s D6 03 04 s 06
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Very different neutral transparencies, same profile shapes,

same collisionality (ngZq¢s iIs ~same)
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BnunaxHue NMMKNPOBaHUA NJTIOTHOCTUN HA

yaepxaHue
(a) (b)
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H= 2WW+WMMMW 2
- \p“\(a v{gEngp -
f WH (MJx2) PNy i L, ; -
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°
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Possible gain of 30% in fusion power -
on ITER taking into account curvature pinch

Simulation with 0D module of CRONOS

ITER reference scenario Taking into account curv. pinch
Prus ~400 MW, Q =10 n~ 1/q05Pfus ~ 530 MW, Q=13

500 500/
1 | Pygy = 40 MW Z Py, = 40 N
<T> 10 keV <T> -11 keV
<T;> -9 keV /Iin ~10 k?\

/

10

Wi
3

0 0

2 n(0)/<n> =1 f=0.8 ] 2 "(0)’<"> =1.4 i“

! 1£.=0.8

ol——-"-",./ o__g---j R A

4- ] ry! ]

2 By=1-7 2 4xl, |

10 ”
800 % a0 a0 em 800
[l Tlme (s) | Time (s)

Simulation performed in a consistent No Impurity transport. But, scalings
manner using 0D scaling laws, include an increase of Z_ (1.5 to 1.7)

namely ITERH-98P(y,2)

G’.T. Hoang, 20th IAEA Fusion Energy Conference 17




NoGanbHble XapakTepUCTUKN yaepKaHuUs
yacTuy

* Bpems xunsHum yactumuy
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CpaBHeHue TpaHcNnopTa UIOHOB OCHOBHOW KOMMOHEHThI
N NpMMecen C NepeHoCoM 3Heprum

Some transport models (RITM, JETTO) assume fixed relationships,

suchas Y,= X;=D,=D, =D,
However experimental ratios T,/tz and D/ vary widely in published literature and
can depend on discharge conditions such as power and plasma shape.
Example: Impurities can experience power degradation more or less strongly.
Dependent on heating method & electron-ion coupling?
Scavino et al, subm. PPCF 2004 Mattioli et al, NF 35 (1995) 1115
0.028 ) ‘<_TC\/: . :;9: N ot |
| , Si from LBO with Ty ‘g |
B’ 2 apd ; | 00 b . TS
0.024}F---- n“-‘rip .......... ................... anMeCM ............ e} ECH'\ L-ande ‘¢_’:
: e a : : -0.2 %50 R |
| oL, O ; Tp<T,<P T " |
: e TS=~oo__i impurities * ‘:" ' J ET
0.02F-cmmmmminnns .................... ................... ................... S _ 200~ + :'. X *
| & JET, TS—> SR L,
0.016F--- Q\ ...... P-o,“) ................... . ................... L ................. _ Higl‘l Z Writh RF, o 160+ '|‘|: +"4_:> #-‘q. _;'0{:
\‘%\E\\ " (-;)Heprmg] NBI, LH, L-mode o0l '!:-5 . 3 +++ i
0.012 5 wvmrmeeeaeaaanns b SR 2 VRO RIS oo ................. i 'f ."?‘F . .
: . S . total energy 04 Tp~T,0c P-0.6 ol k5 -?'-'.'f-‘--'.-
| , A oY o TS ;
0.008 i L O i | o '
200 400 600 800 1000 1200 0
Piot [KW] = 0 1 2 3 4 5
i P/ Ty (1072 W-m?)
in Pin/ne

Message: No picture of systematic behaviour so far.



Heokaaccnueckuu 3QpPexT —
HAKOILJICHUE IIPpUMecen

(a) RS | (b) ngh Bp mode
T | E038998 E039644

—— —

Goted)  TiTe (keV).q

 E041679
t=6.3 s

" E041542
t=7.95s |

N w
T

Ne, NAr
(a.u.)

O -

..............

0 0.20406 08 10 0.2 04 0.6 0.8 1
r'a r/a

Fig. I Profiles of temperatures, safety factor, and
densities of electrons, He, C and Ar in (a) RS and
(b) high B, mode plasmas. In the bottom figures,
n.(r) is normalized at r/a=0 and n ,.(r) is adjusted
fo n,(r) outside the ITB.



YrnpasJieHue MOBeACHUEM NpPpUMecen

DENSITY AND IMPURITY PROFILES MODIFIED WITH ECH
AND ECCD IN QUIESCENT DOUBLE BARRIER PLASMAS

e EC power applied
near p=0.2in
plasma with core
transport barrier

. 110874

L ne (1018 m—3) [ Total Ni Density (1017 m-3) |

1.5_-

-
™TT

t=245s

W
L S |

already formed i
: ; 2f
e Density peaking :
reduced, leading 1
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central impurity e HUGIA 110874804

densities and 100 Total Pressure (kPa)

C+6 Density (1018 m-3)
factor 1.3 reduction -

1.5}

: 80} "
in Zeff : t=245s :
: ' 60 1.0r
e More information 40: : _
in E.J. Doyle, : 0.5] 2455 (before ECH) —— |
et al., EX/C3-2 20¢ [ 2.70s (during ECH) —— |
1] L YT OO SO L. || .
00 02 04 06 08 1.0 0 02 04 06 08 1.0
Dill-D P P

NATIONVAL FUSION FACITY o
ssssssss 255-02/KHB )



YrnpasieHnue nopeaeHuem npumecen- 11

JT-60U

15 e e Y {5
PnBs PEC (MW) E e

ne (1019 m3), 25 5t
Ar puff (10-1 Pam3/s) o F—

W (MJ), 2.5
Do intensity (a.u.)

(b) E041683

Tj(0), Te(0) (keV)

Soft X-ray
intensity (a.u.)

Time (s) Time (s)
Fig. 4 Wave-forms in (a) high B, mode and (b) RS plasmas with central ECH and Ar puffing.



Yiuiomenue npo@uiis NJIOTHOCTH P
JTOMUHHMPYIOLIEM 3JICKTPOHHOM Harpese
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Wita ta
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Fig.2: Density profiles when varying the ratio of electron to ion heating Sy¢/5,=0.5,1 and 2.

The comresponding values of ¢,= VI/VT, at r/a=0.J are indicated [14].



bomoBckasa guddysua

1. 'Bohm diffusion' causes the electrons to diffuse perpendicularly to
the magnetic field lines. However, its origin is not yet completely
understood: low and high frequency electric field fluctuations are both

named to cause Bohm diffusion.
E Bultinck ef al 2010 J. Phys. D: Appl. Phys. 43 292001

2. Wikipedia:
KnaccnquKaﬂ nudysus MaKCUMaITbHA, SCITH V =0
D=\lt=p’w =(v /o )’o =V, /o
—(kT/m)”
oac eH/mc

kT mc _ kT c kT
16 eH



bomoBckasa guddysua

3. C.1O. JlykbsinoB, H.I'. KoBaabckuii I'opsiuas niazma u YTC
Penkasg 3amaranuyendas rmjia3sma
Buxpsb ¢ npoctpanctBeHHbIM MaciiTadboM L : ep~kT = E~¢/L
Hpend mia3Mbl 1 BUXPs HA JJIUHE L:

u=cE/B

t=L/u — cpeaHee BpeMst nmpoodera BUXpsI
Torna D, ~L°/t

kT cE kT
turb Lu ~ ~C

cEL B cLB
4. K. Musimoro OCHOBBI (PU3HUKH IJIA3MbI M YIIPABJISIEMOI0 CHHTE3a
Koaddunuent anomansHou qud@y3nun, 00yCaoBICHHBIN
(IIyKTyallHOHHBIMH MOTEPSIMU — Apei( B CKPEIICHHBIX MAarHUTHOM I10J1€

1 (PIIYKTYHPYIOIIEM JICKTPUUECKOM I10JIe [
n
K

D

KT,

Dy =| Y. —~A,sino, [~ o
e

turb
kK K, n,

max(...) =1/16



