Parametric dependence of
particle pinch coefficients for
electron particle transport
In linear gyrokinetic theory

E. Fable, C.Angionit, O. Sauter

Centre de Recherches en Physique des Plasmas CRPP — EPFL
Association EURATOM - Confedération Suisse, Lausanne, Switzerland
IMax-Planck-Institut fur Plasmaphysick, Garching, Germany

+

+

E. Fable - CRPP Plasma Fusion Theory Workshop, 25-29 August 2008 Varenna

1



Outline

* Motivations

* Particle transport

* Linear gyrokinetic theory

* Pinch coefficients calculation
 Comparison with experiments

e Conclusions

-E%D E. Fable - CRPP Plasma Fusion Theory Workshop, 25-29 August 2008 Varenna



Motivations

e Show that linear gyrokinetic theory can be
used to interpret known experimental results
and make concrete predictions

eUnderstand the behavior of experimental
stationary density profiles in different

Tokamak plasma scenarios
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Basic particle transport equation

* Particle continuity equation for arbitrary species (electrons):

1o, , 10
V7 Op
 The density profile is determined once the flux I" Is known
 The flux Is generated by different physical processes:
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| = rneo + rturh + FI\\i\f‘lD
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Not discussed here

(VT) =5
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Generic local particle flux

e Generic local form for neoclassical and turbulent fluxes:
Diffusion Convection

3D T N A \
1—‘_3'_ :\_ngn/_l_( ‘/;n/ )
\\_// \\_/

After flux-surface averaging:
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with metrics: g1, =< |Vp| > and g2, =< |[Vp|* >
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Stationary condition: I'=(

* Neglect core sources and neoclassical transport to have:

o 0

1 0 1 0 ‘ |
V" {V I’Z) RV Op (V r) S :> 1_‘turb = (
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r,ﬁeo + rturb
/

| 1 On Yip Lgi-fu-rb
1_‘turh =0 ‘ T

no 1% 92p D turb

A peaked density profile Is sustained by a
finite inward convection term driven by turbulence
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Vuv/Dyiyr, from linear gyrokinetic equation

* GK equation: linear, ballooning, ES, spectral [G. Rewoldt et al 1982]

» Solve for non-adiabatic part of s: . ed

(—lw + 1Mk + iwgt; ) g=17 (w+ w*) Fy®d

with definitions:

I

1 V
U, = ( v + L) wq = kypi [cosf + (s — avsin f) sin 6]

U—\/f\[ o hy i {_i()_f’i 1 01, (E— E)}

- T n dp 1. Op 2
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Gyrokinetic particle flux

e The ES-turbulent flux is by definition (one mode considered):

Lon g1, V

['turh X ?R(fk}pi / gfi)’*‘d:f‘t_) X ——

ndp  go, D
« Substituting the formal solution for g and the expression for w*

I' urb ~ - fﬂv ] 1 on ] _
furl - x| —S8 / v Fy | v/ : - Diffusion
Ky pi| P> ‘. w— Mkjv —wat, ) n Jdp

o /d% o kypi(E — 3/2) 1 ()I Thermo-

. w—M AHIH — wqv, | 1, (){) diffusion
. W Curvature +
—73 / d>v Fy = - _

: w — Mkjv — waty parallel pinch
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Vturb/ D

e Identify V/D:

, contributions

tur

C+ (<0 inward
= it )
| I, L H—, sz
3 (f d tFP‘I@Jf;ﬁlwtﬂudiﬁj 1 ()T

C; = Thermodiffusion coefficient
C, = Pure convection coefficient
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Stationary density profile

[y, =0 ‘ gives:
|4

R R
L~ D L,

* Coefficients depend on plasma equilibrium parameters!
* C; = Ci(@,k ppK s Vegpe )y @ = O(R/L R/, R/L5,8,q5V g o)
» Stationary R/L_has to satisfy above non-linear expression
* Passive species (i.e. small concentration) = linear expression
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Phase space contributions to C; and C,

« For trapped particles: assume <k v,>, ~0

* For passing particles: assume |Mkv,[>> |a@)| , @y V|

e Introduce trapped particle fraction f,

« Solve imaginary part dividing mode frequency in @= @, + iy
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Passing electrons pinch at f, ~ (

—
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e C;= -1/2 9 Ne ~ Te 7 [F. Miskane et al., POP 7 4197 (2000)]
* Cp~-tay/kp; 2 inward for TEM/ETG (og > 0)
outward for ITG (og <0)
« C, Is analogous to the impurity pinch found in
Angioni and Peeters, PRL 2006
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Trapped electrons pinch atf, ~ 1
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e C,(®y) =2 inward in ITG; smaller/outward in TEM
* Cp~-tw,/k,p; 2 always inward (o, > 0 for monotonic q)
* For @, <0 the picture Is reversed (o, < 0 for very negative s)
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Quasi-linear rules

o I .. R H .
I def!n(?d for each k,p; L= A~ 4B )
* Quasi-linear sum: R L .. L
=, -
("F . Z.f: {I) ke B ke (*f o R Zf: {I) ke C— ke
A = o p = —1Iu =
Dk D12 A, > I D .| < A .
* (1) We consider mode at highest y/<k ;*> (Jenko et al., PPCF 2005)

Other rules:
* (2) Sum using |®J* ~ (y/<k,>)* with 1 <a <2
e (3) Sum with a particular potential (Bourdelle et al., POP 2007)
e ... and so on (to be compared with non-linear simulations!)
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Gyrokinetic code

Gyrokinetic flux-tube code GS2
[Kotschenreuther et al., Comp. Phys. Comm. 1995]

e Linear, electrostatic
e Fully kinetic D-1ons and electrons
 S-a magnetic equilibrium

* NO Impurities
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Parameters scan motivations

(A) Typical monotonic q profile cases

Understand behavior of density peaking and

compare with known experimental results

(B) Negative magnetic shear scenario

Understand thermodiffusion pinch In

‘electron Internal Transport Barriers’

observed in TCV [E. Fable PPCF 2006}
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Monotonic q: typical spectrum

e=10.11 ;veff=0;Te=Ti;R/LTe=R/LTi=S:;q=1.4;s=0.8;0LMHD=0
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* Most of the transport in the range k,p; ~ 0.08 — 0.3

 Flux goes from negative (inward) to positive (outward) increasing R/L._
* Dominant mode, k p; ~0.12, goes from an ITG to a TEM type increasing R/L,,

ﬂ%b E. Fable - CRPP Plasma Fusion Theory Workshop, 25-29 August 2008 Varenna 17



Mode dependence on main gradients

-1 . . . .
0.5 1 1.5 2 2.5

« TEM dominant for L, /L; <1, ITG dominant for L, /Ly; > 1
e Stationary R/L_ tends to be maximized when the oy ~ 0
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General mechanism dep
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endence on mode type

e Thermodiffusion (C;): inward; |C;| higher in ITG, smaller in TEM
e C;: Inward; |Cp| higher in TEM
Passing electrons C, outward for ITG turbulence
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Experimental behavior vs mode type

‘ ITG
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2} [C. Angioni POP 2005] —0.8 [ ]
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Vett = Vei / “d Vett = Ve / ®q

» R/L, reaches maximum at v, where oz ~0 , i.e. TEM = ITG

e Similar to L /L, scan, in this case ‘mode’ driving parameter is collisionality

 Underlying “universal’ mechanism in terms of C; and Cp?
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Shear dependence of density peaking
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« shear T >increase density peaking (ogz ~ 0)
. q> negligible effect —1.4-
e C; & C,proportional to shear 16 . | | | | | |
» Trend found in [H. Weisen et al., Nuclear "0 025 05 075 1 125 15 175 2
Fusion (2005)] shear
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eITB thermodiffusive plnch in TCV
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 Fully non inductive plasmas obtained with off-axis co-current drive

» Core negative magnetic shear [M. Henderson et al., PRL (2004)]

» T, and n, barriers appear with similar structure, correlation between gradients
* In high gradient region, o, = 1/n,~ 0.45

» This value decreases if confinement is deteriorated (barrier disappears)
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Dominant thermodiffusive pinch
T e e e

oal o Stationary state (black)

095 o.= Ly /L, maximized at
0.2 Lye/Li~1

0.15} e Thermodiffusion (blue) Is
0.1} - dominant

0.051 -C, LR ' « C, contribution (red) Is

negligible, both because:
00506 08 1 I_Te1/|:_2ﬂ 14 16 18 L,/R is small
—=R/Ljj= = = = = = > ®, 1S small (s < 0)
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Increase stationary R/L_ through s-o TEM stabilization

2.5 :
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» shear | = increases R/L, where ITG > TEM

e 1 -2 same effect through o yp
 Particle flux crosses zero accordingly to mode frequency
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Increase stationary R/L_ through v, . TEM stabilization

. &=011;T/T,=2.5;R/L;, =20 ; R/L;=12;Z ,=1;5=-0.7; q= 33|
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Finite coII|S|onaI|ty upshifting of the ITG - TEM transition point

allows a higher stationary R/L, for the same R/L;
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Stationary R/L._ compared to experimental value
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 Experimental scenario gives o, = L. /L ~ 0.4£0.15
* Finite collisionality helps in lowering the needed R/L-;
* Passing electrons contribute significantly to total pinch at realistic v
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Conclusions: theory part

* Linear GK theory predicts V/D -> gives stationary R/L
If neoclassical transport and sources are negligible
* Two main mechanisms: thermodiffusion (C;) and Cp
* Passing: Cy~-1/2 2 N ~T 12
C, < -1 wg 2 Inward in TEM,

outward In ITG, small at T,/T;>1

 Trapped: C; (og) =2 Inward in ITG
small/outward in TEM

C,~ - o4 2 always inward
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Conclusions: monotonic q cases

« Good parameter to describe temperature gradients IS L./L;

 Highest stationary R/L obtained around wg ~ 0

e Crinward and important in ITG, highest |C| near @i~ 0

 C; limited to values of ~ -1, more negative in TEM

 C;, provides outward pinch in ITG , enhanced by T,/T; <1

» Experimental trends are reproduced qualitatively and
Interpreted: ‘universal’ behavior observed for v scans

* Shear dependence of R/L_ Is found for collisionless cases

* No relevant dependence on q Is found
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Conclusions: eI'TB scenario

eI TB scenario Is interpreted as an interplay of:
- dominant thermodiffusive pinch due to both high values
of R/L. and negative shear = C, Is negligible
- Increased ITG-TEM transition in R/L_ by s-a.
stabilization effects on TEM
- finite collisionality - partial stabilization of TEM ->
allows high values of R/L at low values of L /L

- Pinch also carried by passing electrons at realistiC v
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Conclusions: open issues

Quantitative comparisons of quasi-linear model

Inclusion of neoclassical transport and local sources

Effect of other species/impurities (complex flux study)

Non-linear effects
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