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“He's mad that trusts in the tameness of a wolf(ram)”

The JET ITER-like Wall Project is a
Important Step Towards a Reactor (c) +90 ms KW i

bold programmatic decision making

. well planned and executed engineering
and physics tasks

Operational Changes with High-Z PFCs
. tokamak response to startup/fueling

high-Z response to ICRF heating

looming worry of permanent damage

characterizing high-Z impurities
requires different techniques and

JGET 356/12

20 25 30 3.5

involves physics that drive R (m)

poloidal imp. density variation
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Overview

Neoclassical Parallel Impurity Transport Physics*

gualitative & quantitative explanation of asymmetry drives
examples of strong in/out high-Z impurity asymmetries

Alcator C-Mod Diagnostic and Analysis Technigues
2-D Tomography using horizontally viewing arrays
measurements of low-order poloidal variation of n,
comparisons to predictions of low-order poloidal variation

Possible Impacts on Flux-Surface Averaged Radial Transport

Suggested Diagnostic Upgrades/Modifications for JET

*see M.L. Reinke Ph.D thesis for a review of exp. & theory of density asymmetries in tokamaks
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The Centrifugal Force — LFS Accumulation

. for ator. rotating plasma,
centrifugal force pushes ions
to the low-field side (LFS) of a
flux-surface

In vi/vy,, = M; ~ 1 plasmas,
Impacts main ions (MAST, NSTX)

. effect scales as m,w?’R?/T,
but since T, ~ T,, scales with
Ivliz(rnz/rﬂi)

heavy impurities can vary on
a flux surface, n,(8)/(n,) ~ 0.3,
even in when the main ions
are nominally flux surface
symmetric, nN,(0)/(n,) <<'1

\

0=d

OUTBOARD ACCUI\/IULATION\
centrifugal force from toroidal
rotation moves impurities @ to LFS

€
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LFS Accumulation in AUG Soft X-rays

Importance of inertia in parallel transport known since the 70’s

[Hazeltine and Ware 1976] and discussed w/r/t impurities repeatedly
[Burrell 1981, Wong 1987, Wesson 1997, Helander 1998]

Effect first observed on ASDEX [Smeulders 1986], Viewing brem. and
Fe emission in a NBl-heated ELM-free H-mode plasmas (M ~ 0.5)

. Seen on ASDEX-U in mid/high-Z impurity seeded plasmas (below)
with strong neutral beam heating [Dux — 1999]
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LFS Accumulation in JET Soft X-rays

JET has observed and
studied LFS accumulation of

Impurities [Gianella 1992, Alper
1996, Ingesson 98, 2000, Chen 2000]

used 6-camera, 210 ch. SXR 35 1

<

tomography diagnostic =

2.0
5

1.0
V, Vi, , ~ 4 In hot-lon H-mode
led to strong in/out asym. of 05
Ni emission from LBO

completed the first =)

comparison to theory

— THEORY

- EXP. +

238 3.0 3.2 3.4
R (m)

FIG. 4. Ni density derived from the soft x-ray emissivity at r=6.72 s (cross)

But did this include all
the necessary physics?

and calculated Ni density at the same time (line).

H. Chen, et al. Phys. Plasmas 7 4567 (2000)

M.L Reinke 9/20/12 — E1/E2 Task Force Meeting 6



Fast-Particle Driven Poloidal Elec. Fields

- the high charge of imp. (' |NBOARD ACCUMULATION
leads to sensitivity to electric field from rf-heated minority
poloidal variation of lons@ moves impurities ©to HFS

electrostatic potential !
n,/n,) = exp[-Ze®(0)/T,]

. first exp. observation in
ICRF-heated Ni LBO
shots on JET [Ingesson — 2000]

. should also be an effect
from neutral beam ions
and ECRH electrons

o -

-
-
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HFS Accumulation in C-Mod Radiation

_I_‘: I I

=5 . scanning D(H) resonance layer modifies
| minority trapping leading to infout Mo
N asymmetry balance of inertia + electrostatic
04 ~ — — 1 T T T T T T T T T T T T T T T 2
= ICRF Resonance [m]: 0.56 0.60 0.68 0.76

TI

0.2 04 0.6 0.8 1.0
r/a
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HFS Accumulation in JET Soft X-rays

. evidence of neutral beam
fast-lon effect exists

. AUG: wrong m, scaling
. JET: Z, ICRF ignored

. early JET asymmetry
experiments showed
difference between
co/counter beam heating

reduced LFS accumulation.
for co-injected

observation of HFS
accumulation in weakly
rotating co-injected

M.L Reinke

R. Gianella 19t EPS Conf. Proceedings (1992)

JGe2.2841

1.0
| X=em,v /T
Fig. 4 Relative injout modulation of the soft
X-ray  emissivity perturbation  after  metal
injection in beam heated plasmas. ™ Ni
ctr.-inj.; [] Ni, co-inj.; O Fe, co-inj.  The
straight lines  represent  the prediction . of

eq.(1) for different values of Zeff in D plasma.
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State of ||-Impurity Transport Validation

2
m.,n.,w 9
5 VHR -+ anev”q) + TZVH’I’LZ — Rz,”
Inertia (centrifugal) electrostatic pressure friction
Inertia: widely observed, understood for strong
flows, possible issues (v-V)v for vylv, ~ 1
electrostatic: non-thermal particle densities lead to
®(0) with Zed(0) /T, ~ 1, demonstrated
for ICRH, need to validate for ECH and NBI
pressure: assumed to be all in n, with T,(0)
friction: disagreements seen, critical for setting
Vo, and interpreting vy ; from CXRS/XICS
other: sources/sinks, C-X at large minor radii
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Analytical Theory for ICRH + Inertia

MM ,wW°
2

V||R2 —+ anev‘,q) -+ TZVH’RZ =y A

THERMALIZEDIONS T 2 & 2 use quasi-neutrality
B - Zge MW > p2 -
Mg = (Ta) €XP T, T o7, (7" = (R >) to find the ®(0)
ELECTRONS
Ne = (Ne) €XP (e@/Te) 7 Zj#m Zin;—mne =0

for details see: Reinke PPCF 54 045004 (2012)
Model the fast-ion using a bi-Maxwellian dist. w/n:(Tl/T|| -1)
Ny < 1 >1 1 ( Zmé) : Kazakov PPCF 54 105010 (2012) has

— exp

(nm) \B"/ DB T, : shown a more detailed computation
~ —1
ed 1\t 1

- = ( Ne) + Z 22 (n;) ) M) (<§> — — 1) + ZZ n;) mjw — (R%))
¢ JFEm jF#m J
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®(0) From Neutral Beams Needs Investigation

. poloidal electric fields from neutral beam ions have not been
thoroughly investigated

. complicated by geometry, beam energy/penatration

perp. Injection puts fast-ions on trapped orbits — look like ICRH?

no “resonance layer” which localizes the effect
. can this be parameterized as a temperature anisotropy?
. toroidal NBI leads to Tl/T|| <1
. additional LFS accumulation on top of centrifugal force

. can be computed using Monte-Carlo beam modeling codes

. IS there a way to get this empirically using FIDA diagnostics?

none of this can be done at C-Mod, requires others to
be interested in asym. physics & devote exp. time
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lon-Impurity Friction Links n,(06) and v, (6)

(1+ )8—n— | + |
=59 _’n, T (n,)u; " o0

friction + inertia in banana regime: T. Fulop, et al. Phys. Plasmas. 6 3066 (1999)

K. ) o] L M

* 1D equation for n=n_(0)/{n,) using B.C. n(0)=n(2m) defines K,

e poloidal rotation, vy(R,Z)=[K,(w)/n,(y,0)]B, sensitive to n,
Comparing with NCLASS assumes n, doesn’t vary on a flux surface
NEO has inertia, need to validate friction and include ®(0) effects

no evidence of a sig. drive for core high-Z asymmetries

friction thought to be driving HFS acc. of low-Z impurities in

the pedestal — important for rad. layer in seeding studies?
[C-MOD: Pedersen — 2002, Marr - 2010, Churchill - 2012 AUG: Putterich —2012]
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Alcator C-Mod Approach to
the Measurement and
Study of Poloidal Variation
IN High-Z Impurities



2D Radiation Measurements in C-Mod

N . . L
§,YZ|{| EE— 1« Investigated the 2-D radiation in
i N C-Mod plasmas with significant

molybdenum contamination

[ A

Y1

1 . use multiple, horizontally viewing
' pinhole cameras at different heights

measure B(R,Z,), invert each to get
£(R,Z,) [infout asymmetry]

combine all cameras to find low-order
poloidal variation [in/out & up/down]

standard poloidal tomography difficult

divertor radiation
inner-wall MARFE

poor HFS/vertical diagnostics access
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Symmetric Emission in Ohmic Plasmas

EXAMPLE DATA FROM MIDPLANE ARRAYS

N ]
N L T T [ T 1
__ BRIGHTNESS PROIFILE

[ A

EMISSIVITY MAPPED

TO MINOR RADIUS

05 06 07 08 09
Rypay M1

EMISSIVITY PROIFILE
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LFS Accumulation in EDA H-mode

N '% EXAMPLE DATA FROM MIDPLANE ARRAYS
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HFS Accumulation in ICRH L-mode

© 1110114026 t=1.000
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N BRIGHTNESS PROIFILE
\ EMISSIVITY MAPPED
. N = TO MINOR RADIUS
D, E L L R B R L L
1 { \\\\‘“‘\\\'l
lllllllllllll i T
N 2
E L
- = 0.4
;E o6}
= | 0.2
%0.4:- L oe AXY
E 0.2 -
[ ooL . . . 0 o)y 1y
ool : 0.0 0.2 0.4 a 0.6 0.8 1.
0.5 0.6 0.7 0.8 0.9
R, [M]

EMISSIVITY PROIFILE H FS LFS
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Computing the In/Out and Up/Down Asym.

Z (m)

-0.2

0.4
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demonstrate that
the r]z,cos and nz,sin
terms can be found
iIndependent of

(N,(r))

peaked and hollow
profiles (left) have
the same asym.

nz,sin(r)/<nz(r)>
N cos(N/(N,(r))

compute synth.
brightness profiles,
Abel invert and fine
the m=1 terms
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Fit Poloidal Variation to m=0,1,2 Terms

§Eﬁe (0) = a, + ay cos @ + ag sin 6 + a3 cos 20 + a4 sin 260
:E m=1 m=2 (optional)
H RMID: 0.71 r/a: 0.15
I 20—~ T~ T T T T T T T T T T T
can only find a, and a, in the core
15 -
b emEEERe
P K e, e st
:N
05 _
ool . . . ..y
0.0 0.5 1.0 1.5 2.0
0 [n]
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Fit Poloidal Variation to m=0,1,2 Terms

[ A

m=2 (optional)

EH(Q) — a,(; + a1 cosl + assin @ + as cos 20 + a, sin 260

y RMID: 0.78 r/a: 0.46
NH — 1 ‘ rr r r T r r r r T Tt T T
can only find a; and a, in the core
e S ey T T
00l . .
0.0 0.5 1.0 1.5 2.0
0 [n]
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[ A

Y1

M.L Reinke

Fit Poloidal Variation to m=0,1,2 Terms

§’gfgﬁ(ﬁ) — a,(; + a1 cos O + as sin 6 + as cos 20 + a4 sin 260

m=1 m=2 (optional)
RMID: 0.79 r/a: 0.52
20— T T T
I at mid-radius can include a,

1.5 —
SN
e SR E TR

0.5 —

ool . . . . .y

0.0 0.5 1.0 1.5 2.0
6 [n]
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I

Y1

M.L Reinke

Fit Poloidal Variation to m=0,1,2 Terms

§’gféﬁ(ﬁ) _ a,(; + a1 cosl + assin @ + as cos 20 + a, sin 260

m=1 m=2 (optional)
RMID: 0.83 r/a: 0.71
20— T T T T T
I farther out, can include a;,a,
150 .

S |
£ S LEEE
CN BRRENNE 2 "/:/::/:ng,——‘ .
~N \i St ﬁ:/ 5/,.—
- ” \%~———JE”

0.5+ _

ool . . . . | L L

0.0 0.5 1.0 1.5 2.0
6 [n]
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Asym. Profiles Indep. of Radial Profile

__ ] HOLLOWRADIAL /| . PEAKEDRADIAL [
£ o2t PROFILE " - < o2t PROFILE
- % S E
7 04 E @ 0.1 E
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S 1101209003 t=1.200
O 1101209003 t=1.200
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Comparing Measurements to Theory
o BANANA
[n(0)-n(m))/[n(0)+n(m)] -

. nheed to compute expected
n,(0) profile to compare to or

04

E i
supplement measurements 592
=
. E C
. solve the 1D diff. eq. for g 00f
-
n,(6)/n,(0) S ool ;
s 04f ]
1101014018 t=1.00 r/a=0.52 © [ TEC DA ed ]
20—~ T T T T 04 ——-- g = 0 limit -
i | I : g>>:1 ":mit: —t ] |
151_ [ CENTRIFUGAL FORCE ] ] 04 [n(n/2)-n(3n/2))[n(n/2)+n(3n/2)] _'
i 1 & ]
W 02f -
E B -
=
> I
2 00
z | ]
T e iDai e Q 02 numerical solution [
- ——— m=1expansion o ) .
e 12t matches analytical |
.O.OIIII0.5IIII1.0IIII1.5IIII2.O -'. . i

0 [r] 005 020 035 050 065 080 095

r/a
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Num. Code Critical for Multiple Forces

BANANA

o
»
H |

IN/OUT ASYMMETRY

[n(0) n(ﬂ)]/[rl(0)+n(1t)]

- —J— 1D diff. eq.
m=1 expansion
g = 0 limit

. 9> 1 Iilmit

0.4 I[n(;1/2)-n(31t/2)]/[n(nll2)-l-ln(il3ﬂ:ll2)]

CENTRIFUGAL FORCE

UP/DOWN ASYMMETRY
o
o

FRICTION FORCE

0.05 0.20 0.35 0.50 0.65

0.80

0.95

IN/OUT ASYMMETRY

UP/DOWN ASYMMETRY

0.2}
» _I_
0.4k

02|

0.4

BANANA

04

02

[n(0) n(ﬂ)]/[rl(0)+n(7t)]

0.0F - -

g = 0 limit (ROT)
g>>1 Iilmit
T

1D diff. eq.
m=1 expansion

g=0 limit (ICRH+ROT) -

04l

02

I[n(;1/2)-n(311:/2)]/[n(n/l2)-l-ln(1;m/é)]

0.0}

CENTRIFUGAL FORCE

FRICTION FORCE

ICRH POL. ELEC. FIELD

0.05

0.20

0.35 0.50 0.65 0.80

0.95

%
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Validation of HFS Accumulation due to ICRH

n m.w? Zmy  ZegsT, T, 1\ "' 1
G z 1 — : < R? —(R*))=Zf,, c - — —1
(nfz> T 2,]_; ( m j-:zl + ZeffTe) ( ( >) f irz + ZeffTe <BTI> Bn

(nz L 2T; My ZepsTe + T; '""'Zef Te +T; \ T,

LFS accumulation due HFS accumulation due
to centrifugal force to minority anlsotropy

@] o]

02 —— MEASUREMENT I

L .-.--.- :I_I_.IE.O.RIY L L L | " " " 1 L L P - 1 1 " L 1 1 -

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
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Validation of HFS Accumulation due to ICRH

n m,w? Zmy  ZegsT, 1. 1\ "1
Lo (-2 Zel e V(R (R —Zfn ¢ — ) — 1
<nz> N 2/]—; ( m T:,; + ZeffTe) ( < >) f TL + ZeffTe <BT:‘> B

no peaking in n(0) profile around the resonance layer

20—~ T~ T T T T T T T T T T
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1501 _
,i - 21_,‘_._—_ -';.-_:'5;":; e
T:\N e ,’?,’ - @:’ﬁ .
sEm T SR
:_\/\ 1.0 ';‘ - e T =
D
N’
N
C - -
0.5 g
- fit to experiment ]
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. L 1 ) 1 | 1 1 f 1 | 1 ) L 1 ] L ) ) 1
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0 [r]
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Implications for “Radial”
Impurity Transport
Studies: Is 1D Enough?



Impact on “Radial” Impurity Transport

n,(0) == (n,) ??

in most cases parallel and radial transport can be separated

neoclassically t. >> 1, easily satisfied

|
. turbulent radial transport can lead to cases 1. > T 0rTL~ 1,

- note that 1, # L, /vy, ,, high-Z leads to diffusive or 7= Lg/vg,

at a minimum, STRAHL/SANCO simulations should use (n,)

If asymmetries present, diagnostic views must be tailored to
either average-out in/out asymmetries or measure them directly

what role, if any, does n_(0) have on turbulent (I',-Vy)?
rapidly evolving theoretical work 2009+

. first dedicated experiment run at C-Mod on Sept. 13, 2012
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Centrifugal Effects in QL Radial Imp. Flux

Warwick and IPP-Garching groups have worked on including centrifugal force
effects on radial transport using a fluid model and Vlasov flux-tube code GKW

. using a fluid model, the quasi-linear impurity flux is identified to
have 4 components and enhanced by centrifugal force (CF)

RIy = nsDg[R/Lyp, + (Cr + Cr*")R/Ly, + (Cy + €, s + €y + C, "]
DIFFUSION THERMAL-DIFF ROTO-DIFF PINCH

. high M.(m,/m;) “imp. Mach #” modifies the turbulent transport

additional particle drifts
free energy in the rotation

Increased particle trapping at LFS (vs. ballooning turbulence)

. For more information see:

A. Peeters, PoP 16 012503 (2009) Y. Camenen, PoP 16 0125003 (2009)
F.J. Casson, PoP 17 102305 (2010) C. Angioni, IAEA 2012
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Centrifugal Effects Important in QL Flux

. “ON" Includes CF effects with impact terms at high mass Z=A/2

. for weak (M, < 0.3) main-ion flows, analytical (EQ) matches GWK

. degree of ionization matters as well (for Pl Z=46 for A > 92)

DIFFUSION THERMAL-DIFF ROTO-DIFF
CT o F{/LT o
Y |
10’ 10° 10° 10" 10°
A/2 A/2

-3.5

PINCH

C
Po

10° 10’ 10

A/2

used with permission from C. Angioni IAEA - 2012
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Effect Using Generic Poloidal Variation

0.8 5
v 04 ]
O_IC
—0=0
% 02| g
0=n
0 -
data for Ni on JET
024 1 2 3
n
0.8 5
0.6 ="'~ _ _
N 0.4 BT
O_IC —n=0 = ~
— n=1
R 02 n=2
rn=3
0
02, 0.5 1
o/m
M.L Reinke
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Chalmers group is studying the effect of
a generic n,(0), not limited to centrifugal

work is just beginning?to look at effect
on radial transport driven by ITG turb.

decompose measured n(6)/n(0) in
form:

2n
o)

z

different (0, n) have different zero-flux
gradient scale lengths, find weighted

ave. a
a Zn f?’b Lz,n

aS. Moradi, et al. PPCF 53 115008 (2011)
33
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ExB Drift From Pol. Elec. Field Important

Recent work by Mollen2 has shown impact of including the drift
from Eq xB,which also has an explicit mag. shear dependence

A. Mollen, et al. PoP 19 052307 (2012)

0.8
| . CH) ]
| s Accumul

0.6}
K:’_i HFS no ExB drift (ICH)
| " — e~ T EEEmmme .

0 . T~ —~—
a/L,, 0.4 "/Fs;. ~. :
C Ty

| CumU/at;-;nh ~ . -

0.2 Y =——— =0 (’CH) S~
| == == o
= = = O=7, wg=

U+U 1 - - - 1 - - L M N N N M N N N M N N N M N N
0.0 0.2 0.4 0.6 0.8 1.0

K
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Current JET Bolometer Diagnostic

Huber FED 82 1327(2007) KB5H should do OK for total
_ KB5V: main-vessel

vertical camera radiated power

. asymmetric part will be hard
to get with KB5V

. core views see divertor

. all views terminate at
different poloidal points

P mainvessel 1S @ horizontal midplane

horizontal

camera viewing array possible?

. toroidally symmetry robust on
non-MHD timescales

S o 182 - KB3: . easy to invert, feedback control
S7iisE - Cam 384 divertor cameras of a symm et ry’?
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Full Operation of SXR Tomography

Ingesson PPFC 42 161 (200)

. previous JET asymmetry
research was done with a

2.0
comprehensive diagnostic set
. nearly 200 channels with a wide
1.0~ range of poloidal viewing angles
R . extensive verification efforts
5 completed by C. Ingesson

What fraction is functional?

-1.0r Are filters optimized to view

W emission?
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Consider Installation of XICS

X-ray imaging crystal spectroscopy (XICS) well suited to asym. studies

. measure high-Z impurities radiation profiles

. Mmeasure radial profiles of flows and temperatures

JET can answer important ITER-relavent XICS questions

. I !p. Beiersdorfer, et al. J. Phys. B. 43 144008 (2010)
can we measure proflleS ’P. Beiersdorfer, et al. LLNL-SR-464953 (2011)

using tungsten emission w/o
it killing the plasmas?

. can we use a limited poloidal
view If we expect
asymmetries?

XICS requires detectors close to
the plasmas - will it survive D/T
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Summary

Poloidal variation of high-Z impurities is a dramatic and
Important effect in rotating, auxiliary-heated tokamak plasmas

. the centrifugal force leads to strong LFS accumulation
poloidal electric fields can be driven non-thermal particles

. Alcator C-Mod has a mature program for asymmetry studies
measurements using horizontally viewing arrays

. agree with theory based on combined ICRH and inertial effects

Impact of Asymmetries on Flux-Surface Averaged Radial
Transport is an Area of Expanding Research

. theory identifies importance but experiments are just beginning

. JET is well suited to contribute to effort on both topics but
should critically evaluate diagnostic set for easy upgrades
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Extra Slides



Can Account for Plasma Shaping Effects

Shot= 1100908026 Time= 0.640 Ip = 0,59

1100908026 t=0.64 r/a=0.87 shot= 1101014018 Time= 1,000 Ip = 0.57
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