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Why we study RF-SOL interactions and RF coupling?

ICRF and LH are used to heat and drive
current in tokamak plasmas

RF-SOL interactions are undesirable

- RF plasma-antenna coupling, ICRF sheaths,
SOL absorption

cutoff density

Density

Radial and poloidal density profile is an
Important and rarely measured parameter
that affects RF physics

- cold wave theory depends on density and wave is

evanescen

magnetic field . in this region
- LH slow wave and ICRF fast wave are s

evanescent below cutoff density of 2.6x10%/

m-3 and ~ 5x10%® m-3
- Density gradients are also important

- ICRF sheath rectification! is strongly
dependent on density (and temperature)

Jayoune| H

IMyra, PRL 2008 3/37



SOL can affect ICRF and LH physics, but ICRF and LH
power also modifies SOL parameters

Y

LH and/or ICRF power

Y

DC plasma potentials

e lonization
e Ponderomotive
force

J, potential gradients

ExB drifts

convective
transport

Y

Y

Density profile modifications

Impedance matching

Y

LH coupling

| ICRF sheaths, SOL absorption

e atomic physics
* neutral physics

4/37



Understanding how ICRF and LH power modifies SOL
density profile and RF coupling is main purpose of this thesis

LH and/or ICRF power

| ICRF sheaths, SOL absorption.

Y

DC plasma potentials

Y

. potential gradients
* lonization 3  atomic physics
» Ponderomotive ExB drifts pPhys!
force * neutral physics
convective
transport _ . .
Main focus of this talk is to
. _ _ o understand these links, by
> Density profile modifications making new X-mode

reflectometer density
measurements and
developing simulation tools
LH coupling to validate existing theory.

5/37
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Reflectometry density profile measurement

Sweeping frequency, f, is used to
T get profile information

r — o

N(n(r, f),B(r, f))dr—=/2

where N is the index of refraction of the X-mode R cutoff, ¢ is the
phase, and r is the radial location of cutoff layer

r

§(1) =4z~ ["
C 0

» design, implementation, and analysis challenges of new X-mode
SOL reflectometer diagnostic

7137



SOL reflectometer electronics on Alcator C-Mod

» use X-mode R-cutoff frequency range
from 100-146 GHz

- yields density range of 5x10%6 to
~5x10%° m=3 at B,= 5.4T

- 40us time resolution
» Source frequency is VCO (6.3-9.2 GHz)

* Frequency multipliers, mixers, filters
etc. are used to achieve 100-146 GHz
source frequency

- considerable work to reduce spurious
harmonics and maximize signal levels

» Heterodyne detection circuit

- 1.7GHz I (Acos¢) and Q (Asing)
detectors

Hanson et al. RSI1 2008 C Lau et al. RSI 2012 8/37



SOL reflectometer transmission line

e Transmission line uses fundamental (TE;;) WR-08 (2 mm x 1 mm), tallguide (TE,,)
WR-22, and tallguide WR-90 waveguides to reduce transmission line loss

- expected resistive loss for WR-08, WR-22, WR-90 is 8, 1.6, and .2 dB/m
- mode conversion is calculated by 3D FEM simulations in COMSOL

- significant number of tapers, bends, and twists need to be designed due to space
constraints

- estimated 27dB total loss

WROS WR22
(TE10 mode) (TE01 mode)

/ Simulated E, \

4z direction

9/37



SOL reflectometer transmission line

e Transmission line uses fundamental (TE;;) WR-08 (2 mm x 1 mm), tallguide (TE,,)
WR-22, and tallguide WR-90 waveguides to reduce transmission line loss

 WR-22 waveguides are shown
adjacent to LH launcher

expected resistive loss for WR-08, WR-22, WR-90 is 8, 1.6, and .2 dB/m
mode conversion is calculated by 3D FEM simulations in COMSOL

significant number of tapers, bends, and twists need to be designed due to space
constraints

estimated 27dB total loss

constant radius of
curvature bends

hyperbolic secant radius |8
of curvature bends, so \
that horn is perpendicular N8
to flux surface >




LH-SOL Reflectometer

measurement at 3 pairs of
reflectometer horns

10° twist to tilt reflectometer horn
to preferentially launch and
receive X-mode

only one set of electronics, so
waveguide switch is used to select
location for each discharge




Cartoon of desired single reflection versus
spurious double reflection signals

horn to horn coupling loss is 19dB

spurious double
reflection

L H-SOL Reflectometer

measurement at 3 pairs of
reflectometer horns

10° twist to tilt reflectometer horn
to preferentially launch and
receive X-mode

only one set of electronics, so
waveguide switch is used to select
location for each discharge

6 Langmuir probes each used to
measure density and temperature
at one location

3D FEM simulations indicate
effect of spurious reflections need
to be minimized 12/37



» Measured signal is I [A cos( ¢(t) )] and Q [A sin( ¢(t) )] where ¢ Is the phase

Reflectometer phase measurement analysis

- Peak fourier frequency of scalogram of I+ iQ is given by do/dt
- Scalogram provides temporal and fourier frequency filtering to reduce, but not
eliminate, effects of density fluctuations on the density measurement

Frequency (MHz)

Amplitude (V)

10

1.2
1.0

0.8
0.6
0.4

0.0

8 |

Scalogram of 1+iQ

|
|
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1120904003, .88-.881s
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0.2 Tﬁifugn;-ﬂﬂ:'“~:
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Reflectometer frequency (GHz)
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Density profile can be determined by phase inversion

dw)=2— jo Ndr—z/2 Reflectometer equation
rw)=r, S do'
@) =T _[ do' (0" — a2 )" O-Mode

M@,) =1~ (4,410, 0..1(@),1 (@), B(r)) X-mode

1Bottolier-Curtet, RSI 1987  14/37



Radial errors in density profile inversion iIs dominant
error source

@ r(w)
¢(a))=2€jIr Ndr—z/2 Reflectometer equation
0
do'
r(w)—ro__j do' (0" —a? )" O-Mode

r(@.1) :Iro - (4. 410,041 (@), 1 (@), B(r)) X-mode

~

0.1% error in |B| ~.7 mm error in r, Ideal signal levels
Calibration errors in B, up to 1%

Density profile is shifted to match =
closest Langmuir probe data during & _eB(r,)
ohmic discharges < \ @
Relative shift of first cutoff layer 2
between OH and ICRF dischargescan 2 X-mode
be used to constrain discharges with 2 propagates
ICRF power f: "
0 w

~ 1-3mm radial error
Frequency 15/37



Phase errors are dominant contribution to density
profile shape errors

dw)=2— I Ndr—z/2 Reflectometer equation
f'o
do'
r(w)_ro__j do' (Ct) —(()'2)1/2 O-Mode

o..)=rf(@.é.. 0 0., 1(®)"(0,). B(r)| X-mode

!

o Largest contribution to f(...) is phase measurement
« Systematic phase errors (waveguide calibration etc.)

same error for all profiles, so systematic errors do not contribute to relative
density profile shapes

« Statistical, inversion errors accounted for by error bars

density profile is inverted at 1 ms time resolution (25 phase measurements at 40us
time resolution are first averaged)

for steady state discharges, shaded error bars represent the £1 standard deviation
of the radial error of collection of averaged profiles over at least 50 ms 16/37



Comparison between scanning Langmuir probes and SOL
reflectometer in ohmic discharges shows good agreement

throughout SOL
® 19_' L LN | e L L L L P et ]
>:10 = i E: 71,=.8x10%m 3 : =
: =X 1.=1.5x10%0m 3 -
19 F T 5! —— Reflectometer -
4.10 e ! ! _—
- g: + A-port scanning probe! 3
- @' O F-port scanning probe: 3
= = Core 3, SOL SOL behind limiter : 3
0 - -
c = g -
8 2‘1019:_ : E : —:
— 1 O 1 4
— I C 1
— 1 cDU' .
1-10"E 0 — ;3
= S s TV
E 8 1 TITT + -H-+ — : E
] R S A 1 » =
-0.01 0.00 0.01 0.02 0.03
Distance from LCFS (m)
Note: reflectometers and scanning probes are at different toroidal locations

uioy s|ppiw 6 L020cLLLL

uJoy 9|ppIW :GZ020Z L+ |1
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LH modifies density profile on fast timescale less

than 1ms

Density Profile (m?®)
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Reflectometer measures LH-induced poloidal density
asymmetrles consistent with video camera images

Density (m™®) measured by top horn

6+10"° [T
410" o
LL
9

N9
2410 OH
: LH

0

610" 7,Density (m’ %) measured by middle horn

4410

"LCFS

19| 1
2'1() ': ()Fi

0 L

6410 ,Density (.m‘a) measured by bottom horn

410"

2¢10"°F,

0 I
0. 000 0. 005 0. 010 0. 015 0. 020 0 025
Distance from LCFS (m

N =1.6x10%° m-3, LH power ~250-350kW

0000 00050010 0015002000250030

ge0eesoct

0.000 0.005 0.010 0.015 0.020 0.025

620€2S02t 1

LH power drives:

density modifications
that correlate with
emissivity striations

little to no modification
at top horn

strong density increase at
middle horn

strong density decrease
at bottom horn
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When the B, direction Is reversed, striations are below and
not above the center of each waveguide row

i 41OQ

0

0
-0

0

-0.

2:10'°

=0
o

2+10'°F

210"

ensity (m 3) measured by top horn

I
]
~L
1
]

OH
LH

OH
LH 9

cl01280etL

01 0.00 0.01 0.02
m®) measured by middle horn
: /

2001280211

.01 0.00 0.01 0.02

; -3
4.5)8;35|tv (m~) measured by bottom horn

1
60012802 +1

Distance from LCFS (m)

Ne=.55-.7x10% m-3, LH power ~600-800kW

01 0. 00 0.01 0.02

Reversing toroidal
magnetic field causes:

Reverseal of ExB
convective eddies

little to no modification
at top horn

strong density decrease
at middle horn

strong density increase at
bottom horn
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GPI diagnostic Is used to measure radial profile of the
poloidal phase velocity

250
GPlis a4 cm x 4cm poloidal and radial array
that measures emission fluctuations from the

resulting plasma turbulence 200
N
GPI is magnetically connected to LH launcher =
=2 150
>
. . )
Power spectrum can be examined as a function 5
i -
of frequency and poloidal wavenumber, Kk, 100
e
o
Color scale is normalized for each frequency,
so that higher frequency features are resolved 50

Slope of line represents positive or negative
poloidal phase velocity (upwards or
downwards)

GPl ExB measurements in Cziegler, PPCF 2012  22/37



Results indicate LH-induced flow Is upwards, changes
with n,, and consistent with video camera images.

LH Launcher
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2-D diffusive-convective model Is developed to study the
Impact of LH-induced ExB drifts on SOL density profiles

Plasma Potential (V)
0 . n _
+V-(nli—DVn)+—=>"nn (o) 0.15
ot T” J
— _VVXB 014
U=
BZ
V=0 during OH 0.057 12

-10

V=V_ el _%cos(ﬂ(zh_ Zi)) duringLH ——

LH launcher

* D and 7 Is assumed to be the same for both OH and LH cases
 Solved using FEM in COMSOL multiphysics package

e z variation of V assumed to be ~E_,, (cosine for TE,;)

o r variation of V is roughly based on GPI measurements and
assumption that peak occurs near LH launcher

 Boundary conditions are n=0 at LH launcher, n=constant at 0.15
LCFS, flux=0 at top/bottom.

-0.05+

-0.1¢

Distance above midplane, z (m)

0.85 0.9
Major radius, r (m)
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Distance above Midplane (m)

The simulated density with convective flow reproduces

observed LH-Induced striations
OH LH (normal B,)
Plasma Potential (V) Density (m™) % 1p"° Density (™) 11
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0.1 01l 01l
0.05 | 150,05} |, 0.05) |,
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ol ol 4 0 L4
g
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0.15 0.15 0.15

0 0
0.85 0.9 0.85 0.9 0.85 0.9
Major Radius (m) Major Radius (m) Major Radius (i) 25/37



The simulated density with convective flow reproduces

Plasma Potential (V)
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The simulated density reproduces experimental trends along
reflectometer sightlines, supporting EXB convective picture
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The effect of density profile asymmetries need to be
Included to understand LH coupling

3e1grs 2EPSI (] measured by fop hor: e 2D slab LH coupling model! was used to evaluate
' simulated LH reflection coefficients for top,
middle, and bottom horn in the reversed field case

2:10"°F !

110"+

0128021

iLH . . DN Density Profile used OH LH
Top horn 14% 12%

1Pen§ity (m'3)lmeasur§d by migdle horn ]
10 Middle horn 11% 27%
20 Bottom horn 8% 17%

14107

10012802+

0 » Experimental reflection coefficient is 26%

Density (m*) measured by bottom horn ~~ ® Poloidal variation of density is important for to get

310" == . ! :
~_ -~ agreement between simulation and experiment
210 ! ]
1-10"°} §§ _+ Simulation also reproduces results of low LH
o power (few watts) coupling experiments?

0.000 0.605 0.610 0.615 0.050 .. ..
Distance from LCFS (m) 1 Shiraiwa, AIP 2009, 2Meneghini, AIP 2011 28/37
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Spatial structure of ICRF-induced plasma potentials

vﬂuat (¥)

induced plasma potentials on Tore Supral

I”” « Complicated spatial structure of ICRF-
(shown on left) and Alcator C-Mod?

1100

150

30/37
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Spatial structure of ICRF-induced plasma potentials

vﬂuat (¥)

induced plasma potentials on Tore Supral
(shown on left) and Alcator C-Mod?

1100 — Magnetic field line mapping and spatial
structure of ICRF-induced potential is
believed to be important in explaining
ICRF-induced LH coupling modifications
on JETS3, Tore Supra*, Alcator C-Mod>,
and EAST®

— first measurement of ICRF-induced
poloidal SOL density variations are
consistent with LH coupling results

I”” « Complicated spatial structure of ICRF-
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Dedicated experiment studies effects of ICRF power on
LLH coupling

1.U

e during each discharge, only timing o5l tH Refiection Gosficient
of ICRF and LH power is modified, o8

0.4

LH+D, LH+E, and LH+J operation ~ °° | \

so that there are time intervals of LH, ,

0.7 0.8 0.9 1.0 1.1 1.2 1.3
0.4(- b) LH Power (MW) | | | ' =
* N, l,,outer gap, LH launcher 03l i
location , and ICRF antenna order 02 .
was changed between discharges. ool ‘ \ i
0.7 0.8 0.9 1.0 1.1 1.2 1.3
» 13 useful discharges were collected 08 c) ICRF Power (uw) R
with LH reflection coefficientsand "
local measurements of reflectometry .| ’ \
density profiles at top horn, and Y Ry S —

visible video camera images at LH 1.2

109 Line avéraged densi'ty (10 m?) |

launcher 08 —— —~—
0.6 S
0.4 .

e trends in LH coupling with LH, 02

LH+D, LH+E, and LH+J held forall ~ ©~ 0.8 0.9 0 1 "2 '3

Time (s)

discharges 32/37



Images show poloidal
variation of brightness
with LH and LH+ICRF

e Striations above center
waveguide in LH operation
due to LH-induced flows

Minimal modification in
LH+J operation

Striation on top-middle
waveguide disappears during
LH+D and LH+E operation,
and may be the cause of
reduced LH coupling

Top and middle horn
reflectometer measurements

do reflect these observations
33/37




4+10"°F
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Distance from LCFS (m)
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Density (m®)
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Reflectometer measurement at top horn during LH
and LH+ICRF operation shows minimal change

EH only (.96-.99)
LH+D (1.2-1.25)
EH+E (1.07-1.12)

+  LH cutoff density

i Density (m™)

LH:launcher

1120208013 top horn

||||||||||||||||||||

0.014 0.016 0.018 0.020 0.022 O 024
Distance from LCFS (m)

0.026

No significant modification of
density at top horn in near
SOL

For a few mm in front of LH
launcher, addition of ICRF
power depletes density for all
|ICRF antennas

Depletion is strongest for D
ICRF antenna

Depletion occurs for J ICRF
antenna even if antenna is not
magnetically connected to top
reflectometer horn
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Reflectometer measurement at middle horn during
LH and LH+D operatlon shows large change
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0.02

reflectometer measurements made on
separate run day also show minimal
difference in density between LH and
LH+D at top horn

significant depletion in density at
middle horn during LH+D operation,
consistent with video camera images,
and LH coupling results

necessary to understand both LH and
ICRF-induced drifts to understand
effect on LH coupling during
combined LH and ICRF operation
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Proposed solutions to improve LH coupling

Video camera during localized gas

 past and present setup of localized puffing in OH discharges

gas puffing on Alcator C-Mod
cannot improve LH coupling
without affecting global plasma
performance

» will poloidal array of localized gas
puff nozzles adjacent to LH
launcher improve LH coupling?

- local density modifications?

- tailor gas puff to address poloidal
density asymmetries?

» other possibly useful solutions are:
- non-adjacent ICRF antennas and LH launchers

- reducing ICRF sheaths and LH-SOL absorption will require better understanding of
these processes

1 Ridolfini, PPCF 2003 36/37



Summary of ICRF and LH effects on SOL density
profiles and LH coupling

» design, implementation, and installation of X-mode reflectometer has been used

for measurement of density profile in front of LH launcher in a tokamak
- first observation of LH and ICRF-induced SOL density profile modifications and
poloidal asymmetries in a tokamak

» diffusive convective model has been developed to study impact of ExXB convective

eddies on SOL density profiles
- Simulated results reproduces experimental density profiles

* LH coupling model has been used to show the importance of including poloidal

density asymmetries in understanding LH coupling
- density in front of waveguide mouth is necessary for simulated LH reflection
coefficients to match experimental results

» dedicated measurement detailing the effects of ICRF power on LH coupling
confirm that LH coupling degrades with simultaneous operation of LH launcher and
adjacent ICRF antenna

- coupling results are consistent with density modifications observed during LH and

LH+ICRF operation 37/37
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Measured LH-induced density profile modifications are
consistent with ExB convective eddies

Numerous possible physical -
mechanisms for LH-induced / ®
density profile modifications /
proposed: t Plosmo

- SOL ionization'? \
- ponderomotive force34
- EXB convective eddies®®
Flow Pattern

 First local density profile measurements at LH launcher in tokamaks
— first measurement of LH-induced density radial and poloidal variations
— LH-induced modifications depend on LH power, B, direction, inner gap

! Waveguide

Motley (PRL 1979)

» Developed diffusive-convective model shows that LH-induced density
modifications are consistent with ExB convective eddies.

* LH coupling is shown to be sensitive to poloidal density profile

asymmetries
1Ekedahl NF2005 2Petrzilka NF2011 3Petrzilka NF1991 “Meneghini AIP2011 5Motley PRL 1979 6Lau, PPCF 2013 19/38



Are these density profile measurements consistent
with ICRF sheath physics?

ICRF can increase or decrease
density at different poloidal and LH LH+ICRF
radial regions Density (m”) %mlg Density (m") %mlg

0.2
5 3

-
b

ICRF-induced density modifications

occur on field lines not mapped to E
active ICRF antenna, but appear g 0.1 |, 01 14
stronger on field lines mapped to =
active ICRF antenna % 0 3 0 13
=
Qo
magnitude of simulated density E 0.1 12 01 12
modifications can be substantially £
larger than experimental density E-ﬂ-i 1 02 1

modifications

0 0
0.82 0.87 092 082 0.87 092

simulated ICRF-induced density Major Radius (m) Major Radius (m)

modifications are sensitive to spatial

structure of ICRF-induced plasma

potential 37/39



DC sheath potentials in OH plasmas

* On open magnetic field lines in SOL, thermal DC sheath potentials form

V~ 3T,



DC sheath potentials in RF plasmas

* On open magnetic field lines in SOL, thermal DC sheath potentials form

V-~ 3Te + Vcrr

What happens if we apply a oscillating potential to one end of the field line!2?

Time averaged potential e Ve ~ 100-300V >> 3T,

V =V _sin(wt
\ SNOD | for ICRF (B0MH2):

g - lons respond to time averaged RF
....... ¥ -mmn electric field®
- electron responds to instantaneous
RF electric fields.

o for LH (4.6GH2):
0 - Ions and electrons both respond to
time-averaged fields

Garrett, APS 2012

1 D’Ippolito, PPCF 1991 2 Myra, NF 2005 3Lieberman, IEEE 1988



DC sheath potentials in RF plasmas

* On open magnetic field lines in SOL, thermal DC sheath potentials form

V~ 3T,

For LH range of frequencies, other processes can contribute:

What happens if RF power heats up the thermal electrons?
- higher T, => higher V

What happens if RF power creates a non-thermal electron population?

- equations need to be resolved with non-Maxwellian electron population
- presence of a small population of fast electrons (.1%) can double V!

RF-induced SOL absorption? can lead to higher sheath potentials

1Tskhakaya, PoP 2002 2\Wallace, NF 2010
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|CRF antennas




Sputtering yield as a function of sheath voltage (V)
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Requires a sheath potential > ~100V for any significant physical sputtering



Reflectometer electronics layout
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LH “density limit”
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Leading explanations all involve some sort of edge/SOL absorption mechanism



Effect of LH power on SOL density profiles is weaker for

smaller inner gaps
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For high n, > 1x10%° m= LH discharges, SOL density
Increases at middle horn behind LH launcher
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Density increase behind LH launcher only occurs for high
N, LH discharges at horn locations near striations



LLH-induced striations appear at different toroidal locations
on Alcator C-Mod and on different LH experiments

Video camera image of the GH IR Video camera image of the LH
limiter on Alcator C-Mod launcher on Tore Supra

Tronchin-James (2012 Alcator science meeting) LH Tore Supra group (2012)



Density (m™)

Localized gas puffing at top gas nozzle shows small, but
noticeable density increase at top horn
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410"}

Localized gas puffing at bottom gas nozzle shows
negligible difference in density profile at top horn
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For high n, > 1x10%° m= LH discharges, SOL density
Increases at middle horn behind LH launcher
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GPI can be used to measure radial profile of poloidal flows
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* poloidal and radial array that uses gas e let poloidal phase velocity (w/ky) = Vg,g
puff to localize He 586 nm line emission « above ansatz holds during OH discharges

* GPI is magnetically connected to LH e assume it is true for LH and ICRF discharges
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Comparison between model and GPI data of ICRF-
Induced plasma potentials
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Comparison between field aligned ICRF and toroidally
aligned ICRF antennas experimental measurement and
simulation models do not agree
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LLH coupling iIs degraded for LH+D and LH+E
operation for all discharges
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|ICRF-Induced density profile modifications
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reflectometer measurements show

minimal change except for a few mm in

front of LH launcher for all ICRF
antenna configurations at all horn

locations and for both toroidal magnetic

field directions

ICRF-induced density depletion is
observed in front of LH launcher

small density increase observed in near-
SOL probably because of ICRF-induced

outgassing

not clear if this is consistent with
models for ICRF sheaths



Table of results for dedicated LH+ICRF operation

# Ne l, outer LH ICRF LH LH+D | LH+E | LH+]
gap | location | order

1 5-7 .6 1.4 3 E-D-J 47 63 | No data
2 5-7 .6 1.4 2 E-D-J 32 55 | No data
3 7-.8 .6 1.4 2 J-E-D 28 42 38

4 .7-.8 .6 1.4 2 J-D-E 30 45 33

5 | 1-1.1 .6 2 2 J-D-E 25 38 28

6 .8-.9 .6 1.9 1 J-D-E 26 40 38

7 .8-.9 .8 1.5 1 J-E-D 25 51 48

8 .8-.9 .8 1.2 1 J-E-D 23 46 37

9 .8-.9 8 9 1 E-D-J 28 43 34
10 | .7-.9 1 9 1 E-D-J 22 41 34
11 | .7-9 1 .6 4 E-D-J 41 59 43
12 | .7-9 .8 .6 4 E-D-J 42 54 43
13 | 1.-1.2 1 .6 4 E-D-J 33 50 37




Addition of LH power into ICRF EDA H-mode creates
strong flows throughout edge and SOL plasma
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Addition of LH power leads to decrease in background fluctuation levels, density
and temperature pedestal modifications, change in QCM frequency, enhancement in
stored energy, flow and flow shear in edge and SOL?

LH+ICRF EDA H-mode ICRF EDA H-mode



Future work in understanding and improving ICRF/SOL,
LH/SOL interactions in relationship to LH coupling

* better understanding of the complicated spatial structures of ICRF and LH-

Induced plasma flows and potentials
- GPI measurements during inner gap, line averaged density etc. scans with LH
will be extremely beneficial

- preliminary measurements show strong LH-driven flows in edge and SOL during
ICRF heated EDA H-modes

- Simultaneous GPI and reflectometer measurements
« increased poloidal resolution of GPI, reflectometry
direct measurement of LH and ICRF waves with reflectometry

« 3D diffusive-convective and LH coupling model that includes both radial and
poloidal density profile asymmetries will provide predictive capability

42142
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