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Anomalous	  Electron	  Thermal	  Transport	  is	  Observed	  in	  All	  
NSTX	  Confinement	  Regimes	  

•  Transport	   of	   electron	   energy	   in	   most	   tokamak	   experiments	   is	  
observed	  to	  exceed	  predic1ons	  of	  neoclassical	  theory.	  

•  Theory	  and	  experiments	  suggest	  that	  toroidal	  ETG	  turbulence	  is	  a	  
candidate	  for	  anomalous	  electron	  thermal	  transport.	  	  

•  A	  microwave	  collec,ve	  sca.ering	  diagnos,c	  was	  implemented	  at	  
NSTX	   to	  measure	  electron-‐scale	  density	  fluctua1ons	   indica1ve	  of	  
high-‐k	  turbulence	  (k┴ρs	  >	  1).	  
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CriAcal	  Gradient	  and	  CriAcal	  ETG	  Formula	  	  

•  Cri1cal	  gradient	  
	  	  

	  
	  
	  
	  
•  Normalized	  gradient	  of	  quan1ty	  X	  

	  

•  Jenko	  cri1cal	  ETG	  [cf.	  Jenko	  Phys.	  Plasmas	  2001].	  	  
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qr
turb ∝ ∇Te − (∇Te )c( )

R / LX = R(∇X / X)

(R / LTe )crit =max
0.8R / Lne

(1+τ )(1.33+1.91ŝ / q)(1−1.5ε)
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•  Collec1ve/coherent	  Thomson	  scaHering	  
	  
	  

•  ScaHered	  power	  density	  
	  
•  Three	  wave-‐coupling	  between	  incident	  beam	  (ki	  ,	  ωi)	  and	  plasma	  

(k	  ,	  ω)	  

•  ωi	  ,	  ωs	  >>	  ω	  imposes	  Bragg	  condi1on	  

CollecAve	  Thomson	  ScaHering	  is	  used	  to	  measure	  High-‐k	  
Turbulence	  

7	  
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•  Gaussian	  Probe	  beam:	  200	  mW,	  280	  GHz,	  	  
	  λi	  ~	  1.07	  mm,	  a	  =	  3cm	  (1/e2	  radius).	  

•  Propaga1on	  close	  to	  midplane	  =>	  kr	  spectrum.	  

•  5	  detec1on	  channels	  =>	  range	  kr	  ~	  5-‐30	  cm-‐1	  (high-‐k).	  

•  Wavenumber	  resolu1on	  Δk	  =	  ±	  0.7	  cm-‐1.	  
	  	  
•  Radial	  coverage:	  R	  =	  106-‐144	  cm.	  

•  Radial	  resolu1on:	  ΔR	  =	  ±	  2	  cm	  (unique	  feature).	  

View	  from	  top	  of	  NSTX	  (D.R.	  Smith	  PhD	  thesis	  2009)	  

High-‐k	  Microwave	  ScaHering	  DiagnosAc	  at	  NSTX	  
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Each	  Channel	  of	  the	  NSTX	  High-‐k	  ScaHering	  System	  Detects	  a	  
FluctuaAon	  Wavenumber	  k	  

•  Different	  channels	  measure	  different	  	  k.	  
•  Each	  k	  has	  a	  different	  Doppler	  shi;.	  	  

9	  
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A	  Set	  of	  NBI-‐heated	  H-‐mode	  Plasmas	  is	  Used	  to	  Study	  High-‐k	  
Turbulence	  during	  Current	  Ramp-‐down	  	  	  

•  NBI	   heated,	   HHFW	   hea1ng	   is	   absent	  
during	  the	  run.	  

•  Current	   ramp	   down	   between	   t	   =	   400	  
ms	  and	  t	  =	  450	  ms	  (from	  LRDFIT).	  

	  
•  Time	   range	   of	   interest	   is	   t	   >~	   300	  ms,	  

covering	  current	  ramp-‐down	  phase,	  and	  
aoer	  ELM	  event	  at	  t	  ~	  290	  ms.	  	  

•  MHD	  acAvity	  is	  quiet	  during	  that	  Ame.	  
Before	   t	  ~	  290	  ms	  MHD	  ac1vity	   is	  high	  
(cf.	  low-‐f	  Mirnov	  signal).	  	  

	  
•  Line	  integrated	  density	  is	  fairly	  constant	  

during	  the	  1me	  range	  of	  interest.	  
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Theory	  Predicts	  that	  Electron	  Density	  Gradient	  Can	  Drive	  the	  
Difference	  (R/LTe)c	  –	  R/LTe	  and	  Stabilize	  Turbulence	  

•  Jenko	  cri1cal	  gradient	  is	  a	  maximum	  of	  a	  R/Lne	  term	  and	  an	  s/q	  term.	  	  
	  
	  
	  
•  High	  enough	  values	  of	  R/Lne	  could	  bring	  cri1cal	  ETG	  to	  experimental	  ETG	  levels	  or	  

even	  higher.	  This	  should	  have	  a	  stabilizing	  effect	  on	  turbulence.	  	  
	  

(R / LTe )crit =max
0.8R / Lne

(1+τ )(1.33+1.91ŝ / q)(1−1.5ε)

"
#
$

%$ τ = ZeffTe /Tiwith	  
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Observed	  FluctuaAons	  Correlate	  to	  Difference	  Between	  
CriAcal	  and	  Experimental	  ETG	  

•  (R/Lteexp)	  ~	   	  (R/LTe)crit	  dictates	  the	  presence	  of	  
fluctua1ons.	  

	  
•  Prior	  to	  t	  ~	  320	  ms,	  (R/Lteexp)	  ~	  	  (R/LTe)crit	  	  

	  è	  ETG	  is	  marginally	  stable,	  no	  fluctua1ons.	  	  
	  
•  Aoer	  t	  ~	  320	  ms,	  (R/Lteexp)	  >	  (R/LTe)crit	  

	  !	  fluctua1ons	  develop.	  	  
	  
•  During	   period	   ~	   350	   ms	   <	   t	   <	   ~	   500	   ms,	  

similar	   difference	   	   (R/Lteexp)	   -‐	   (R/LTe)crit	  
produces	   VERY	   different	   fluctua1ons.	   This	  
will	   be	   later	   explained	   by	   the	   density	  
gradient	  stabiliza2on	  of	  lower	  numbers.	  
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Time	  Traces	  of	  Local	  Electron	  Density	  Gradient	  Confirm	  its	  
Influence	  on	  Observed	  FluctuaAons	  

14	  

•  As	   R/Lne	   increases,	   it	   dominates	   in	  
Jenko’s	  formula	  (R/LTe)crit	  (t	  <	  350	  ms,	  t	  >	  
410	  ms	  &	  t	  >	  515	  ms).	  	  

è	  Fluctua1ons	  decrease.	  	  
	  
•  Previous	  to	  t	  ~	  320	  ms	  ETG	  is	  marginally	  

stable.	  No	  fluctua1ons.	  	  

•  R/Lne	   has	   a	   stabilizing	   effect	   when	   it	  
dominates	  Jenko	  cri1cal	  gradient.	  	  

•  R/LTe	   is	   the	   drive	   of	   ETG	   turbulence.	  
Even	   though	  R/LTe	   is	   increasing	   in	  1me,	  
R/Lne	   is	   driving	   R/LTe)crit	   and	   able	   to	  
stabilize	  ETG	  turbulence.	  	  	  
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Wavenumber	  Spectrum	  of	  FluctuaAons	  and	  Electron	  Density	  
Gradient	  

•  Lower-‐k	  (kθρs	  <	  10)	  fluctua1on	  level	  (δne/ne)2	  decreases.	  
•  Aoer	  t	  ~	  448	  ms,	  higher	  k	  (kθρs	  ~	  12-‐16)	  fluctua1on	  levels	  increase.	  
During	  that	  1me,	  R/Lne	  increases.	  	  
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CriAcal	  Gradient	  Computed	  with	  GS2	  Linear	  Runs	  Agrees	  
with	  Jenko’s	  CriAcal	  ETG	  

•  (R/LTe)crit	   is	   explicitly	   calculated	   using	  
GS2.	  

•  Fairly	   good	   agreement	   is	   observed	  
between	  GS2	   (R/LTe)crit	   calcula1ons	  and	  
Jenko’s	  formula.	  	  

•  This	   is	   consistent	   with	   Jenko’s	   cri1cal	  
ETG	  formula	  and	  previous	  comparisons	  
with	  experimental	  ETG.	  	  
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GS2	  Linear	  SimulaAons	  Show	  the	  Wavenumbers	  at	  
Maximum	  Growth	  Rate	  Shij	  to	  Higher	  k	  in	  Time	  

18	  

•  Low-‐k	  linear	  growth	  rates	  (k┴ρs	  ≤1)	  increase	  with	  1me,	  and	  are	  lower	  than	  high-‐k.	  
•  High-‐k	  wavenumbers	  at	  maximum	  linear	  growth	  rate	  shio	  to	  higher-‐k.	  	  
•  As	  k┴ρs(γmax)	  moves	  to	  higher	  k	  (e.g.	  t	  =	  570	  ms),	  observed	  fluctua1ons	  decrease.	  

10−1 100 101 10210−2

10−1

100

101

k
θ
 ρs

γ /
(C

s/a
)

 

 

t=0.34 s
t=0.45 s
t=0.503 s
t=0.57 s

High-‐k	  Low	  k	  

shot 141767, channel 1

f(M
H

z)

t (s)
0.3 0.35 0.4 0.45 0.5 0.55 0.6

−3
−2
−1

0
1
2
3

−3000 −2000 −1000 0 1000 2000 3000
−200

−180

−160

−140

−120

−100

f(kHz)

Po
w

er
 (d

B)

 

 
t = 340 ms
t = 450 ms
t = 503 ms
t = 570 ms

120 125 130 135 140 145
0

1

2

3

4

5

6
x 1013

R(cm)

n e(1
013

 c
m
−3

)

shot = 141767

 

 0

0.2

0.4

0.6

0.8

T e(k
eV

)

shot = 141767

 

 

t=348ms
t=448ms
t=498ms
t=565ms

ShiU	  to	  higher	  k	  



•  At	  each	  1me,	  determine	  	  
•  γmax/(cs/a)	  	  
•  kθρs(γmax)	  

	  

Wavenumber	  at	  Maximum	  Linear	  Growth	  Rate	  Correlates	  to	  
Electron	  Density	  Gradient	  and	  Observed	  FluctuaAons	  
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•  R/Lne	  and	  k┴ρs(γmax)	  correlate	  well	  
with	  observed	  fluctua1ons.	  	  

•  Evolu1on	  of	  k┴ρs(γmax)	   in	  1me	   follows	  
R/Lne	  at	  the	  scaHering	  loca1on. 	  	  



CorrelaAon	  Between	  Wavenumber	  Values	  at	  Maximum	  
Growth	  Rates	  and	  Electron	  Density	  Gradient	  

20	  

•  Low	  correla1on	  between	  γmax	  and	  experimental	  R/LTe	  and	  R/Lne.	  	  
•  kθρs(γmax)	  correlates	  beHer	  to	  R/LTe	  and	  R/Lne	  than	  linear	  growth	  rates.	  
•  Best	  correla1on	  is	  observed	  between	  kθρs(γmax)	  and	  R/Lne.	  	  
•  The	  conjecture	  is	  that	  R/Lne	  is	  driving	  high-‐k	  turbulence	  to	  higher	  wavenumbers.	  	  
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A	  Scan	  in	  R/Lne	  is	  Performed	  with	  GS2	  to	  Confirm	  its	  Effect	  
on	  High-‐k	  Turbulence	  	  

21	  

•  γ	   most	   sensi1ve	   when	   0.8*R/Lne	   dominates	  
Jenko’s	  criAcal	  ETG	  (t	  =	  363,	  450,	  570	  ms).	  

	  
•  t	  =	  400	  ms,	  0.8*R/Lne	  term	  not	  dominant	  

	  è	  γ	  insensi1ve	  to	  R/Lne.	  	  
	  
•  ‘Lower-‐k’	  values	  are	  more	  sensi1ve	  to	  R/Lne	  than	  

higher-‐k	  values.	  
	  
•  When	   R/Lne	   dominates,	   R/Lne	  decreases	   growth	  

rate	  and	  shios	  γ	  to	  higher-‐k	  (cf.	  t	  =	  570	  ms)	  
	  è	  stabilizing	  effect.	  	  

	  
•  R/Lne	   could	   be	   a	   responsible	   factor	   for	   driving	  

turbulence	  to	  higher	  k	  values.	  	  
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Summary	  

	  
•  Difference	   R/LTe	   –	   (R/LTe)crit	   dictates	   the	   presence	   of	   observed	  

high-‐k	  fluctua1ons.	  
	  
•  High	   values	   of	   local	   electron	   density	   gradient	   (R/Lne)	   make	   it	  

the	  dominant	  term	  in	  (R/LTe)crit	  è	  stabilizing	  effect	  on	  observed	  
fluctua1ons.	  	  	  

•  Increasing	   R/Lne	  è	   high-‐k	   fluctua1ons	   shio	   to	   even	   higher	   k	  
values.	  	  

•  A	  scan	  on	  local	  R/Lne	  with	  GS2	  shows	  linear	  growth	  rates	  can	  be	  
very	   sensi1ve	   to	   local	   R/Lne	  when	   it	   is	   the	   dominant	   term	   in	  
Jenko’s	   criAcal	   ETG.	   In	   the	   opposite	   case,	   linear	   growth	   rates	  
are	  prac1cally	  insensi1ve	  to	  local	  R/Lne.	  	  
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Discussion	  and	  Future	  Work	  

Issues	  and	  Discussion	  
•  Linearly	   unstable	   high-‐k	   modes	   (GS2)	   do	   not	   correspond	   with	  

measured	  k	  from	  the	  scaHering	  system.	  
	  èMeasured	  k	  is	  NOT	  the	  most	  unstable	  mode. 	  	  
	  èDominant	  kr	  with	  small	  kθ	  =>	  mismatch	  with	  GS2	  unstable	  k.	   	  	  
	  èNeed	  to	  establish	  a	  connec2on	  between	  the	  experimental-‐k	  and	  the	  
	  simula1on-‐k	  to	  compare	  simula1on	  and	  experiment.	  	  

Future	  Work	  
•  Perform	   transport	   analysis	   to	   study	   the	   influence	   of	   the	   local	  

electron	  density	  gradient	  in	  electron	  thermal	  transport.	  	  
•  Carry	  out	  nonlinear	  gyrokine1c	  simula1ons	  to	  evaluate	  the	  effects	  

of	   electron	   density	   gradient	   on	   turbulence	   and	   electron	   thermal	  
transport.	  
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•  Collec1ve/coherent	  and	  incoherent	  scaHering	  

•  Typical	  values	  (NSTX) 	  λD~10-‐5	  m,	  k	  ~k┴<104	  m-‐1	  (high-‐k)	   	   	  
	   	   	  kλD	  <	  1	  (collec,ve	  sca.ering)	  	  	  

•  ScaHered	  power	  density	  

CollecAve	  Thomson	  ScaHering	  Theory	  is	  used	  to	  measure	  
ETG-‐scale	  turbulence	  

λD	  
e-‐	  

λD	  

e-‐	  

kλD ≤1 kλD ≥1

re	   	  classical	  electron	  radius	  
V,Lz	   	  volume	  and	  length	  of	  scaHering	  volume	  
Π	   	  polariza1on	  tensor	  

	  direc1on	  of	  incident	  electric	  field	  
T 	  observa1on	  1me	  

ê
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•  Plasma	  fluctua1ons	  sa1sfy 	   	   	   	   	   	  (1)	   	  Perpendicular	  fluctua1ons.	  
	   	   	   	   	   	   	   	   	   	   	   	  (2) 	  Bragg	  Condi1on.	  

•  Midplane	  propaga1on	  è	  k	  is	  radial.	  
•  Strong	   dependence	   on	   toroidal	   curvature	   =>	   Oblique	   propaga1on	   enhances	  

localiza1on.	  	  

•  At	  NSTX,	  beam	  propaga1on	  is	  out	  
	   	  of	  midplane	  (~	  5o)	  è	  	  k	  	  ~	  radial.	  
	  

•  Gaussian	  beam	  è	  Δk	  and	  ΔR	  

	  

k ⋅B ≈ 0
k = 2ki sin(θs / 2)
#
$
%

A(r⊥ ) = exp(−r⊥
2 /w0

2 )
G(k⊥ ) = exp(−k⊥

2 /Δk2 )
Δk = 2 /w0
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SpaAal	  LocalizaAon	  and	  Wavenumber	  ResoluAon	  

θs	  
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!
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View	  from	  top	  (not	  to	  scale)	  



Toroidal	  RotaAon	  has	  an	  Effect	  on	  Measured	  FluctuaAons:	  
Doppler	  Shij	  

28	  

•  Diamagne1c	  velocity	  component	  in	  toroidal	  direc1on	  

!vDe ⋅
!eϕ = −

∇pe Bθ
eneB

2 < 0 e− waves

!vDi ⋅
!eϕ =

∇pi Bθ
eniB

2 > 0 ion waves

$

%

&
&

'

&
&

ωD ≈ ktvt•  Doppler	  shio	  	  

Adapted	  from	  Mazzucato	  Nuc.	  Fusion	  2009.	  
Here	  f>0	  è	  e-‐	  direc1on.	  	  

e-‐	  dir	  

ion	  dir	  

vt < 0
ωD > 0

vt > 0
ωD < 0

ωD

2π

kt < 0



High-‐k	  FluctuaAons	  Start	  ajer	  Small	  Spike	  in	  Dα	  and	  Mirnov	  
Signal	  

•  Before	  t	  ~	  290	  ms,	  MHD	  ac1vity	  is	  high.	  At	  
~290	  ms,	  an	  ELM	  event	  takes	  place	  and	  
MHD	  ac1vity	  quiets.	  

•  Between	  t	  ~	  290	  ms	  and	  t	  ~	  320	  ms,	  high-‐
k	  fluctua1ons	  are	  absent	  and	  MHD	  
ac1vity	  is	  quiet.	  	  

•  High-‐k	  fluctuaAons	  start	  at	  t	  ~	  320	  ms,	  
aoer	  small	  ELM	  event,	  detected	  in	  Dα	  and	  
Mirnov	  signal.	  	  
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Observed	  High-‐k	  FluctuaAons	  Correlate	  to	  Local	  Electron	  
Density	  Gradient	  	  

•  Electron	  Density	  Gradient	  suffers	  the	  biggest	  change	  in	  the	  scaHering	  region.	  	  
•  Doppler	  shio	  is	  measured	  as	  distance	  from	  0	  to	  observed	  fluctua1on	  frequency.	  
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A	  Scan	  on	  R/LTe	  is	  Performed	  to	  Compute	  a	  CriAcal	  Gradient	  
with	  GS2	  Linear	  Runs	  

•  R/LTeis	  varied	  keeping	  all	  other	  
quan11es	  constant.	  The	  factor	  is	  
called	  (R/LTe	  fac).	  

•  High-‐k	  linear	  growth	  rates	  saturate	  
with	  decreasing	  (R/Le).	  	  	  

	  
•  (R/LTe)crit	  is	  found	  to	  be	  the	  

minimum	  R/LTe	  to	  sa1sfy	  ϒ	  	  =	  0.	  	  	  
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