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• Terms  vary  in  different  ways

Multi-device  comparison  can  test  aspect  ratio  
dependences  in  modified  Rutherford  equation

𝜖 = 𝑟/𝑅&

𝐷( ∝ 𝜖*𝛽,

𝑤./011* ∝ 𝜖	  ?

La  Haye et  al,  PoP 19, 062506  (2012)
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• Adds  geometric  (curvature)  and  kinetic  (bootstrap)  effects  to  
classical  instability

The  modified  Rutherford  equation  (MRE)  defines  a  model  
for  neoclassical  tearing  mode  evolution

Normalized  ‘growth’  rate

Classical  stability  
(current  gradient  drive)

Interchange
(curvature)  
stabilization

Neoclassical
bootstrap  
destabilization

Scales  as  𝑤45 for  
large  𝑤

Goes  to  zero  at  
𝑤 = 0
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Slow  𝛽 ramp-down  experiment  on  DIII-D

Neoclassical  tearing  modes  follow  MRE:  large  island  limit

• At  large  island  
width,  𝑤 ∝ 𝛽/Δ′
– Assuming  �̇� ‘small’
– Curvature  small  in  
DIII-D
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• Two  (non-zero)  solutions  over  𝑤 for  �̇� = 0 for  large  𝛽
–One  repellor,  one  attractor

• No  (non-zero)  solutions  at  low  𝛽
– Solutions  merge,  disappear  at  ‘marginal  point’  

MRE  has  bifurcation  in  solutions  

Increasing  𝛽

metastable Graphic  courtesy  of  
R.  La  Haye
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• Attractor:  à|ß
– ‘Stable’  branch  (from  perspective  of  mode  as  helical  
equilibrium)

• Repellor:  ß|à
– ‘Unstable’  branch

Solutions  to  MRE  can  be  represented  graphically
D.  L.  Rayburn,  PhD  thesis,  
Princeton  University  2011
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• Simplify  to  stability  boundary  for  qualitative  picture
• Keep  in  mind:  �̇� ≈ 0

Solutions  to  MRE  can  be  represented  graphically

Normalized  𝐽;<<= ∝ 𝛽
N
or
m
al
iz
ed
  w
id
th

Large  island  
limit:  𝑤~𝛽

Small  island  
effects

Marginal  
point

Metastability
margin

Growth

Decay
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1. Ramp-up:  𝑤 = 0

Trajectories  during  𝛽	  ramp  up/down  exhibit  hysteresis

Normalized  𝐽;<<= ∝ 𝛽
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Meta-stability  
margin

Growth

Decay

𝛽	  ramp-up
Onset  
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1. Ramp-up:  𝑤 = 0
2. Onset:  something  ‘kicks’  

mode  over  boundary

Trajectories  during  𝛽	  ramp  up/down  exhibit  hysteresis
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1. Ramp-up:  𝑤 = 0
2. Onset:  something  ‘kicks’  

mode  over  boundary
3. Growth:  mode  ‘jumps’  to  

upper  branch

Trajectories  during  𝛽	  ramp  up/down  exhibit  hysteresis
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1. Ramp-up:  𝑤 = 0
2. Onset:  something  ‘kicks’  

mode  over  boundary
3. Growth:  mode  ‘jumps’  to  

upper  branch
4. Saturated  state:  𝑤~𝛽

Trajectories  during  𝛽	  ramp  up/down  exhibit  hysteresis
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1. Ramp-up:  𝑤 = 0
2. Onset:  something  ‘kicks’  

mode  over  boundary
3. Growth:  mode  ‘jumps’  to  

upper  branch
4. Saturated  state:  𝑤~𝛽
5. Marginal  point:  𝑤 falls  to  

zero
– Loss  of  ‘equilibrium’

Trajectories  during  𝛽	  ramp  up/down  exhibit  hysteresis

Normalized  𝐽;<<= ∝ 𝛽
N
or
m
al
iz
ed
  w
id
th

Marginal  
point

Decay

Onset  

Growth  
phase



143DSP  Meeting,  Lucas  Morton,  11/14/2016

0.0 0.5 1.0 1.5 2.0 2.50

2

4

6

8

10

12

14

βp

W
 (c

m
)

(5.3 cm
)⋅ β

p

Mode onset
β ramp−up

Saturation

Marginal point
β ramp−d

own

M
od

e 
gr

ow
th

Hysteresis  loop  seen  in  DIII-D  experiments
Shot  135861
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Caveat:  m=1  fishbone  
activity  in  n=1  RMS
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• Maximum,  saturated  width
– Relates  bootstrap  +  curvature  to  Δ′
– Neglect  small-island-width  terms
• Peak  growth  rate
– Relates  bootstrap/curvature  to  𝜏A
– Need  to  get  𝜏A correct
• Marginal  point
– Address  small-island-width  terms

Evaluation  of  MRE  using  special  points
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• Terms  vary  in  different  ways
–With  𝜖,  in  addition  to  𝛽

Multi-device  comparison  can  test  aspect  ratio  
dependences  in  modified  Rutherford  equation

La  Haye et  al,  PoP 19, 062506  (2012)

𝜖 = 𝑟/𝑅&

𝐷( ∝ 𝜖*𝛽,

𝑤./011	   ∝ 𝜖45/*	  ?
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Dedicated  DIII-D  experiments  can  match  NSTX-U  tearing  
discharges  already  run

• Match  shaping  (except  R/a),  𝑞CD ≈ 7,  
𝐼G ≈ 0.9	  MA
–𝐵M ≈ 1.44	  T (DIII-D)  vs.  0.65  (NSTX-U)  for  𝑞CD
matching

• Get  growth,  saturation,  marginal  point
• Tearing  stability  is  high  priority  topic  in  
MSG
–Exp’s on  DIII-D  will  provide  complimentary  
data  for  NSTX-U
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• XP1544  approved  but  not  run
– “Make  contact  with  NSTX  for  n=1  tearing  stability”
• PPPL  /  GA  collaboration  on  core  stability  
– Previously  published  study

‘Leapfrog’  NSTX-U  MSG  XP1544

DIII-D NSTX-U NSTX
𝐑/𝐚 3.1 1.7 1.4
Growth  rate !!! ✓ ✓

Saturated  size !!! ✓ ✓

Marginal  point !!! ✕ ✓

XP  1544

R.  J.  La  Haye,  R.  J.  Buttery,  S.  P.  
Gerhardt,  S.  A.  Sabbagh,  D.  P.  Brennan,  
“Aspect  ratio  effects  on  neoclassical  
tearing  modes  from  comparison  between  
DIII-D  and  National  Spherical  Torus  
Experiment”
PoP 19, 062506  (2012)
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• Near  𝑞CD, 𝐼G targets
• Improving  shape  
matching
– Increased  inner  gap  at  
midplane
§ Increases  elongation
– Adjusted  𝐵M to  match  𝑞CD

DIII-D  shot  developed  from  target  135861
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shot
time
chi**2
Rout(m)
Zout(m)
a(m)
elong
utri
ltri
indent
V (m**3)
A (m**2)
W (MJ)
betaT(%)
betaP
betaN
In
Li
error(e-4)
q1
q95
dsep(m)
Rm(m)
Zm(m)
Rc(m)
Zc(m)
betaPd
betaTd
Wdia(MJ)
Ipmeas(MA)
BT(0)(T)
Ipfit(MA)
Rmidin(m)
Rmidout(m)
gapin(m)
gapout(m)
gaptop(m)
gapbot(m)
Zts(m)
Rvsin(m)
Zvsin(m)
Rvsout(m)
Zvsout(m)
Rsep1(m)
Zsep1(m)
Rsep2(m)
Zsep2(m)
psib(Vs/R)
elongm
qm
nev1(e19)
nev2(e19)
nev3(e19)
ner0(e19)
n/nc
dRsep
qmin
rhoqmin

    204172
0.845000

264.564
0.942

-0.073
0.569
2.217
0.463
0.662
0.000

11.500
2.059
0.209
7.695
0.917
3.217
2.392
0.930

283.574
12.759

7.173
0.058
0.028
0.028
1.026

-0.039
1.124
9.436
0.257
0.890

-0.630
0.858
0.373
1.508
0.058
0.059
0.229
0.147

100.000
0.000
0.000
0.000
0.000
0.565

-1.335
0.593
1.259
0.014
2.215
0.028
0.000
0.000
0.000
0.000

-0.115
-0.003
0.912
0.000

shot
time
chi**2
Rout(m)
Zout(m)
a(m)
elong
utri
ltri
indent
V (m**3)
A (m**2)
W (MJ)
betaT(%)
betaP
betaN
In
Li
error(e-4)
q1
q95
dsep(m)
Rm(m)
Zm(m)
Rc(m)
Zc(m)
betaPd
betaTd
Wdia(MJ)
Ipmeas(MA)
BT(0)(T)
Ipfit(MA)
Rmidin(m)
Rmidout(m)
gapin(m)
gapout(m)
gaptop(m)
gapbot(m)
Zts(m)
Rvsin(m)
Zvsin(m)
Rvsout(m)
Zvsout(m)
Rsep1(m)
Zsep1(m)
Rsep2(m)
Zsep2(m)
psib(Vs/R)
elongm
qm
nev1(e19)
nev2(e19)
nev3(e19)
ner0(e19)
n/nc
dRsep
qmin
rhoqmin

    204172
0.845000

264.564
0.942

-0.073
0.569
2.217
0.463
0.662
0.000

11.500
2.059
0.209
7.695
0.917
3.217
2.392
0.930

283.574
12.759

7.173
0.058
0.028
0.028
1.026

-0.039
1.124
9.436
0.257
0.890

-0.630
0.858
0.373
1.508
0.058
0.059
0.229
0.147

100.000
0.000
0.000
0.000
0.000
0.565

-1.335
0.593
1.259
0.014
2.215
0.028
0.000
0.000
0.000
0.000

-0.115
-0.003
0.912
0.000

Wed Oct 12 14:29:37 2016

NSTX-U
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Tearing  mode  activity  observed  in  NSTX-U  initial  
operations

204118204112 204172            

• H-mode
• All  high  𝜷𝑵
• All  growing  n=1  tearing  
during  flattop
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shot
time
chi**2
Rout(m)
Zout(m)
a(m)
elong
utri
ltri
indent
V (m**3)
A (m**2)
W (MJ)
betaT(%)
betaP
betaN
In
Li
error(e-4)
q1
q95
dsep(m)
Rm(m)
Zm(m)
Rc(m)
Zc(m)
betaPd
betaTd
Wdia(MJ)
Ipmeas(MA)
BT(0)(T)
Ipfit(MA)
Rmidin(m)
Rmidout(m)
gapin(m)
gapout(m)
gaptop(m)
gapbot(m)
Zts(m)
Rvsin(m)
Zvsin(m)
Rvsout(m)
Zvsout(m)
Rsep1(m)
Zsep1(m)
Rsep2(m)
Zsep2(m)
psib(Vs/R)
elongm
qm
nev1(e19)
nev2(e19)
nev3(e19)
ner0(e19)
n/nc
dRsep
qmin
rhoqmin

    204172
0.845000

264.564
0.942

-0.073
0.569
2.217
0.463
0.662
0.000

11.500
2.059
0.209
7.695
0.917
3.217
2.392
0.930

283.574
12.759

7.173
0.058
0.028
0.028
1.026

-0.039
1.124
9.436
0.257
0.890

-0.630
0.858
0.373
1.508
0.058
0.059
0.229
0.147

100.000
0.000
0.000
0.000
0.000
0.565

-1.335
0.593
1.259
0.014
2.215
0.028
0.000
0.000
0.000
0.000

-0.115
-0.003
0.912
0.000

shot
time
chi**2
Rout(m)
Zout(m)
a(m)
elong
utri
ltri
indent
V (m**3)
A (m**2)
W (MJ)
betaT(%)
betaP
betaN
In
Li
error(e-4)
q1
q95
dsep(m)
Rm(m)
Zm(m)
Rc(m)
Zc(m)
betaPd
betaTd
Wdia(MJ)
Ipmeas(MA)
BT(0)(T)
Ipfit(MA)
Rmidin(m)
Rmidout(m)
gapin(m)
gapout(m)
gaptop(m)
gapbot(m)
Zts(m)
Rvsin(m)
Zvsin(m)
Rvsout(m)
Zvsout(m)
Rsep1(m)
Zsep1(m)
Rsep2(m)
Zsep2(m)
psib(Vs/R)
elongm
qm
nev1(e19)
nev2(e19)
nev3(e19)
ner0(e19)
n/nc
dRsep
qmin
rhoqmin

    204172
0.845000

264.564
0.942

-0.073
0.569
2.217
0.463
0.662
0.000

11.500
2.059
0.209
7.695
0.917
3.217
2.392
0.930

283.574
12.759

7.173
0.058
0.028
0.028
1.026

-0.039
1.124
9.436
0.257
0.890

-0.630
0.858
0.373
1.508
0.058
0.059
0.229
0.147

100.000
0.000
0.000
0.000
0.000
0.565

-1.335
0.593
1.259
0.014
2.215
0.028
0.000
0.000
0.000
0.000

-0.115
-0.003
0.912
0.000

Wed Oct 12 14:29:37 2016

• Little/no  CHERS
• No  MSE
• Did  have  Thomson
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• Use  cross-phase,  amplitude  to  auto-calibrate  coils
– Assume  signal  is  𝐵 𝑡, 𝜙Y = 𝐶Y(𝐵\e^_=) with  𝐶Y = |𝐶Y|e^\bc

	  

– Check  that  nominal  ≈ actual  phase    (correct  n)
• Get  best  estimate  of  fluctuation:

– 𝐵d\(𝑡) = 𝐹𝐹𝑇45 	  ∑ h _,bc
ic

�
Y

• Calculate  ‘coherence’  spectrogram:

– 𝜒 𝑡, 𝜔 =
∑ h =,_,bc 	  �
c

∑ h =,_,bc�
c

Step  1:  Toroidal  mode  number  analysis
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• Fit  Gaussian  profile  in  frequency  space  for  total  power

Step  2:  Identify  mode  frequency,  amplitude
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• Use  TS  (NSTX-U),  CHERS  (NSTX)  as  available
• Find  width  of  flat  spot
• Calibrate  mode  amplitude:

–𝑤 ∝ ;m
hn

�
à 𝑤 = 𝐶 𝑏m

�

Step  3:  Find  island  width  from  amplitude
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• Growth  rate  as  a  function  of  width
• Normalize  to  ion  banana  width,  resistive  time

Step  4:  Normalized  phase  diagram

NSTX-U
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• NSTX-U  sees  larger,  faster-growing  𝑛 = 1 mode
–Higher  𝐵M &  𝑇q à longer  𝜏A
– No  NSTX-U  marginal  point  expt’l data  yet

Early  results  from  NSTX/NSTX-U  comparison

NSTX

NSTX-U

NSTX

NSTX-U

Marginal  point  ≈
saturated  width!

𝛽 ramp-
down
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• Trend  to  larger,  faster  islands  with  smaller  𝜖
• DIII-D  peak  growth  rate  very  large
–Resistive  time?

Initial  comparison  of  NSTX(-U),  DIII-D
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Small  aspect  ratio  à small  hysteresis

• Larger  𝜖 à
–More  bootstrap
– Smaller  ‘small  island’  limit

𝜖 = 𝑟/𝑅&

𝐷( ∝ 𝜖*𝛽,

𝑤./011	   ∝ 𝜖45/*	  ? Normalized  𝐽;<<= ∝ 𝛽

N
or
m
al
iz
ed
  w
id
th

Small  
aspect  
ratio

Large  
aspect  
ratio
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Dedicated  DIII-D  experiments  for  the  national  campaign  
can  match  NSTX-U  tearing  discharges  already  run

• Match  shaping  (except  R/a),  𝑞CD ≈ 7,  
𝐼G ≈ 0.9	  MA
–𝐵M ≈ 1.44	  T (DIII-D)  vs.  0.65  (NSTX-U)  for  𝑞CD
matching

• Get  growth,  saturation,  marginal  point
• Tearing  stability  is  high  priority  topic  in  
MSG
–Exp’s on  DIII-D  will  provide  complimentary  
data  for  NSTX-U
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Reserve
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