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•  SPI developed by ORNL & 
deployed at DIII-D 

•  Favorable SPI attributes: 
1.  Collimated pellet stream  

(high local density)  
2.  Deep plasma penetration  
3.  Fast response time 

Shattered Pellet Injection (SPI) provides large 
cryogenic pellet mass while avoiding “bullet” 
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Mixed Ne/D2 pellets allow control of TQ radiated power 

•  SPI pellets not easily changed 
in size, so composition (pure D2 
to pure Ne) scan is closest 
approximation to MGI quantity 
scans 

•  Factor ~4 increase in TQ 
radiated power over range of 
scan 

 
•  Two outliers from broken pellets 
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Impact of neon saturates for large quantities 

•  Consistent with observations of high radiation fractions with 
MGI using similar quantities 

NW Eidietis/TSDW/July 2015 



7 

Mixed Ne/D2 pellets allow control of CQ timescale 

•  Factor ~2 variation 
demonstrated over range of 
scan 

•  Saturation effect observed 

•  Broken pellets fit overall 
trend 
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Neon MGI triggered asynchronously to cover entire 
evolution of healthy!tearing!locking plasma plasma  

•  Target = Low torque ITER baseline 
scenario plasma 
–  Reliably produces n=2 tearing 

followed by locked mode 

 
•  300 Torr-L Neon MGI 
 
•  Asynchronous triggering of MGI 

–  H-mode (stable) 
–  m/n = 3/2 Tearing Mode 
–  m/n = 2/1 Locked Mode 
–  Unmitigated (No MGI) 

 Courtesy  
D. Shiraki 

ORNL 
NW Eidietis/TSDW/July 2015 
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Mitigation late in locked mode remains much more 
effective than no mitigation at all 

•  Late MGI: Impurity mixing, 
radiation fraction hold steady, 
possibly increase, as locked 
mode progresses 

 
•  May imply importance of 

existing MHD for initial 
assimilation of MGI 

(?) 

 Courtesy  
D. Shiraki 

ORNL 
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•  Cooling time = Δt from 
MGI arrival at edge to 
CQ spike 

•  Consistent with IDDB 
scaling (decreasing 
thermal energy ! 
decreased cooling 
time) 

Cooling time reduced once plasma locks 

D. Shiraki/DTF Meeting/Jan. 29, 2015 13 

TQ occurs sooner after MGI, when plasma is 
locked 

•  TQ onset time = Time 
difference between MGI 
arrival and Ip spike 

•  So do blue cases have 
less MGI assimilation 
during TQ? 
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At previous workshop, large discrepancy between observed/
predicted asymmetries blamed on poor toroidal Prad resolution 
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•  NIMROD predicts modest 

(TPF ~1.4) toroidal 
asymmetries for DIII-D 
using single valve 

•  Observable asymmetry 
much lower using 
synthetic 2-point 
radiation measurement 

•  NIMROD synthetic 
diagnostic agrees with 
DIII-D data 
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•  Instead of differencing 2 bolometers, shift 
MHD mode (& Prad) phase with applied 
error field shot-to-shot to measure Prad 
variation at single bolometer 

•  Minimize pre-MGI rotation to give EF 
maximum control, fine phase control 

•  NIMROD/experiment agree upon peak 
TPF = 1.4  (first quantitative validation) 

Modified experiment confirms NIMROD TPF predictions using n=1 
steering to improve improve toroidal resolution   

TPF = 1.4 ± 0.2 

n=1 
phase 

90° 
bolo 

MGI135L 210° 
bolo 
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Poloidal asymmetry analysis methodology 

1.  Extract emissivity (E) RZ grid from fast 
bolometry inversion (typically 10x20 
grid) 

2.   Create 3D grid array at multiple 
toroidal locations (assumes 
axisymmetry) 

3.  Calculate response functions (G) for 
heat flux at test surface point 
(simplified first wall) (e.g. Hollmann NF 
2012) 

4.  Remove “blind spots” 

5.  E * G = heat flux to wall 

Red =  
Test Surface 

θ 

NW Eidietis/TSDW/July 2015 
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Methodology: 3D grid maps 

Visibility map Wall response map (W/m2 per W/m3) 

Note that wall response falls off rapidly 
with toroidal distance so axisymmetric 
assumption is not unwarranted 

Test  
Surface 

NW Eidietis/TSDW/July 2015 
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Test cases illustrate inherent asymmetry in wall heat flux 
N

o
rm

a
liz

e
d

 W
a

ll 
H

e
a

t 
Fl

u
x 

HFS HFS LFS Bot Top HFS HFS LFS Bot Top 

Test surface angle (deg) Test surface angle (deg) 

PPF = 1.2 

PPF = 1.6 

Uniform Emissivity Single Core Point Source 

Poloidal Peaking Factor (PPF) = simple Max/Mean 
 

Choice of test surface shape effects PPF 
calculation.  

What is most logical standard?  
Strict to wall, smoothed wall, LCFS? 

NW Eidietis/TSDW/July 2015 



18 

Experimental setup for preliminary poloidal asymmety 
measurements 

Fast Bolometer 
AXUV Diodes 
Double fan 

Massive Gas Injection (MGI) 
~ 300 Torr-L Neon 

MGI 
~ 300 Torr-L Neon 

n=1 
phase 

Prad90 

MGI135L 
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Lower & upper injection show qualitatively different 
poloidal radiation patterns… 
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… which is manifested as slightly different PPF during 
TQ 
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Effect of applied error field on poloidal asymmetry: 
Qualitative shift in angular distribution evident 
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Effect of applied error field on poloidal asymmetry: 
No noticeable change in PPF 
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DIII-D Pursuing RE Mitigation Techniques Using  
Anticipated ITER Disruption Mitigation Hardware 

C
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Q
) 

RE Plateau 

Ip
 

Goal: Avoid large RE 
current at final loss 

1 Suppress or “stunt”  
RE seed by neon SPI 
into early CQ 

2 Rapid dissipation  
of RE plateau via 
massive impurity 
injection 
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Hot
pre-TQ
Plasma

Radiating 
Impurity

Cold CQ 
Plasma

RE
Seed

Neo
n SPIStep #1 Step #2

DIII-D Testing 2-step Disruption Mitigation Process to Deliver High 
Localized Density for RE Seed Suppression with Modest Particle Input 

1.  Initial impurity injection cools 
plasma, induces thermal quench 

 
2.  Ne shattered pellet injection (SPI) 

into early CQ for RE suppression 
–  SPI ablation only occurs at location 

of RE seeds in core   

•  High critical density (∼4x1022 m−3) at 
RE location required for suppression 

Modest particle deposition in 
small volume can yield high local 
densities for RE seed suppression 

#1 Ar Pellet
#2 Ne SPI

TQ C
Q

Ip
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Nucl. Fusion 51 (2011) 063032 V.A. Izzo et al

Figure 5. (a) Poincaré plot of magnetic fields at 0.54 ms in the
limited DIII-D simulation, when the first n = 1 mode peaks.
(b) Poincaré plot at 1.04 ms when the second n = 1 mode peaks.

with no systematic trend in the maximum amplitudes. Away
from the peak however, a clear trend in the amplitudes with
device major radius is found. In figure 11 the amplitude of
δBr/B versus major radius at both q = 1 and r/a = 0.8
for the three simulations is plotted. At q = 1, the trend is
slightly weaker than 1/R, while further towards the edge,
at r/a = 0.8, the amplitudes fall off slightly faster than
1/R. In figure 12, we plot the RE confinement time (τRE =
NRE/[dNRE/dt]) versus major radius at its minimum value
(when the magnetic fluctuations are largest) for each simulation
except the ITER simulation, where no RE losses during the
MHD phase occurred. The DIII-D diverted simulation exhibits
a 25 times larger confinement time than the C-Mod simulation,
which is very close to a factor of R3.

Figure 6. (a) Poloidal flux contours for Alcator C-Mod equilibrium
used in the two simulations. Solid boundary is simulation boundary,
dashed line is actual C-Mod first wall geometry. (b) Neutral Ar
profiles at t = 0 for the core-peaked (solid) and edge-peak (dashed)
C-Mod simulations. Temperature profiles (c) and current density
profiles (d) at 0.1 ms (prior to MHD onset) are shown for both cases,
along with the initial profiles (dashed–dotted).

5. Discussion and conclusions

Five extended MHD simulations have been performed of
rapid shutdown scenarios in three tokamaks to investigate
the effects of various experimental parameters on runaway
electron confinement during the thermal-quench-induced
MHD fluctuations. Due to certain simplifications, especially
in the impurity delivery model and the runaway energy
distribution, these results cannot be validated in all aspects
against experiments on C-Mod and DIII-D, although certain
experimental features are reproduced. The simulations should
be viewed in part as numerical experiments designed to fill
experimental gaps and to draw out certain trends that may be
ambiguous in the data.

In two DIII-D simulations, the effects of plasma shape
were examined by comparing an elongated, diverted plasma
geometry with a lower elongation, limited plasma. Overall,
the fraction of REs lost in the limited plasma was smaller
than in the diverted plasma, which is consistent with the
general experimental observation that limited plasmas confine
REs better. However, perhaps more interestingly, the loss
mechanism for the REs in the two configuration was essentially
different. In the diverted case, stochastic fields extending
across much of the domain caused REs to follow open field
lines to the divertor. In the limited plasma, large stochastic
regions never appeared, and the RE losses were entirely
associated with an external n = 1 motion of the plasma into
the centre column, producing a tell-tale n = 1 RE striking
pattern. In the limited plasma, both the spatial localization
of the first n = 1 mode, and the absent toroidal harmonics
during the second n = 1 mode are unique features not
observed in the diverted simulation, suggesting differences in
the coupling between MHD modes may play a role in improved
RE confinement.

The most significant feature of the two C-Mod simulations
is that, despite the variation in Ar deposition profile and the

6

Indirect Evidence for Small RE Volume Motivates 
Highly Directed Impurity Injection 

1.  NIMROD: Only small portion of plasma 
volume confines seed RE early in CQ   

 
2.  D3D Experiment: Significant wall 

interaction with RE plateau does not 
occur until small (a~0.3m) RE 
synchrotron core touches wall 

Izzo NF 2011 
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Figure 6. Illustration of method used to calculate RE beam current
radius afinal.

the reconstructed cold electron density profile; it can be seen
that the cold electron profile (figure 5(f )) is much broader
than the hot electron density profile (figure 4(f )). The shots
shown for SXR and interferometers are different, but the results
shown are fairly general, i.e. that the hot electron profile is
significantly narrower than the cold electron profile. The cold
plasma outside of the narrower RE beam could be sustained
either by diffusion of cold plasma from the core to the wall or
by ionization from REs which diffuse out of the hot core to the
wall.

3.2. Current profile of RE plateau

Previous work estimated the radius of the RE beam current
profile in DIII-D to be a ≈ 0.3 m by looking at the onset
time of the final loss loop voltage spike for inward-moving RE
beams [13]. Here, we extend this analysis to a large number of
shots, with loss directions inwards to the centre post, upwards,
or downwards. Also, instead of using the rise of the externally
measured loop voltage as an indicator for the onset of the final
loss, the edge of the first HXR spikes is used, as this provides a
sharper time step. An overview of the general method is shown
in figure 6: JFIT contours are used to calculate the position of
the RE beam current magnetic axis versus time; the final loss
onset time is taken as the time where the large HXR spikes
begin; and then the RE beam current radius afinal is taken as
the distance between the magnetic axis and the nearest wall
point at the final loss onset time.

Figure 7(a) shows the RE current radius afinal as a function
of the RE current IRE at the final loss time. It can be seen that
there is a large range of afinal, but typical values are around
0.2–0.4 m, consistent with the previous estimate a ∼ 0.3 m
for the RE beam current radius, and also consistent with the
measured radii of the SXR emissivity spot, a ∼ 0.2–0.3 m,
in agreement with the expectation that the hot electrons are
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Figure 7. (a) Final loss radius afinal as a function of final loss current
IRE and (b) final loss radius as a function of duration of RE plateau
!tplateau.

the dominant carriers of plasma current in the RE plateau. It
is not clear at this point why the RE current does not fill the
entire area up to the last closed flux surface. Some REs do
exist all the way out to the wall, as has been confirmed by
plunging probe and pellet injection experiments, but the bulk
of the current appears to form a relatively narrow beam. The
increasing trend in afinal with IRE may indicate that the onset of
HXR spikes in the RE final loss is associated with a kink mode,
consistent with the strong n = 1 structure often seen in RE final
loss toroidal HXR emission structure [16]. Simple (cylindrical
plasma, large aspect ratio) estimates of the expected final loss
radius assuming the final loss begins at a specific edge safety
factor (qa = 1, 2 or 3) are shown by the curves in figure 7(a). It
can be seen that the final loss radius may be consistent with the
RE beam qa = 2 edge contacting the wall, although the large
scatter in the data does not allow a clear conclusion at present.
For example, it could be the case that RE equilibrium beam
radius simply increases as the square root of plasma current,
which would give a curve similar to that shown in figure 7(a),
without invoking any MHD. Midplane loss cases appear to
show less scatter than upper and lower loss cases, possibly
indicating that the JFIT reconstructions are more accurate for
loss to the midplane. Relativistic shifts of RE orbits are not
considered in this analysis, (although their effect on the current
channel position, if significant, should be captured by the JFIT
reconstructions); however, outward shifts could influence the
final loss and thus give midplane versus upper and lower final
loss cases different characteristics. Figure 7(b) shows afinal as
a function of the duration of the RE plateau. It can be seen
that there is no clear trend in RE beam radius with RE beam
lifetime, indicating that slow wall time or recycling effects are
not important in determining RE beam radius.
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Deep penetration  

Shattered Pellet Injection (SPI) is Good Technology 
Choice for Localized Deposition of Impurities 
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Initial Tests Reveal RE Seed Suppression Process Very Sensitive 
to Relative Timing of SPI Arrival at Edge & Start of CQ 

•  Early SPI: Arrival 
before CQ exhibits 
evidence of RE seed 
suppression  

 
•  Late SPI: Arrival 

shortly after start of 
CQ has little or no 
effect upon RE 
amplification 

 

tSPI = SPI arrival at plasma edge 

ΔtCQ ~ 5ms

vSPI ~ 160m/s 
Δtedge-core ~ 3ms 
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affected by changes in TQ evolution. No 
direct measurement exists of initial RE seed. 
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Initial Tests Reveal RE Seed Suppression Process Very Sensitive 
to Relative Timing of SPI Arrival at Edge & Start of CQ 

NW Eidietis/TSDW/July 2015 
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Fast Visible Imaging Indicates SPI Ablation by RE Seed 
in RE Suppression Cases 

No RE production 
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Basic concept of SPI penetrating 
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SPI Ability to Penetrate RE Decreases Rapidly as RE 
Current & Energy Increase  

•  Mature RE plateaus largely exclude 
injected impurities from beam… 

•  As beam matures, dissipation slows 
to 10’s ms process 

•  Outward shifted RE orbits act as 
“vanguard” 

•  Likely reason for sensitivity of 
suppression process to SPI delay 

 Critical for SPI to arrive 
very early in CQ 

Hollmann NF 2013 
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1.  First tests of Shattered Pellet Injection (SPI) for TQ 
mitigation 

2.  Mitigation of unstable plasmas 

3.  Preliminary analysis of toroidal/poloidal radiation 
asymmetries during Neon MGI 

4.  RE suppression by secondary injection into early 
CQ 

5.  RE plateau dissipation 

Outline 

NW Eidietis/TSDW/July 2015 
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Improved Analysis Allows Resolution of Plateau RE Energy 
Distribution Function (fε) & Pitch Angle (θ) 
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•  Multiple diagnostics constrain fε over 
wide energy spectrum (keV!10’s MeV) 

 
•  New Features: Ip, Prad & IR constraints + 

energy-dependentθ 

•  fε skewed to much lower energies 
than avalanche prediction 

 
•  Current driven by 2-10 MeV RE 

–  Pitch scattering most effective 
way to reduce IRE 

Hollmann NF 2013 
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DIII-D Pursuing RE Mitigation Techniques Using  
Anticipated ITER Disruption Mitigation Hardware 
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Goal: Avoid large RE 
current at final loss 

1 Suppress or “stunt”  
RE seed by neon SPI 
into early CQ 

2 Rapid dissipation  
of RE plateau via 
massive impurity 
injection 

NW Eidietis/TSDW/July 2015 

See Hollmann PoP 2015 
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Energy Dissipation: Power Balance Indicates Line Radiation is 
Dominant Loss Mechanism in Centered, High <Z> RE Plateaus 
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•  Line radiation roughly 
balances ohmic input for 
<Z> > 4 

 

Parks PoP 1999 
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Energy Dissipation: Power Balance Indicates Line Radiation is 
Dominant Loss Mechanism in Centered, High <Z> RE Plateaus 
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•  Line radiation roughly 
balances ohmic input for 
<Z> > 4 

•  Synchrotron emission not 
significant at mid-high <Z> 

 
•  Discrepancy in power 

balance at low <Z> 
 

Parks PoP 1999 
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•  Discrepancy up to 10x 
except at highest <Z> 

 
•  Consistent with previous 

measurements of anomalous 
RE current damping 

Current Dissipation: Observed RE Plateau Current Damping 
Rate Significantly Greater than Avalanche Predictions  

Cu
rre

nt
 da

mp
ing

 (/s
)

101

100

Measured

Avalanche Theory
(elecron drag)

< Z >
1 2 3 4 5 6 7 8 9 10 11 12

ArHe Ne

See:  
Hollmann & Parks NF 2011 

Hollmann NF 2013 
Paz-Soldan PoP 2014 
Granetz IAEA 2014 
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Current Dissipation: Pitch Angle Scattering from RE->ion Collisions 
May Account for Discrepancy in RE Current Damping Rates 

•  Avalanche theory only 
accounts for electron drag 

 



39 

103

102

101

100Pi
tch

 A
ng

le 
Sc

att
er

ing
 (/s

)

10-1
1 2 3 4 5

<Z>
6 7 8 9 10 11 12

He Ne Ar
Ion 

collisions

Electron 
collisions

Measured

Current Dissipation: Pitch Angle Scattering from RE->ion Collisions 
May Account for Discrepancy in RE Current Damping Rates 

•  Avalanche theory only 
accounts for electron drag 

 

•  RE-ion scattering 5-10X greater 
then RE-electron over wide 
range of <Z> 

 

•  Including RE-ion scattering in 
current damping calculations 
may largely resolve 
“anomalous” RE current 
dissipation 
–  Analytical Fokker-Planck 

treatment agrees 

See Hollmann, PoP 2015 
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•  First tests of SPI underway. Look positive, but limited in scope. 
–  Developing SPI source/ablation models is important task 

•  Mitigation of locking/ed modes can still be effective & 
desirable 

•  Toroidal radiation asymmetry appears well-described by 
NIMROD 
–   Analysis of poloidal radiation peaking underway 

•  SPI into early current quench shows promise for viable RE 
suppression method, but sifnigicant ambiguity 

•  “Anomalous” current dissipation in RE plateau appears to be 
acounted  

Conclusions 

NW Eidietis/TSDW/July 2015 


