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•   Preferable to avoid disruptions, but Disruption Mitigation System (DMS) 
needs to be available and reliable 
–   General approach: Inject particles ! radiate plasma’s energy 

•   Timescale/scope of research set by ITER DMS Final Design Review in 2017 
–   Current plan allocates space in three upper and one equatorial port 

•   DIII-D research is addressing all phases of the disruption 
–   Choice/location/number of injectors 
–   RE mitigation is still an unresolved issue for ITER 

DIII-D is Addressing Critical Issues for the ITER 
Disruption Mitigation System  
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DIII-D is Supporting the ITER DMS Design for All Phases of 
the Disruption 

2013 2014 2015 2016 2017 

Choice and 
number of 
injectors for 
① TQ and ② CQ 

③④⑤ RE 
Mitigation 

Compare ITER Preferred Injectors 

Shell Pellets 

Radiation Asymmetry 

TQ/CQ Integration 

③④ Anomalous Dissipation 

③④ Suppression Scenarios 

⑤ Final Loss Physics 

④ Dissipation & Control Scenarios 

ITER DMS 
Final Design Review 
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DIII-D is Supporting the ITER DMS Design for All Phases of 
the Disruption 
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•   MGI1 and MGI2 are separated both 
poloidally and toroidally 

•   SPI: Frozen D2 pellet (~size of wine bottle 
cork) strikes shatter plate 

•   Shell: Inject boron powder in plastic shell 

DIII-D is Evaluating Different Particle Delivery Methods 
for the ITER DMS 

Shell Pellet 
Injection 

MGI1: 6 valves 

MGI2: 3 valves 

Shattered Pellet Injection 
! deep penetration 
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multiple locations 
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•   Experiment and theory are working together to explore 
–   Asymmetries due to injector location 
–   Asymmetries due to MHD instabilities 

[V.A. Izzo, Phys. Plasmas 20, 056107 (2013)]  

Goal of All Injectors is to Harmlessly Radiate Away the 
Energy Contained in the Plasma 

Goal #2 
Minimize radiation 

peaking (PFC melting)  

Goal #1 
Radiate >90% thermal 

energy (protect divertor)  

Prad(θ,Φ,t) = f(θ,Φ,r) 
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DIII-D Studying Sources of Prad Asymmetry During 
Disruption Mitigation  

•   Injector # & distribution: 
No significant effect 
upon TQ Prad asymmetry  
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•   Thermal quench MHD: 
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DIII-D Studied Effect of Injector Delay & Poloidal Location 
on Vertical Displacement Event (VDE) Mitigation  

MGI2 

MGI1 •   ITER DMS Question: Will lack 
of lower injectors impede 
downward VDE mitigation? 

•   Timing Effect: Clear 
advantage to early VDE 
mitigation 

•   Location Effect: Only small 
advantage for valve in 
direction of VDE 
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ITER DMS requirements: 
Radiate 90% thermal energy 
       Maintain CQ duration  
        35 ms < τCQ < 150 ms 

•   Conflicting requirements likely 
mean small operating space 

•   Minimal difference between DIII-D 
carbon wall & Be wall when using 
high-Z (neon) impurity injection  

DIII-D Will Test Integrated Disruption Mitigation Scenarios 
that Simultaneously Meet ITER TQ & CQ Requirements   
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DIII-D is Supporting the ITER DMS Design for All Phases of 
the Disruption 
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Research Program Provides Multi-Layered Approach  
for Minimizing RE Threat 

1 Assess feasibility of 
completely suppressing or 
“stunting” RE avalanche 

4 Develop physics basis 
for heat load of final loss 

3 Optimize rapid dissipation 
of uncontrolled RE beam 

2 Assess vertical controllability of RE 
beam 
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1 Assess feasibility of 
completely suppressing or 
“stunting” RE avalanche 

4 Develop physics basis 
for heat load of final loss 

3 Optimize rapid dissipation 
of uncontrolled RE beam 

2 Assess vertical controllability of RE 
beam 

Research Program Provides Multi-Layered Approach  
for Minimizing RE Threat 
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•   Theory: Increasing critical 
electric field (Ecrit) enough to 
suppress avalanche requires 
~100X ne,0 during CQ 
–   Not compatible with other 

ITER operating limits    

•   Experiment: Enhanced 
dissipation (higher threshold 
E) observed  
–   Lower ne for RE suppression 

may be possible  

DIII-D is Investigating “Anomalous” RE Transport 
Physics and Feasibility of Suppressing RE Avalanche 

Nucl. Fusion 51 (2011) 103026 E.M. Hollmann et al
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Figure 7. Measured (squares) and predicted (circles) RE growth
rate νR as a function of the surface field minus critical field,
Esur − Ecrit . Straight lines are linear fits to data.

argon neutral mean free path based on plasma parameters are
not conclusive, however. For the mean free path of argon
neutrals to electron-impact ionization we estimate values of
order λion ≈ 4 m, with the ionization rate being dominated (by
roughly 3×) by RE-impact, rather than thermal electron impact
[30, 33]. For the mean free path of argon neutrals to forward
momentum loss, we estimate values of order λmom ≈ 4 cm,
with the momentum loss rates due to D+ impact and due to
Ar+ impact being roughly comparable [34, 35]. This gives
a rough estimated effective argon ionization depth of order
λion,eff =

√
λionλmom ≈ 30 cm, which is comparable to the RE

beam radius, so it is not clear from first principles if neutral
argon penetration into the RE beam will be significant or not.
We have ignored multiple ionization due to relativistic electron
impact here, as this is not expected to be as large as single
ionization.

5. Comparison of measured and calculated RE
growth rate

In figure 7 we plot measured (squares) and predicted (circles)
RE current growth rate νR as a function of surface field
minus critical field, Esur − Ecrit . Each circle/square pair
corresponds to the middle of the RE plateau in a single
discharge. To calculate Ecrit , we ignore carbon and take the
average of the spectroscopic and pressure methods to calculate
the Ar+ fraction. The horizontal error bars on the squares
in figure 7 reflect the range in Ecrit obtained from the two
different methods. These error bars are typically small even
though the relative error in Ecrit is quite large since typically
|Ecrit| < |Esur|, i.e. Ecrit ≈ 0.1–0.3 V m−1 and Esur ≈ −0.2 to
+15 V m−1. The fact that these error bars are smaller than the
scatter in the data suggests that the uncertainty in the plasma
composition is not the dominant source of scatter in the data.

To use equation (1), the predicted growth rate as a function
of Esur − Ecrit , the plasma self-inductance ℓi is required.
Determining ℓi is challenging, since we do not have a direct
measurement of the current distribution in the RE beam. In the
pre-disruption plasma, ℓi ≈ 1; however, the current channel

is then thought to expand, to ℓi < 1 during the CQ and
then re-compress to ℓi ! 1 during the RE plateau. Previous
calculations have simply assumed ℓi ≈ 2 for plateau-phase RE
beams [36]. In these experiments, EFIT gives a large range
of values ℓi ≈ 1–3 during the RE plateau. Frequently, an
increasing trend in ℓi is indicated, although it is not clear if this
is real within the large scatter of the reconstructions. The EFIT
Grad–Shafranov equilibrium does not necessarily describe the
RE plateau accurately and even in the context of the standard
Grad–Shafranov equilibrium, estimates of ℓi of nearly circular
plasmas from external signals are not expected to be accurate.
Here, we simply use ℓi ≈ 2 ± 1 with vertical error bars shown
on the theory points in figure 7 resulting from the uncertainly
in ℓi.

Overall, even within the significant scatter of the data,
it can be seen that there is a clear ramp up or down of the
RE current in response to changes in the surface field Esur.
Also, the trend of the experimental and theory curves appear
to be in reasonable agreement, but with an offset of order
−10 to −15 s−1. The origin of this offset is not clear at
present. It is likely that neutral Ar is penetrating at least
partially into the RE beam; this would be consistent with
the mean free path calculations presented above, although not
with the observation of hollow Dα emission of (figure 6(c)).
Penetration of argon neutrals into the RE beam is expected
to have an effect of order Ecrit ≈ 0.1–0.3 V m−1 or less,
however, since neutral densities are expected to be lower
than plasma densities by 4–10× (or of order 1–3× if we use
lowest possible value of neutral temperature TN = 0.026 eV
instead of TN = 0.1 eV). Assuming a pure Ar plasma with a
100% room-temperature Ar neutral penetration into the plasma
nearly removes the offset of figure 7; however, this scenario
appears highly unlikely based on present data.

Another possible explanation for the observed offset is
shrinking of the current channel. As discussed above, we have
assumed a constant value of plasma self-inductance ℓi ≈ 2±1
in our analysis of the data. However, because of this large
uncertainty in ℓi, we cannot rule out the possibility that the
RE current profile is consistently shrinking at a rate of order
(dℓi/dt)/ℓi ≈ 10 s−1, thus causing the observed secular drop
in plasma current Ip (by conservation of magnetic flux LpIp).

The favoured explanation for the offset at present is radial
transport of REs to the wall by some type of steady-state
(as opposed to intermittent) transport. Clear signatures of
intermittent instabilities dumping REs to the wall are seen by
narrow spikes on the HXR signals, (figure 1(b)); however,
these instabilities do not appear to correlate with increased
loss in plateau RE current. The effective radial RE diffusion
coefficient D⊥R corresponding to the observed steady RE
loss rate of −10 s−1 is quite modest, D⊥R ∼ 0.4 m2 s−1.
This finding is similar to previous observations in JT-60U,
where steady (non-intermittent) plateau-phase RE current
decay was observed even with positive loop voltage [37, 38].
In the JT-60U experiments, toroidal field ripple scatter and/or
secondary synchrotron radiation of the scattered electrons were
suggested as possible plateau-phase RE loss mechanisms [11].
Numerical simulations have shown that RE losses to the wall
can be quite significant in the presence of magnetic field errors;
these errors were presumed to result from overlapping internal
MHD modes [39], applied magnetic fields [40], or magnetic

6

Hollmann & Parks, Nucl. Fus. (51),103026 2011 
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•   Pre-emptive high-Z Massive Gas Injection provides fast RE shutdown  
•   DIII-D has demonstrated 4× dissipation increase with small quantities of 

high-Z gas 
•   DIII-D results suggest that gas or pellet injection systems sized for ITER 

disruption mitigation will also be effective for ‘post-emptive’ RE 
dissipation 

•   Future DIII-D studies with Ar, He and Xe needed 

DIII-D is Exploring Scenarios for Dissipation of an 
Existing RE Beam 3 
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!

Future Work Will Asses Controllability and Termination 
Physics of RE Beams 

0
1000
2000
3000
4000
5000
6000
7000

#145831
2.050 s

0
1000
2000
3000
4000
5000
6000
7000

#145831
2.190 s

CONTACT 

RE Core 
Final loss 
begins 

RE beam compressing on inner wall 

•   Pursue physics basis for onset of RE final 
loss and assess impact to vessel 

•   Thermal Footprint 

•   Magnetic " Kinetic energy transfer 

4 

•   Assess vertical controllability of RE beam 

•   What are true limits? 

•   Improved controllability by pre-
placing plasma at neutral point 
before disruption? 

2 
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DIII-D is Supporting the ITER DMS Design for All Phases of 
the Disruption 
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