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DIII-D Runaway Electron Research Seeks to Provide Reliable 
Extrapolation of RE Generation, Dissipation, and Termination for ITER   

We divide RE problem into: 

1.  RE generation physics and 
possibilities for suppression 
–   Difficult to study, since RE seeds are 

small/variable on DIII-D scale devices 

2.  Dissipation of a fully formed RE 
plateau 
•   Model-based understanding 

necessary (risk in ITER too great) 
•   Dissipation physics carries over to 

avalanche suppression 

3.  RE termination physics 
determines requirements for 
dissipation 
•   Tolerable RE energy may be very low  
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Goal: Avoid 
large RE energy 
at final loss 

Suppress or 
“stunt”  
RE seed from 
avalanching 

Controlled 
dissipation  
of RE plateau via 
massive impurity 
injection 

Experiments can help  
benchmark RE dissipation models 
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DIII-D low density “QRE” experiments provide 
“wind-tunnel” to validate theories of RE dissipation 
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•   Recap of Theory Progress and Important Parameters 

•   Recap of QRE Regime to Study RE Dissipation 

•   Introduction to GRI Diagnostic and f(E) Inversion 

•   Spectrum Effect of Electron Density (Collisions) 

•   Spectrum Effect of Toroidal Field (Synchrotron) 

•   Conclusion and Future Directions 

Outline: 
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it decreases with the amplitude of the ALD force and the effec-
tive charge. However, the underlying processes are rather com-
plex and involve both the parallel and perpendicular dynamics. 
Regarding plasma parameters, the energy corresponding to the 
bump location is found to decrease as 1/B2, an effect of the ALD 
force. Remarkably, p b∥  is independent of the plasma temperature. 
It decreases with the plasma density, as both E∥ and rσ  are nor-
malized by the electron density via the critical field (1) and the 
collision frequency (21), respectively. For E 1, r∥ σ≫ , the bump 
location p Z E2 1 / 1b reff

1 2( )∥ ∥ σ∝ + − ≫  is inversely proportional 
to the density. Note that the assumptions made in deriving equa-
tion (31) are no longer valid in the vicinity of the critical field 
(E 1→∥ ). While the parametric dependence of the bump loca-
tion predicted by equation (31) will be confirmed by numerical 
calcul ations in section  5, more accurate estimates have been 
derived [10, 19] and can be used for a quantitative comparison.

4.3. Validity of the uniform plasma approximation

In tokamak plasmas, particles with purely parallel velocity are 
subject to an ALD force due to the toroidal and poloidal peri-
odic motions. The contribution from the field line curvature 
to the ALD force is derived in appendix C. For a safety factor 
q 1≈  and electrons with p 1∥≫ , the amplitude of this contrib-
ution (C.3) reduces to the same expression as found in the case 
of a purely toroidal field [10, 11]:
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For the Tore–Supra example shown in section  3, 
R/ 1.5 100

4ρ = × −  and we find pR  =  110, which corresponds 
to 55 MeV electrons. We see in figure 1 (b) that the combi-
nation of uniform plasma ALD force and pitch-angle scat-
tering limits the distribution to energies much below 55 MeV. 
Toroidal effects could thus be neglected in this case.

4.4. Benchmark of the solution from the LUKE and CODE 
codes

The simulations presented in this paper were obtained using 
the code LUKE. While the code is extensively benchmarked 
for the usual runaway problem [16], LUKE simulations 
including the ALD reaction force are presented for the first 
time in this paper. In order to benchmark the numerical simu-
lations, calculations from LUKE are compared to those from 
the solver CODE, which solves the same Fokker–Planck equa-
tion (11) but uses a spectral representation of the pitch-angle 
dependence [18]. The corresponding steady-state distribution 
functions are shown in figure 4 (a) for the parameters used in 
section 3.3, and two different values for the effective charge, 

Figure 3. Contours of the electron distribution function in graphs (a) and (b) and stream function in graphs (c) and (d) in 2D guiding-
center momentum space ( )∥ ⊥p p,  at time τ =t / 10c

6. The parameters are ∥=E 3, =Z 1eff , β = 0.1, and σ = 0.6r . The ALD force contribution 
is neglected in (a) and (c) whereas it is accounted for in (b) and (d). Contours in graphs (a) and (b) are chosen such that they would be 
equidistant for a relativistic Maxwellian distribution. Contours in graphs (c) and (d) are linearly distributed such that the steady-state fluxes 
can be inferred from the distance between two contours.

Plasma Phys. Control. Fusion 58 (2016) 025016

Competition between physical effects gives complex 
phase space redistributions and “bump” formation 

•   Acceleration due to E-field  

–   E/Ecrit 
•   Energy loss to synchrotron 

–   Depends on perp-energy 

–   t-rad-hat 
•   Pitch angle scattering on 

ions, from parallel to perp 

–   Zeff 
–   Energy is conserved 

•   These effects give phase-
space circulation that piles 
up electrons in a bump 

J. Decker et al, PPCF ‘16 
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FIGURE 1. Typical examples of non-monotonic runaway electron distribution functions.
(a) The pitch angle average of the distribution function with (solid curve) and without
(dashed) synchrotron radiation reaction. A Maxwellian distribution is also indicated (dash-
dotted). (b) Contour plot of the distribution function corresponding to the solid curve in
(a), as a function of sk and s?.

function without radiation reaction represents a quasi-steady state. The lack of loss
mechanisms leads to a slow but steady depletion of the bulk electron population,
as more and more electrons run away and leave the computational domain. This
outflow must be balanced by an artificial source of thermal (Maxwellian) electrons to
maintain the quasi-steady state. In the presence of radiation reaction, the distribution
is a true steady state. When the radiation reaction is included, the non-monotonic
feature is present when the distribution is averaged over pitch angles in the present
example. However, we note that for less pronounced bumps, the pitch angle averaged
distribution can have a monotonic tail, or it may exhibit a bump at some values
of s that are appreciably lower than those where the bump is observed in the full
2D distribution. This may have an impact on the possibility for bump-on-tail-type
instabilities to arise. Figure 1(b) shows a contour plot in sk–s? momentum space of
the distribution function corresponding to the solid curve in figure 1(a). Although
this example is representative of a typical runaway electron distribution, the location
and height of the bump, and the width of the distribution in s? can vary significantly
depending on the plasma parameters. The relation between the location sk and the
local ‘width’ (⇠1/W2 = 1/(W2

1)) of the distribution given by (3.27) is accurate as
long as the location of the bump is not close to unity, i.e. sufficiently far from the
no-bump threshold (3.22). This justifies the approximations applied to the collision
operator in our analysis. In particular, energy diffusion can be neglected since no
sharp features of the distribution function in sk are present, as seen in figure 1(b).

In order to investigate the validity of our analytical calculations, we have performed
a numerical analysis of the appearance of the bump by scanning the parameter space

of UðpÞ (U ≪ p) at pmin < p < pmax ensures that the
momentum evolution is slower than the pitch-angle equili-
bration. This is not the case for p ≫ pmax and p ≪ pmin,
where Eq. (6) becomes inaccurate. However, such electrons
will quickly decelerate toward the region of validity of the
presented solution (if p ≫ pmax) or merge the bulk plasma
(if p ≪ pmin), which enables the prediction of the sustained
distribution function.
Note that the stable point pmax would not exist in the

absence of synchrotron losses, because the stopping power
for ultrarelativistic electrons is nearly constant (we neglect a
weak logarithmic rise of the collisional stopping power
at high energies). The electrons would then accelerate
constantly in a supercritical electric field. Synchrotron losses
introduce a momentum-dependent stopping force, which
precludes unlimited acceleration of the electrons and thereby
sets an upper limit on runaway energies. The sustainment
threshold E0 should not be confused with the critical electric
field Ec determined solely by the collisional friction.
The equilibrium points (pmin and pmax) merge when the

electric field equals E0 (the flow velocity function for this
case is shown by the dashed curve in Fig. 1). This condition
serves as a formal definition of E0. Figure 2 presents the
resulting contour plots for E0 on the ðZ; τ̄radÞ plane (solid
contours). There is also a convenient analytic fit for E0,

E0 ≈ 1þ
ðZþ1Þffiffiffiffiffi

τ̄rad
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
8 þ

ðZþ1Þ2
τ̄rad

6

q ; ð8Þ

that has better than 5% accuracy for 1 < Z < 30 and
τ̄rad > 5.
Equation (6) predicts significant peaking of the distri-

bution function near the phase-space attractor at pmax for
the electric fields greater than E0 but still in the E0 range.
This peaking is also observed in a Monte Carlo solution of
Eq. (2) presented in Ref. [12]. A snapshot of the numeri-
cally calculated distribution function in the process of
contraction is shown in Fig. 3. The difference between the
commonly assumed monotonic distribution of runaways,
obtained in Ref. [6], and the peaked distribution should
apparently change the avalanche growth, the likelihood of

wave excitation by the runaway beam, and the runaway
mitigation assessments.
Avalanche growth rate and the hysteresis effect.—The

kinetic model described above allows straightforward
calculation of the avalanche growth rate. Taking into
account the relatively fast electron flow to p ¼ pmax, we
assume that the relativistic factor for all primary electrons
is γ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
max þ 1

p
. Let γ be the relativistic factor of an

electron after collision of the primary electron with an
immobile bulk plasma electron. The differential cross
section for their collision is [14]
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dγ

¼ 2πr2e
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where re is the classical electron radius.
Recalling the structure of the velocity flow (7), we

conclude that the after-collision energies of both electrons
need to be greater than γmin ≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
min þ 1

p
to produce the

avalanche. This ensures that both electrons will flow to the
stable point γ0 after the collision. The energy conservation
law limits the values of γ for such collisions to γmin <
γ < γ0 þ 1 − γmin. The total cross section for such events is
then σ ¼

R
γ0þ1−γmin
γmin

ðdσ=dγÞdγ, and the resulting growth
rate of the avalanche is

Γ≡ 1

nre
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or, equivalently,
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FIG. 2. The contours of the sustainment field E0 (solid curves)
and the avalanche onset field Ea (dashed curves). FIG. 3 (color online). Snapshot of the runaway electron

distribution in momentum and pitch angle during the decay
process. The pitch-angle parameter is λ≡ sin2 θ.
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Convergence of recent theoretical work on idea of 
phase-space attractors that pile up runaway electrons 
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the number of runaway electrons. This analysis confirms the 
two-phase process described in section 3.3: a rapid bump for-
mation followed by a slow increase in the bump size via the 
Dreicer mechanism.

Figure 6 (b) shows the momentum pb,i at which the 
bump forms (labeled as initial momentum) and its value pb, f  
in steady-state (final momentum), as a function of E∥. The 
critical momentum defined by F p EcFP( ) ∥≡  is also indicated. 
For E 3.5⩾∥ , pb, f indicates the asymptotic value of the bump 
location rather than the steady-state value. It is found that this 
asymptotic value is reached long before the time at which the 
number of runaway electrons becomes of the order of the bulk 
population. Above the threshold for bump formation, we find 
that both pb, i and pb, f increase quadratically with E∥ in accord-
ance with the estimate (31). We also observe that the differ-
ence p pb f b i, ,−  increases with E∥.

In a second set of calculations, the electric field is fixed 
to E 3∥= , while we vary the amplitude of the synchrotron 

radiation force, which is proportional to B2. The results are 
shown in figure  7. As expected from (31), we observe that 
the bump size and the bump energy both decrease if rσ  is 
increased, to the point where the bump disappears if rσ  is 
above a certain threshold, which occurs at 1.4rσ =  for the 
present set of parameters.

The steady-state fraction of runaway electrons is shown in 
figure 8 (a), where the times necessary for the bump appear-
ance and for the steady-state solution are also indicated. As rσ  
decreases away from the threshold, the time at which the bump 
forms decreases slightly, whereas the time required to reach 
a steady state increases exponentially, again like the number 
of runaway electrons. As shown in figure 8 (b), both initial 
and final bump locations in momentum space decrease with 

rσ  as predicted by the estimate (31). The difference p pb f b i, ,−  
is found to increase as rσ  decreases away from the threshold.

In a third set of calculations, the temperature is varied 
while the normalized amplitudes of the electric field and syn-
chrotron radiation force are fixed. The results are shown in 
figure 9. We observe that the bump existence and energy are 
not affected by the electron bulk temperature, which is again 
in accordance with the analytical estimate (31). However, the 
number of electrons in the bump increases strongly with Te, to 
the point where the runaway population exceeds the bulk pop-
ulation for T 15e!  keV with our choice of parameters. This 
dependence, which can also be observed in figure 10 (a), can 
be explained by the Dreicer effect, which feeds the runaway 
population from the bulk via collisional energy diffusion. The 
bump population increases until the negative diffusive flux 
associated with the positive energy gradient of the bump is 
sufficient to compensate for the Dreicer flux. Since the latter 
strongly depends upon the bulk temperature, the bump popu-
lation evolves accordingly.

Results from the time evolution analysis are also shown in 
figure 10 (a). At lower temperatures, the time required to reach 
the steady-state is independent of Te, which can be expected as 
the Dreicer effect defines both the bump size and the rate at 
which it builds. At higher temperatures, the time required to 

Figure 6. (a) Steady-state runaway fraction (circles, left axis) as a function of the parallel electric field; the times required for a bump 
to appear (squares, dashed line) and to reach a steady-state (squares, solid line) are also indicated (right axis); (b) parallel momentum 
corresponding to the initial bump location pb,i (diamonds), final bump location pb,f (squares), and critical value (circles). Fixed relevant 
parameters are =Z 1eff , β = 0.1, and σ = 0.6r .

Figure 7. Steady-state electron distribution function in the parallel 
direction (ξ = 1) as a function of the electron kinetic energy Ek. The 
simulation results are plotted for various values of the synchrotron 
reaction force amplitude. Fixed relevant parameters are =Z 1eff , 
β = 0.1, and ∥=E 3.

Plasma Phys. Control. Fusion 58 (2016) 025016

•   Note important (?) effects are 
left out: 
–   Radial transport / losses 
–   Kinetic instabilities 

P. Aleynikov et al, PRL 2015, IAEA 2014 E. Hirvijoki et al, JPP 2015 

J. Decker et al, PPCF 2016 
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•   Recap of Theory Progress and Important Parameters 

•   Recap of QRE Regime to Study RE Dissipation 

•   Introduction to GRI Diagnostic and f(E) Inversion 

•   Spectrum Effect of Electron Density (Collisions) 

•   Spectrum Effect of Toroidal Field (Synchrotron) 

•   Conclusion and Future Directions 

Outline: 
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New experiments in 2016 varied BT, density, Zeff 
è Thanks to this community for support to get D3D time 
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Well-diagnosed plasmas allow complete simulation of  
RE distribution function evolution during shot 

•   f(E) equation solved in time for 
continuously varying inputs 

•   Demonstrates formation of 
phase-space attractor and its 
evolution in time as t-rad-hat 
(BT) ramped 
–   Initial simulations had 

avalanche term turned off 
–   More on this later 

BT rampdown 

P. Aleynikov model 
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Well-diagnosed plasmas allow complete simulation of  
RE distribution function evolution during shot 

•   f(E) equation solved in time for 
continuously varying inputs 

•   Demonstrates formation of 
phase-space attractor and its 
evolution in time as t-rad-hat 
(BT) ramped 
–   Initial simulations had 

avalanche term turned off 
–   More on this later 

•   Changes in experimental 
parameters map to changes 
in predicted distribution 
functions  
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•   Recap of Theory Progress and Important Parameters 

•   Recap of QRE Regime to Study RE Dissipation 

•   Introduction to GRI Diagnostic and f(E) Inversion 

•   Spectrum Effect of Electron Density (Collisions) 

•   Spectrum Effect of Toroidal Field (Synchrotron) 

•   Conclusion and Future Directions 

Outline: 
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13 C.M. Cooper/HTPD/June 8, 2016

GRI is Designed and Positioned to Capture RE Bremsstrahlung 
Radiation as a Diagnostic for RE Distribution Function

Previous studies relied on distant hard X-ray flux 
detector (HXR) for majority of analysis 

Plastic 
detector 

ion 
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13 C.M. Cooper/HTPD/June 8, 2016

GRI is Designed and Positioned to Capture RE Bremsstrahlung 
Radiation as a Diagnostic for RE Distribution Function

Previous studies relied on distant hard X-ray flux 
detector (HXR) for majority of analysis 

Plastic 
detector 

R = 6 m 

which shows CODE calculated steady-state energy spectra
for cases of no, small, and large puffs, respectively. This can
also be seen in the time-traces of Fig. 3, where the barely
perceptible density step of discharge 152899 at 4.0 s yielded
a 15! reduction in Spri. Interestingly, csec is predicted to
increase [Fig. 9(b)] as gas is puffed. This is despite the
increase in EC [Fig. 9(c)] and is attributed to both the
increase in E/ [Fig. 9(d)] as well as to the e-e collision time
(s / !̂"1

ee ) dependence of csec. Though EC and E/ both
increase, the larger relative increase in EC causes E/=EC to
still decrease [Fig. 9(e)].

Measured HXR growth rates (cHXR) are presented
against the relevant dependencies in Fig. 10. To isolate the
dataset from contributions from primary growth, only the
cases for which Spri is negligible [Spri < ð105Þ cm"3/s] are
kept. Despite this reduction, a transition from HXR growth
to decay is still seen as density is increased. It is notable that
there are cases for which cHXR is still positive despite the
elimination of the primary source term, indicating that sec-
ondary production is occurring in these discharges.27

However, the increase in density [Fig. 10(a)] is evidently
able to overcome the increase in E/ [Fig. 10(b)] as cHXR

becomes negative. Cast in terms of E/=EC, a transition from
growth to decay is found at approximately 3 ! E/=EC ! 5.
This is in contrast to the predicted dependency of csec

[Eq. (6)], which clearly defines the transition at E/ ¼ EC.
The same information is also shown in Fig. 10(d) as a 2-D
map overlain with lines of constant E/=EC.

A direct comparison of cHXR to the theoretical csec of
Eq. (6) is shown in Fig. 11(a). The data points for which pri-
mary generation are potentially important have larger growth
rates than predicted by secondary theory. While agreement is
good for small gas puffs (with E/=EC & 1), as puffing is
increased (E/=EC decreased) agreement is lost. In fact, the
observed dependence is found to scale in the wrong direc-
tion, with csec increasing while cHXR decreases and crosses

zero. Better agreement is found if the ð"C " 1Þ term in
Eq. (6) is replaced with ð"C " 4Þ, as suggested by the zero
crossing in Fig. 10(c). Assuming an ad-hoc anomalous loss
time (sL) such that cHXR ¼ csec " s"1

L allows an evaluation of
the sL needed to bring experiment and theory into agreement,
as shown in Fig. 11(b). The required sL is in fact not con-
stant, but varies strongly (and linearly) across the scan.
Possible reasons for this discrepancy are discussed in
Sec. VIII.

VI. CHARACTERIZATION OF DECAY PHASE

To leave enough time for profile equilibration, gas puff-
ing is introduced 1–2 s before the end of the discharge.
This yields RE populations lower in number and maximum
energy than cases without gas puffing. Furthermore, gas
puffing itself degrades wall conditions, which reduces den-
sity pump-out on subsequent shots and further weakens RE
population levels. Thus, in the absence of a dedicated series
of discharges separated by several clean-up pulses, post-puff
RE decay characterization suffers from poorer signal/noise
when compared to growth characterization. Nonetheless,
qualitative interpretation is still possible and is presented.

A. Fokker-Plank model

Figure 12 illustrates the expected evolution from the
primary-generated distribution function of Fig. 4 after the
gas puff has been applied. Specifically, the parameters from
the puffed discharge of Fig. 2 are used in the CODE Fokker-
Planck simulation using as the initial condition the f(E)
found at steady-state in Fig. 4. Without secondary generation
[Fig. 12(a)], the f(E) slowly collapses as the REs are continu-
ally accelerated to high energy but are no longer replaced at
low energy by new primaries, inverting f(E) as the high
energy tail is ejected. With secondaries included [Fig.
12(b)], the high-energy tail continues to increase. Note that

FIG. 10. Comparison of HXR growth
rate vs dataset parameters (a) ne, (b) E/,
(c) E=EC, and (d) composite. Points for
which primary generation is potentially
important [Spri > Oð105Þ cm"3/s] have
been omitted.

022514-8 Paz-Soldan et al. Phys. Plasmas 21, 022514 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
198.129.106.175 On: Thu, 27 Feb 2014 15:58:18

not @ 1! 

Paz-Soldan et al, PoP 2014 
also in Granetz et al, PoP 2014 
and Granetz invited IAEA, APS 
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13 C.M. Cooper/HTPD/June 8, 2016

GRI is Designed and Positioned to Capture RE Bremsstrahlung 
Radiation as a Diagnostic for RE Distribution Function

New Gamma Ray Imager (GRI) deployed to measure 
spatial and energy-resolved f(E) 

ion 
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New Gamma Ray Imager (GRI) deployed to measure 
spatial and energy-resolved f(E) 
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shielding 
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lead block with 
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GRI counts discrete pulses from bremsstrahlung 
radiation (HXR), and bins in time to yield distributions  

Pulse height 
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Histogram of  
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Bin pulses over time window 
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A mono-energetic electron produces a spray of HXRs 
 

•   Use a synthetic diagnostic that 
takes into account detector 
sightline and equilibrium fields 

•   Causality exists in energy 
domain: 
–   gamma must be equal or 

lower energy than electron 

e- spectra 

γ spectra 
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A mono-energetic electron produces a spray of HXRs 
… inversion possible working from high energy down 

•   Use a synthetic diagnostic that 
takes into account detector 
sightline and equilibrium fields 

•   Causality exists in energy 
domain: 
–   gamma must be equal or  

lower energy than electron 

•   Onion peel method from high 
energy down can be used to 
go from gamma to electron 
spectrum 
–   Must assume zero pitch angle 
–   … and spatial homogeneity 

e- spectra 

γ spectra 
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•   Recap of Theory Progress and Important Parameters 

•   Recap of QRE Regime to Study RE Dissipation 

•   Introduction to GRI Diagnostic and f(E) Inversion 

•   Spectrum Effect of Electron Density (Collisions) 

•   Spectrum Effect of Toroidal Field (Synchrotron) 

•   Conclusion and Future Directions 

Outline: 
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GRI demonstrates energy-dependent growth rate in 
the HXR spectrum 

•   Growth rate of individual HXR 
energy ranges increases 
with energy 
–   High energy HXR grows 

faster than low energy HXR 
and plastic 

•   Indicates phase space re-
arrangements present 
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GRI demonstrates energy-dependent growth rate in 
the HXR spectrum … modeling qualitatively agrees 
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energy ranges increases 
with energy 
–   High energy HXR grows 

faster than low energy HXR 
and plastic 

•   Indicates phase space re-
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Growth rates across diagnostics are not the same 
… further evidence of f(E) re-arrangements 

•   Note low energy GRI looks 
more like plastic, electron 
cyclotron emission (ECE) 

•   High energy GRI looks more 
like synchrotron (SE) 

•   This is expected based on 
sensitivity of ECE, SE 
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All diagnostics confirm faster decay rate when density 
is increased 

•   All boats are sunk by 
increasing density 

•   But, high energy GRI still 
grows! 
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GRI energy resolved measurements demonstrate 
anomalously high E/Ecrit limited to low energy HXRs 

•   2014 plastic HXR growth-
decay transition reproduced 
in 2016 E/Ecrit scans 

•   Higher energy HXR pulses still 
grow, extrapolate to lower    
E/Ecrit 

•   Demonstrates energy 
redistribution effects are 
taking place  
–   Simultaneous decay @ low E 

and growth @ high E 
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•   Decaying plastic HXR and low 
energy GRI not consistent with 
distribution function modeling 
–   “Anomalous loss” still present  
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•   Decaying plastic HXR and low 
energy GRI not consistent with 
distribution function modeling 
–   “Anomalous loss” still present 

•   Artificially turning off avalanche 
term improves agreement (??) 
–   Likely proxy for losses 
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•   Recap of Theory Progress and Important Parameters 

•   Recap of QRE Regime to Study RE Dissipation 

•   Introduction to GRI Diagnostic and f(E) Inversion 

•   Spectrum Effect of Electron Density (Collisions) 

•   Spectrum Effect of Toroidal Field (Synchrotron) 

•   Conclusion and Future Directions 

Outline: 
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BT effect on plastic HXR was clear – lower BT made 
faster HXR decay 

•   Vary BT at constant density 
–   Same low density front end  

•   Low BT causes faster decay 
of plastic HXR 1
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BT effect on plastic HXR was clear – lower BT made 
faster HXR decay (thus loss of low energy REs) 
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BT effect on plastic HXR was clear – lower BT made 
faster HXR decay (thus loss of low energy REs) 

•   Vary BT at constant density 
–   Same low density front end  

•   Low BT causes faster decay 
of plastic HXR 

•   Confirmed by analysis 
across entire dataset 
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GRI spectrum hardness varies based on BT level: 
Synchrotron energy limit likely observed 

•   Consider 3 shots with very similar 
pre-puff seed populations 
–   Different post-puff trajectories 
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GRI spectrum hardness varies based on BT level: 
Synchrotron energy limit likely observed 

•   Consider 3 shots with very similar 
pre-puff seed populations 
–   Different post-puff trajectories 
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GRI spectrum hardness varies based on BT level: 
Synchrotron energy limit likely observed 

•   Consider 3 shots with very similar 
pre-puff seed populations 
–   Different post-puff trajectories 
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GRI spectrum hardness varies based on BT level: 
Synchrotron energy limit likely observed 

•   Consider 3 shots with very similar 
pre-puff seed populations 
–   Different post-puff trajectories 
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GRI spectrum hardness varies based on BT level: 
Synchrotron energy limit likely observed 

•   Consider 3 shots with very similar 
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–   Different post-puff trajectories 
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GRI spectrum hardness varies based on BT level: 
Synchrotron energy limit likely observed 

•   Consider 3 shots with very similar 
pre-puff seed populations 
–   Different post-puff trajectories 

•   After puff, lower BT discharges 
contain higher energy gammas 

•   Opposite trend at low energy 
–   Confirms plastic HXR picture 

γ 
BT 
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Modeling of evolution of phase space attractor 
reveals higher energy attractor at low BT 

•   Model evolution of discharge 
and track location of phase 
space attractor 
–   Excellent agreement between 

two different computations 
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Modeling of evolution of phase space attractor 
reveals higher energy attractor at low BT 

γ 

γ 

e- 

•   Model evolution of discharge   
and track location of phase 
space attractor 
–   Excellent agreement between 

two different computations 

•   Comparison of electron and 
gamma distributions qualitatively 
reveal similar features 
–   … but GRI effect much stronger 
–   … but avalanche turned off again 

no avalanche 
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Modeling of evolution of phase space attractor 
reveals higher energy attractor at low BT 
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e- 

•   Model evolution of discharge   
and track location of phase 
space attractor 
–   Excellent agreement between 

two different computations 

•   Comparison of electron and 
gamma distributions qualitatively 
reveal similar features 
–   … but GRI effect much stronger 
–   … but avalanche turned off again 

•   Turning on avalanche again 
causes diagreement in low 
energy region 
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At low toroidal field limit, bulk RE deconfinement 
appears to be occurring 

•   Early in BT rampdown, GRI high 
energy grows quickly 
–   Simultaneously with GRI low 

energy and plastic decay 

•   Spectrum hardness reaches 
maximum, then high energy  
lost as well 
–   Deconfinement ? 
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At low toroidal field limit, bulk RE deconfinement 
appears to be occurring 

•   Early in BT rampdown, GRI high 
energy grows quickly 
–   Simultaneously with GRI low 

energy and plastic decay 

•   Spectrum hardness reaches 
maximum, then high energy  
lost as well 
–   Deconfinement ? 

•   Recall modeling predicts 
phase-space attractor moves 
to very high energy 
–   (ignoring avalanche for 

illustration) 
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Changing BT also affects drift-orbits and RE confinement 
… about 10 MeV max RE energy drop per BT step 

RE orbits courtesy A. Wingen, ORNL 
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•   Recap of Theory Progress and Important Parameters 

•   Recap of QRE Regime to Study RE Dissipation 

•   Introduction to GRI Diagnostic and f(E) Inversion 

•   Spectrum Effect of Electron Density (Collisions) 

•   Spectrum Effect of Toroidal Field (Synchrotron) 

•   Conclusion and Future Directions 

Outline: 
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Conclusion: Much more can be said about evolution 
of runaway distributions during controlled dissipation 

•   Dissipated similar RE populations with variable E/Ecrit, trad-hat, Zeff 

–   Thanks to this group for supporting experiment.  It was worth it! 

•   Evidence found for phase-space attractors and bump formation 
in some conditions 
–   When synchrotron and pitch angle scattering are largest 
–   When avalanche is weakest (in modeling) 
 

•   Low energy HXR decay observed simultaneously with high energy 
HXR growth 
–   Direct evidence of f(E) re-distribution taking place 
–   Plastic HXR detector only tells the low energy story 
–   Anomalous E/Ecrit observation does not extend to high energy REs 

•   “Anomalous” loss still needed to explain low energy RE decay 
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Conclusion: Much more can be said about evolution 
of runaway distributions during controlled dissipation 

•   Lowering E/Ecrit was found to cause more decay in all 
diagnostics (HXR, ECE, Sync) 
–   Collisional damping compresses the time-axis 

•   BT scan demonstrates effect of synchrotron on the most 
energetic particles 
–   Maximum energy constrained by synchrotron 
–   Effect appears stronger experimentally than in modeling 

•   Enhanced decay of low energy REs with low BT appears to be 
simply due to flow of REs to higher energy (due to weaker 
synchrotron) 

•   At low enough BT, the REs are likely lost due to deconfinement 
–   Peculiar to DIII-D, limit of experimental technique 
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Future Directions: much also remains to be done … 
... what can we say about losses, kinetic instability?  

•   Can we utilize ad-hoc RE loss terms in modeling to better match 
experiment? What does that actually teach us? 

•   Other diagnostics can be deployed in model-experiment 
comparison: Electron cyclotron and Synchrotron emission 
–   Spectral data available for both! 
–   Chalmers group has excellent synchrotron synthetic diagnostics 
–   PPPL group developing ECE synthetic diagnostics 

•   Looking ahead: Can we create conditions to maximize 
observation of kinetic instability in controlled RE beam? 

•   GRI hardware improvements are planned: 
–   1) Detector and grounding to improve signal/noise ratio 
–   2) More shielding for intense HXR fluxes found in post-disruption RE 
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BONUS SLIDES 
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•   Ratio and quantity of D2 to N2 
scans Zeff – E/Ecrit space 

•   Full ionization is key 

•   Changing BT vs. density 
explores E/Ecrit and t-rad-hat 
space 
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Synchrotron camera confirms emergence of late 
“bump” 
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•   Baseline is likely dominated by visible Brems 
•   Single-slice late baseline subtraction works for full flat-top 
•   Movie shows emission convecting to center post 
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CODE simulations are presently swamped by 
avalanche, obscuring phase-space dynamics 

•   Dominance of avalanche yields 
self-similar evolution of f(E) 
–   No phase-space changes 

•   Inferred HXR spectrum also 
increases self-similarly 

•   Future work will mock up radial 
diffusion and artificially suppress 
avalanche to see if experiment 
can be better matched 
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Figure 2: Evolution of the electron distribution in the parallel direction in shot 165139, before (left) and after
(right) the gas pu↵. The indicated times are given in the units t � tpu↵. Vertical black dashed lines indicate
the critical momentum at the time of the pu↵ (left) and in the post-pu↵ steady-state (right). B = 1.44T was
used during the entire simulation.
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Figure 3: Runaway fraction (left) and average runaway energy (right) in shot 165139, using two di↵erent fixed
magnetic-field strengths for the post-pu↵ evolution.

shot, there is no indication of a synchrotron bump forming. An apparent bump (or rather “peak”) does form
at the critical momentum because of the way the avalanche source is modeled in CODE, but this should be
viewed as a numerical artifact and will not appear in practice. This small bump does not significantly a↵ect
the runaway tail.

The runaway fraction and average runaway energy are shown in Fig. 3 using two di↵erent fixed magnetic-field
strengths (representative of the pre-pu↵ value and the final value after the ramp in B). Overall, the di↵erence
between the two cases is negligible, as expected from the behavior of the distribution function. The runaway
fraction increases steadily up until the pu↵, reaching a value of a about 3%. Then a significant dip is observed,
however this is mainly caused by a shift in the critical momentum to a higher value so that fewer particles
are in the runaway region of momentum space; there is no significant loss of particles from the runaway tail,
as can be seen from the right panel of Fig. 2. After the dip, the runaway population increases monotonically
(mainly due to avalanching), eventually reaching the limit of validity of CODE around the end of the shot.

No dip associated with the pu↵ is apparent in the average runaway energy. Instead, there is a clear increase in
the average-energy growth rate after the pu↵. This is again explained by the increase in the critical momentum,
since fewer low-energy particles are now in the runaway region. The average runaway energy then levels o↵
at a value of roughly 12 MeV about one second after the pu↵. This, together with the continued increase in
the runaway fraction indicates that from then on there is a self-similar growth in the tail, but no significant
change in shape, as could also be seen from the evolution of the distribution function.

2.2 165124

For this shot, the story is very similar, with the exception that the experimental magnetic-field data is now
more accurately modelled (since it is very well approximated with a constant value). The parameter evolution
is shown in Fig. 4, the distribution evolution in Fig. 5, and the RE fraction and average energy in Fig. 6.
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Figure 10: Left: Total photon count in four di↵erent energy intervals after the pu↵ in shot 165139.
Right: Photon spectrum in di↵erent time slices after the pu↵ in shot 165139.
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Figure 11: Experimental hard-x-ray signal in shot 165139.

photon counts are directly proportional to the density of runaways (for these quasi-stationary avalanching
distributions).

These trends contradict the experimentally measured HXR signal shown in Fig. 11, which indicates that in
reality the runaway population is decaying after the pu↵ in shot 165139. As can be seen in Fig. 10 (right), the
entire energy spectrum above a few keV evolves in time in a self-similar manner, increasing in amplitude in
proportion to the runaway density (as expected from the distribution evolution), indicating that our conclusion
should be independent of detector sensitivity. The sharp decay at high energy of the spectra is due to the
energy cuto↵ in the CODE computational grid.

Pure momentum-space dynamics can therefore not explain the decaying plastic signal, nor the evolving shape
of the HXR photon energy spectrum measured by GRI.

5 Conclusions and discussion

We have investigated DIII-D shots 165124 and 165139. We do not observe any indication of bump formation
in either shot, in agreement with the analytical estimates in Section 1. We are however able to capture the
unusual behavior of the synchrotron emission seen in shot 165139, which can be explained by the competing
e↵ects of increasing runaway fraction and decreasing synchrotron emission (due to the ramp-down of the
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Figure 8: Total emitted synchrotron power in the visual range in shot 165139. The various panels correspond
to di↵erent high-energy cuto↵s in the distribution.
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Figure 9: Total emitted synchrotron power in the visual range in shot 165139. The various panels correspond
to di↵erent high-energy cuto↵s in the distribution.

The behavior of the synchrotron power suggests that the runaway energy is limited to somewhere around 25
MeV (which to my knowledge seems to be in rough agreement with previous findings on DIII-D). However, this
estimate only takes momentum-space dynamics into account. It is of course easy to imagine a scenario where
the contribution from transport losses (or other e↵ects not included in our model) is to deplete the distribution
in such a way as to turn the increase or leveling-o↵ seen in Fig. 8 into a decay, despite the maximum energy
being larger than 25 MeV. It is however beyond our capabilities to model such scenarios.

4 Bremsstrahlung and HXR

In addition to the synchrotron spectra, we have also calculated bremsstrahlung spectra. Like the synchrotron
calculation, this does not account for emission angles, detector placements etc., but gives only the angle-
averaged spectrum. Sample bremsstrahlung spectra for shot 165139 are shown in figure 10. The left figure
shows the time evolution of the photon count in four di↵erent photon-energy intervals. The black line with
photon energy 2 [0.1 keV, 5 keV] is dominated by emission from the bulk distribution, while the higher-energy

Even with self-similar f(E) evolutions, rise and fall of 
synchrotron during BT rampdown captured 

•   Suggests this effect need not 
invoke phase-space effects 


