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secondary generation is not treated self-consistently in the
simulation,39 with the dashed line in (b) indicating the
selected secondary birth energy.

B. Synchrotron emission and decay rate comparison

Synchrotron emission for a discharge with similar den-
sity evolution to the puffed discharge of Fig. 2 is shown in
Fig. 13. After the puff, a clear transition to decay of both the
HXR [Fig. 13(b)] and SE [Fig. 13(c)] signal is seen.
Analysis of the SE images immediately following the puff
[Figs. 13(d)–13(f)] indicates that the SE decay occurs at con-
stant shape, and furthermore that the shape found in the
growth phase (Fig. 5) is unchanged upon gas addition. As
with the HXR signals, a prompt increase in the SE is
observed concurrent with gas addition. This is due to modest
contamination of the camera SE image with increased visible

bremsstrahlung (VB) at higher density which yields a signal
increase across the entire plasma cross section. Images pre-
sented in Figs. 13(d) and 13(e) are baselined using the image
prior to QRE growth (3.5 s), with VB contamination present
at the !25 % level, visible as the volumetric background
emission (blue).

Figure 14 shows a similar growth to decay transition on
the ECE emission. Unlike the HXR and SE, the ECE signal
is free of direct density dependence and thus a direct identifi-
cation of the turnover density is possible without the need to
apply the window analysis presented in Sec. V. The transi-
tion from ECE growth to decay occurs when the line-
averaged density is ð0:960:1Þ $ 1013 cm%3 and core density
is ð1:360:1Þ $ 1013 cm%3. This is near, but slightly below
the zero crossing inferred from Fig. 10(a). The gap in the
ECE data at the turning point is due to the appearance of
large bursts47 in the ECE detectors concurrent with the saw-
tooth crash that temporarily overwhelm the scanning

FIG. 11. (a) Comparison of expected
secondary growth rate (csec) vs meas-
ured HXR growth rate (cHXR). Also
included are expected rates replacing
csec / ð!C % 1Þ in Eq. (6) with csec

/ ð!C % 4Þ. (b) Required ad-hoc loss
time [sL & ðcsec % cHXRÞ

%1] to account
for discrepancy between HXR growth
rate and csec.

FIG. 12. Time-dependent energy distribution [f(E)] modeling of the post-
puff equilibrium presented in Fig. 2, using as initial condition the steady-
state f(E) of the no-puff equilibrium. (a) Puffing ceases primary generation
causing a collapse of the high-energy tail. (b) Inclusion of a secondary
source allows f(E) to continue to grow.

FIG. 13. Growth and decay of HXRs and SE for a puffed discharge with
similar density evolution to Fig. 2. As density (a) is increased, the growth of
the HXR (b) and SE (c) signal is arrested and decays. Note linear scale is
used to highlight the decay phase. (d) and (e) show SE images in the decay
phase, illustrating SE decrease at constant shape. The SE lower extent is lim-
ited by the field of view (white dashed line).
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Outline 

•  Quiescent runaway electron (QRE) 
regime and Dreicer growth 

•  Recap of QRE dissipation with 
Deuterium 

•  Extension to QRE decay with 
Nitrogen 

•  Progress towards constraining QRE 
energy distributions 

•  Non-thermal origin of the low 
density stability limit 

secondary generation is not treated self-consistently in the
simulation,39 with the dashed line in (b) indicating the
selected secondary birth energy.

B. Synchrotron emission and decay rate comparison

Synchrotron emission for a discharge with similar den-
sity evolution to the puffed discharge of Fig. 2 is shown in
Fig. 13. After the puff, a clear transition to decay of both the
HXR [Fig. 13(b)] and SE [Fig. 13(c)] signal is seen.
Analysis of the SE images immediately following the puff
[Figs. 13(d)–13(f)] indicates that the SE decay occurs at con-
stant shape, and furthermore that the shape found in the
growth phase (Fig. 5) is unchanged upon gas addition. As
with the HXR signals, a prompt increase in the SE is
observed concurrent with gas addition. This is due to modest
contamination of the camera SE image with increased visible

bremsstrahlung (VB) at higher density which yields a signal
increase across the entire plasma cross section. Images pre-
sented in Figs. 13(d) and 13(e) are baselined using the image
prior to QRE growth (3.5 s), with VB contamination present
at the !25 % level, visible as the volumetric background
emission (blue).

Figure 14 shows a similar growth to decay transition on
the ECE emission. Unlike the HXR and SE, the ECE signal
is free of direct density dependence and thus a direct identifi-
cation of the turnover density is possible without the need to
apply the window analysis presented in Sec. V. The transi-
tion from ECE growth to decay occurs when the line-
averaged density is ð0:960:1Þ $ 1013 cm%3 and core density
is ð1:360:1Þ $ 1013 cm%3. This is near, but slightly below
the zero crossing inferred from Fig. 10(a). The gap in the
ECE data at the turning point is due to the appearance of
large bursts47 in the ECE detectors concurrent with the saw-
tooth crash that temporarily overwhelm the scanning

FIG. 11. (a) Comparison of expected
secondary growth rate (csec) vs meas-
ured HXR growth rate (cHXR). Also
included are expected rates replacing
csec / ð!C % 1Þ in Eq. (6) with csec

/ ð!C % 4Þ. (b) Required ad-hoc loss
time [sL & ðcsec % cHXRÞ

%1] to account
for discrepancy between HXR growth
rate and csec.

FIG. 12. Time-dependent energy distribution [f(E)] modeling of the post-
puff equilibrium presented in Fig. 2, using as initial condition the steady-
state f(E) of the no-puff equilibrium. (a) Puffing ceases primary generation
causing a collapse of the high-energy tail. (b) Inclusion of a secondary
source allows f(E) to continue to grow.

FIG. 13. Growth and decay of HXRs and SE for a puffed discharge with
similar density evolution to Fig. 2. As density (a) is increased, the growth of
the HXR (b) and SE (c) signal is arrested and decays. Note linear scale is
used to highlight the decay phase. (d) and (e) show SE images in the decay
phase, illustrating SE decrease at constant shape. The SE lower extent is lim-
ited by the field of view (white dashed line).
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Very low density operation on DIII-D excites runaway 
electrons through the primary (Dreicer) mechanism 

•  QRE scenario execution: 
–  Ohmic plasma 
–  Turn off gas and wait 
–  Good error field correction 

avoids locked modes 

•  Density is waaaay below 
standard DIII-D scenarios 

•  Dreicer growth mechanism 
(thermal runaway) 
exponentially sensitive to 
density 
–  Linear ohmic confinement 

keeps Te constant vs. ne 
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Density must be below a certain level to observe RE 
signals – primary growth rate is extremely sensitive 

•  Has the appearance of a 
‘critical’ density condition 
–  Slightly higher density case 

shows no RE HXR 
–  Dropping density by ~ 25% 

yields ~ 1000x HXR increase 
 

•  All parameters important to 
RE growth well measured: 
–  Contribution from primary 

and secondary mechanisms 
calculated 

•  Extreme sensitivity consistent 
with Dreicer calculation 
–  RE onset is not anomalous 

time(s) 
1 2 3 4 5 6 0 

RE signal 

4

0

1

2

D
a

ta 

 

−3

−2

−1

 0

 6

 8

10

 

 

Pri+Sec
Pri

 4

6

 8

10

0

1

2

<
n

> e

 (
1

0
1

3
 c

m
−

3
)

H
X

R
n

R
E

 (
lo

g
1

0
 c

m
−

3
)

S
p

ri
−

3
(l
o

g
1

0
 c

m
  
 /
s)

γ  (
1

/s
)

 (
lo

g
1

0
 a

rb
)

se
c

a)

b)

c)

d)

e)

0 1 2 3 4 5
0

50

100

t (s)

E
m

a
x

 (
M

e
V

)

 

 

Free-fall + Synch

Free-fall

f )

152784
152786
152893
152899

 

C
a

lc
u

la
tio

n

Noise Level

Inferred Detection Limit

FIG. 3. (color online) Comparison of experimental data (a)-
(b) and calculation of Eqs. 3-5 (c)-(e) which captures the
onset of HXR signals as density is decreased. (f) Maximum
achievable RE energy with and without synchrotron losses for
a single RE.

secondary RE generation using measured time-traces of
ne, Te, E�, and representative Ze↵ values from beam-
blipped discharges. The RE growth is modeled as in
Ref. [2], with a simple treatment of the RE generation
problem:

dnRE

dt
= Spri|{z}

primary

+ �secnRE| {z }
secondary

(3)

The terms in the above equation are given by:

Spri = kne⌫̂ee✏
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where in the above Equations ✏{D,C} ⌘ E�/E{D,C} is the
normalized electric field, k = 0.21 + 0.11Ze↵ is an order
unity correction,33 ' = 1� 1.46(r/R0)

1
2 + 1.72(r/R0) is

a neoclassical correction factor, and ⌧ = (c/vTe)
3⌫̂�1

ee is
the RE collision time.

Due to the well diagnosed nature of these discharges,
all parameters needed to evaluate Eqs. 3-5 are known
with good accuracy. Furthermore, since the total nRE

is always small compared to ne, the back-reaction of
the RE population onto E� can be neglected. Figure
3(c)-(e) presents the calculation of Eqs. 3-5 for com-
parison to the HXR signal. While �sec is calculated to
be e↵ectively equal across the discharges, Spri displays
wide variance. The integration of Eq. 3 (Fig. 3(c))
is able to reproduce the temporal delays observed in
the experiment. Furthermore, the calculation suggests
the HXR signal can only detect nRE > O(108) cm�3,
though an absolute calibration of the plastic scintillator
is left to future work. The calculation also confirms
that the slightly higher density discharge never reached
this detection level, though given a much longer time it
may have eventually become visible. The appearance of
a burst of HXR activity when the higher density case
disrupted at 6 s (not shown) also confirms that a small,
undetected RE population exists even in the higher
density case. The energy gain by a RE in free-fall and
including synchrotron losses are also presented Fig. 3(f)
(using the formalism found in Ref. [34]) illustrating that
the energy is limited to about 50 MeV by synchrotron
losses in this equilibrium. Bremsstrahlung losses are
expected to be small in the deuterium plasma.35

This calculation also indicates that the discharges
without gas pu�ng are generally dominated by primary-
sourced runaways. However, if the density is increased
even slightly, the primary source term will disappear ex-
ponentially fast, leaving the secondary term to dominate
the dynamics. This will be the technique used later in
this work to separate primary and secondary growth. Fi-
nally, while only a subset of discharges is shown, simi-
lar agreement with the onset phase is found across the
dataset. This indicates that the RE onset is well under-
stood as a primary growth phenomenon, with exponen-
tial sensitivity to ✏D and thus ne yielding a false critical-
ity condition.

IV. CHARACTERIZATION OF PRIMARY GROWTH
PHASE

During the quiescent growth phase (without gas pu↵-
ing) RE signatures are visible on a number of diagnostics
besides the plastic HXR scintillators, modeling of the ex-
pected time-dependent energy distribution is tractable,
and qualitative comparisons to measurements possible.
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Modeling of primary-only QRE growth with Fokker-
Planck CODE shows formation of high energy tail 

•  f(E) modeling done with 0D 
Fokker-Planck code (called 
CODE) ((old version)) 
–  Model QRE parameters 

•  Confirms extension of 
canonical Dreicer tail 
–  Avalanche (secondaries) 

would raise level @ fixed 
slope 
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which S/N is acceptable. Figure 6(b) demonstrates the equiv-
alence of the growth across two distinct plastic scintillator
detectors, both on ports above the midplane and at similar to-
roidal locations, though at variable distances from the plasma.
The relative gain is variable, so the absolute signal level is
not comparable. A comparison of the two plastic scintillator
growth rates across the entire dataset finds the two to be
equivalent to within 60.2 s!1. Figure 6(c) shows the growth
across a poloidal array of Bismuth-Germanium-Oxide (BGO)
HXR detectors,44 which roughly measure the same energy
range (!1 MeV) as the plastic scintillator. The gain is 100"
lower on the midplane BGO, yet its signal is comparable to
the upper and lower BGO detectors. Thus, the HXR emission
is strongest at the machine midplane. To corroborate this, a
vertical displacement event (VDE) was triggered. As the
plasma moved up the midplane BGO emission decreased
while the upper BGO emission increased. This leads to the
interpretation that in this regime the HXR signals are not
measuring the strike-point loss of REs but instead are meas-
uring bremsstrahlung from REs deflecting on either plasma
ions or midplane limiter solid-target ions. The HXR signal is
also observed to be linearly proportional to the plasma den-
sity, visible for example in Fig. 1(b), thus, deflection from
plasma deuterium ions is likely important. This is also con-
sistent with the Z2

target scaling of bremsstrahlung radiation, as
carbon (ZC ¼ 6) is the dominant impurity and its density is
relatively constant at nC $ 2" 1011 cm!3, such that
nCZ2

C=ne $ Oð10!1Þ.
Figure 6(d) displays the visible SE integrated counts

contained within the squares shown in Fig. 5. Two traces are

plotted, corresponding to the two views shown in Fig. 5. On
both views, the signal rises above the noise floor approxi-
mately 1.5 s later than the HXR signals. Due to the very
strong energy scaling of the SE, REs must reach $25 MeV
before they are detected. This delay is roughly consistent
with the free-fall time from $1 MeV (the HXR detection
threshold) to $25 MeV with an energy free-fall rate of
15 MeV/s. As the emission shape is not varying, the observed
growth rate is thus a convolution of nRE and ERE, with a
strong ERE weighting. The final diagnostic used to detect
quiescent RE growth is a fast-scanning Michelson interfer-
ometer45 measuring electron cyclotron emission (ECE)
across a wide frequency band, shown in Figs. 6(e) and 6(f) in
time and frequency domain, respectively. While numerical
calculation of ECE spectra from experimentally constrained
RE distribution functions is possible,46 it is beyond the scope
of this work. Presentation of ECE spectra is thus included
simply to illustrate the development of a high-frequency tail
concurrent with the quiescent growth observed in other
diagnostics.

A comparison of growth rates measured from the diag-
nostics presented in Fig. 6(a) for no-puff discharges is shown
in Fig. 7, along with calculated energy sensitivities for SE
and HXR diagnostics [Fig. 6(b)]. Also included is a numeri-
cal evaluation of csec from Eq. (6), as well as a growth rate
fit to the ODE analysis of Eq. (3) [traces as in Fig. 3(c)],
both with and without secondary generation. Similar growth
rates are found between the ECE, HXR, and either ODE
analysis for these similar discharges. Measured growth rates
are above those predicted from csec, indicating that primary

FIG. 6. Measurement of RE growth across several diagnostics while density
(a) is dropping. (b) Plastic scintillator, (c) BGO detectors, (d) visible syn-
chrotron, high-frequency ECE in time-domain, (e) and frequency domain
(f). Horizontal dashed lines indicate an approximate noise floor for each
diagnostic.

FIG. 7. (a) Comparison of growth rates measured across the diagnostics of
Fig. 6 for several no-puff discharges. Also included are theoretical and
numerical calculations of the growth rate utilizing measured equilibrium
parameters. Energy sensitivity of selected diagnostics is shown in (b).
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Time delay between different RE diagnostic 
sensitivities consistent with free-fall time 

•  RE signature seen on 
many RE diagnostics 
–  We will return to this later 

•  HXR -> Synch. Time delay 
consistent with free-fall 
time from ~2 to 25 MeV 

> 2 MeV 

> 2 MeV 

> 25 MeV 
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Drift orbit losses set high-energy limit in outer radius 
 

•  Orbit sets max energy to ~ 40 MeV 
–  Larger orbits scrape off LFS wall 

Zeff terms.11 Thus, while these discharges have excited REs
via the primary mechanism, their energy distribution (after
sufficient time) is found to be a close match to an
avalanche-dominated f(E).

B. Synchrotron emission spatial dependence

Despite the small value of nRE=ne, visible synchrotron
emission (SE) imaging of the RE population with a fast cam-
era37 is possible in these discharges, owing to the exceed-
ingly strong dependence of the SE power on the RE energy
(P / c4). Unlike plateau RE observations, the SE pattern is
found to be stationary in these discharges, with the exception
of dynamics during and after EF penetration. This supports
the conjecture that the RE evolution is well captured by 0-D
modeling, as no changes in spatial distribution are observed
during RE growth.

While the SE pattern is stationary, it is found to be
neither circular nor concentric with the magnetic axis (which
is well known from MSE-constrained equilibrium recon-
structions). Instead, as shown in Figs. 5(a)–5(c), the SE is
characterized by a crescent shape on the high-field side
(HFS). This emission shape is qualitatively reproduced

across two toroidal views separated by 135! toroidally, thus,
it is thought to be axisymmetric. Mapping to equilibrium
flux surfaces on the tangency plane accurately localizes the
SE due to the forward-beaming effect. The SE is found to be
absent from approximately inside the q¼ 1 surface and out-
side the q¼ 3 surface.

The absence of SE to the HFS of the q¼ 3 surface is
consistent with the RE drift orbits, which are calculated
assuming purely axisymmetric fields with the MAFOT
code40 and are shown in Fig. 5(g). Injection at the q ¼ 3=2
HFS extent demonstrates that REs with E > 40 MeV are no
longer confined and strike the limiter due to the drift-orbit
effect. Using the same calculation, for q ¼ f2; 3; 4g, the
maximum energy is {30,19,14} MeV. Since the RE must
have E ! 25 MeV to emit visible SE and be detected, the
drift orbit near q¼ 3 effectively sets the SE limiting surface.
The absence of SE inside the q¼ 1 surface is not quantita-
tively understood, but is conjectured to be due to the pertur-
bations introduced by the sawtooth cycle, which may be de-
confining particles in the core of the plasma. The relative
absence of SE on the low-field side may be an artifact of the
conservation of magnetic moments (l / v?=jBj), with larger
v? and thus larger SE is generated where jBj is greatest. In
summary, the hypothesis put forward is of an annulus of REs
outside the q¼ 1 surface yet inside of the drift-orbit limiter
for each RE energy, with the SE weighted to the HFS due to
moment conservation. This hypothesis requires confirmation
with a synthetic diagnostic of the SE, for which these dis-
charges would be an ideal benchmark. Similar patterns have
been reported in certain phases of the traditional (bursty)
slide-away regime in some devices,19 though in contrast
other devices report the observation of (lower energy) SE
throughout the core.41,42 It should also be noted that similar
shapes have been observed in the plateau RE regime, where
no indications of sawtooth activity have been observed.37

C. Growth rate comparison across diagnostics

This study primarily uses a plastic scintillator (polyvinyl-
toluene BC-400) detector43 for detecting HXRs due to its
superior signal to noise (S/N) ratio as well as its broad energy
sensitivity. Additionally, DIII-D possesses several other diag-
nostics able to measure the RE population. Figure 6 illustrates
a no-puff RE growth phase across the RE diagnostics for

FIG. 4. Normalized energy distribution [f(E)] time-dependent modeling
excluding secondary generation. No-puff discharge is used, illustrating
slide-away of the high energy tail as a function of time after Dreicer growth
commences. Dotted lines indicate analytic evaluation of secondary-
dominated distribution (with Zeff set to 2), as well as evolution direction.
Secondary f(E) maintains constant slope while increasing in number.
Approximate detection limits for HXR and SE are also shown.

FIG. 5. Visible SE images of RE
growth as measured from two different
toroidal views illustrating growth at con-
stant shape. (a)-(c) is at 225! and meas-
ures the >700 nm range, with white
dashed lines indicating view extent. (d)
and (e) is at 90! and measures at
901 nm, though vignetting causes the
HFS extent to be poorly resolved. Also
overlain are q¼ {4, 3, 2, 1.5} surfaces
(solid white) and sawtooth inversion ra-
dius (dash yellow). (g) indicates of the
drift orbits for REs launched on the HFS
at the q ¼ 3=2 surface and resultant
unconfined RE region.
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Drift orbit losses set high-energy limit in outer radius 
Consistent with HFS synchrotron emission extent 

•  Orbit sets max energy to ~ 40 MeV 
–  Larger orbits scrape off LFS wall 

•  Note relative absence of synch 
emission outside mid-radius 
–  REs must be >25 MeV to be 

detected by synchrotron 

Zeff terms.11 Thus, while these discharges have excited REs
via the primary mechanism, their energy distribution (after
sufficient time) is found to be a close match to an
avalanche-dominated f(E).

B. Synchrotron emission spatial dependence

Despite the small value of nRE=ne, visible synchrotron
emission (SE) imaging of the RE population with a fast cam-
era37 is possible in these discharges, owing to the exceed-
ingly strong dependence of the SE power on the RE energy
(P / c4). Unlike plateau RE observations, the SE pattern is
found to be stationary in these discharges, with the exception
of dynamics during and after EF penetration. This supports
the conjecture that the RE evolution is well captured by 0-D
modeling, as no changes in spatial distribution are observed
during RE growth.

While the SE pattern is stationary, it is found to be
neither circular nor concentric with the magnetic axis (which
is well known from MSE-constrained equilibrium recon-
structions). Instead, as shown in Figs. 5(a)–5(c), the SE is
characterized by a crescent shape on the high-field side
(HFS). This emission shape is qualitatively reproduced

across two toroidal views separated by 135! toroidally, thus,
it is thought to be axisymmetric. Mapping to equilibrium
flux surfaces on the tangency plane accurately localizes the
SE due to the forward-beaming effect. The SE is found to be
absent from approximately inside the q¼ 1 surface and out-
side the q¼ 3 surface.

The absence of SE to the HFS of the q¼ 3 surface is
consistent with the RE drift orbits, which are calculated
assuming purely axisymmetric fields with the MAFOT
code40 and are shown in Fig. 5(g). Injection at the q ¼ 3=2
HFS extent demonstrates that REs with E > 40 MeV are no
longer confined and strike the limiter due to the drift-orbit
effect. Using the same calculation, for q ¼ f2; 3; 4g, the
maximum energy is {30,19,14} MeV. Since the RE must
have E ! 25 MeV to emit visible SE and be detected, the
drift orbit near q¼ 3 effectively sets the SE limiting surface.
The absence of SE inside the q¼ 1 surface is not quantita-
tively understood, but is conjectured to be due to the pertur-
bations introduced by the sawtooth cycle, which may be de-
confining particles in the core of the plasma. The relative
absence of SE on the low-field side may be an artifact of the
conservation of magnetic moments (l / v?=jBj), with larger
v? and thus larger SE is generated where jBj is greatest. In
summary, the hypothesis put forward is of an annulus of REs
outside the q¼ 1 surface yet inside of the drift-orbit limiter
for each RE energy, with the SE weighted to the HFS due to
moment conservation. This hypothesis requires confirmation
with a synthetic diagnostic of the SE, for which these dis-
charges would be an ideal benchmark. Similar patterns have
been reported in certain phases of the traditional (bursty)
slide-away regime in some devices,19 though in contrast
other devices report the observation of (lower energy) SE
throughout the core.41,42 It should also be noted that similar
shapes have been observed in the plateau RE regime, where
no indications of sawtooth activity have been observed.37

C. Growth rate comparison across diagnostics

This study primarily uses a plastic scintillator (polyvinyl-
toluene BC-400) detector43 for detecting HXRs due to its
superior signal to noise (S/N) ratio as well as its broad energy
sensitivity. Additionally, DIII-D possesses several other diag-
nostics able to measure the RE population. Figure 6 illustrates
a no-puff RE growth phase across the RE diagnostics for

FIG. 4. Normalized energy distribution [f(E)] time-dependent modeling
excluding secondary generation. No-puff discharge is used, illustrating
slide-away of the high energy tail as a function of time after Dreicer growth
commences. Dotted lines indicate analytic evaluation of secondary-
dominated distribution (with Zeff set to 2), as well as evolution direction.
Secondary f(E) maintains constant slope while increasing in number.
Approximate detection limits for HXR and SE are also shown.

FIG. 5. Visible SE images of RE
growth as measured from two different
toroidal views illustrating growth at con-
stant shape. (a)-(c) is at 225! and meas-
ures the >700 nm range, with white
dashed lines indicating view extent. (d)
and (e) is at 90! and measures at
901 nm, though vignetting causes the
HFS extent to be poorly resolved. Also
overlain are q¼ {4, 3, 2, 1.5} surfaces
(solid white) and sawtooth inversion ra-
dius (dash yellow). (g) indicates of the
drift orbits for REs launched on the HFS
at the q ¼ 3=2 surface and resultant
unconfined RE region.
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secondary generation is not treated self-consistently in the
simulation,39 with the dashed line in (b) indicating the
selected secondary birth energy.

B. Synchrotron emission and decay rate comparison

Synchrotron emission for a discharge with similar den-
sity evolution to the puffed discharge of Fig. 2 is shown in
Fig. 13. After the puff, a clear transition to decay of both the
HXR [Fig. 13(b)] and SE [Fig. 13(c)] signal is seen.
Analysis of the SE images immediately following the puff
[Figs. 13(d)–13(f)] indicates that the SE decay occurs at con-
stant shape, and furthermore that the shape found in the
growth phase (Fig. 5) is unchanged upon gas addition. As
with the HXR signals, a prompt increase in the SE is
observed concurrent with gas addition. This is due to modest
contamination of the camera SE image with increased visible

bremsstrahlung (VB) at higher density which yields a signal
increase across the entire plasma cross section. Images pre-
sented in Figs. 13(d) and 13(e) are baselined using the image
prior to QRE growth (3.5 s), with VB contamination present
at the !25 % level, visible as the volumetric background
emission (blue).

Figure 14 shows a similar growth to decay transition on
the ECE emission. Unlike the HXR and SE, the ECE signal
is free of direct density dependence and thus a direct identifi-
cation of the turnover density is possible without the need to
apply the window analysis presented in Sec. V. The transi-
tion from ECE growth to decay occurs when the line-
averaged density is ð0:960:1Þ $ 1013 cm%3 and core density
is ð1:360:1Þ $ 1013 cm%3. This is near, but slightly below
the zero crossing inferred from Fig. 10(a). The gap in the
ECE data at the turning point is due to the appearance of
large bursts47 in the ECE detectors concurrent with the saw-
tooth crash that temporarily overwhelm the scanning

FIG. 11. (a) Comparison of expected
secondary growth rate (csec) vs meas-
ured HXR growth rate (cHXR). Also
included are expected rates replacing
csec / ð!C % 1Þ in Eq. (6) with csec

/ ð!C % 4Þ. (b) Required ad-hoc loss
time [sL & ðcsec % cHXRÞ

%1] to account
for discrepancy between HXR growth
rate and csec.

FIG. 12. Time-dependent energy distribution [f(E)] modeling of the post-
puff equilibrium presented in Fig. 2, using as initial condition the steady-
state f(E) of the no-puff equilibrium. (a) Puffing ceases primary generation
causing a collapse of the high-energy tail. (b) Inclusion of a secondary
source allows f(E) to continue to grow.

FIG. 13. Growth and decay of HXRs and SE for a puffed discharge with
similar density evolution to Fig. 2. As density (a) is increased, the growth of
the HXR (b) and SE (c) signal is arrested and decays. Note linear scale is
used to highlight the decay phase. (d) and (e) show SE images in the decay
phase, illustrating SE decrease at constant shape. The SE lower extent is lim-
ited by the field of view (white dashed line).
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Synchrotron spectrum provides second check on 
maximum RE energy, consistent with orbit loss limit 

•  Orbit sets max energy to ~ 40 MeV 
–  Larger orbits scrape off LFS wall 

•  Note relative absence of synch 
emission outside mid-radius 
–  REs must be >25 MeV to be 

detected by synchrotron 

•  Synchrotron spectrum 
consistent with drift orbit limit,  
–  max power at 30 MeV 
–  confirms low pitch angle at 

highest energies 

R. Moyer, UCSD 
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Outline 

•  Quiescent runaway electron (QRE) 
regime and Dreicer growth 

•  Recap of QRE dissipation with 
Deuterium 

•  Extension to QRE decay with 
Nitrogen 

•  Progress towards constraining QRE 
energy distributions 

•  Non-thermal origin of the low 
density stability limit 

secondary generation is not treated self-consistently in the
simulation,39 with the dashed line in (b) indicating the
selected secondary birth energy.

B. Synchrotron emission and decay rate comparison

Synchrotron emission for a discharge with similar den-
sity evolution to the puffed discharge of Fig. 2 is shown in
Fig. 13. After the puff, a clear transition to decay of both the
HXR [Fig. 13(b)] and SE [Fig. 13(c)] signal is seen.
Analysis of the SE images immediately following the puff
[Figs. 13(d)–13(f)] indicates that the SE decay occurs at con-
stant shape, and furthermore that the shape found in the
growth phase (Fig. 5) is unchanged upon gas addition. As
with the HXR signals, a prompt increase in the SE is
observed concurrent with gas addition. This is due to modest
contamination of the camera SE image with increased visible

bremsstrahlung (VB) at higher density which yields a signal
increase across the entire plasma cross section. Images pre-
sented in Figs. 13(d) and 13(e) are baselined using the image
prior to QRE growth (3.5 s), with VB contamination present
at the !25 % level, visible as the volumetric background
emission (blue).

Figure 14 shows a similar growth to decay transition on
the ECE emission. Unlike the HXR and SE, the ECE signal
is free of direct density dependence and thus a direct identifi-
cation of the turnover density is possible without the need to
apply the window analysis presented in Sec. V. The transi-
tion from ECE growth to decay occurs when the line-
averaged density is ð0:960:1Þ $ 1013 cm%3 and core density
is ð1:360:1Þ $ 1013 cm%3. This is near, but slightly below
the zero crossing inferred from Fig. 10(a). The gap in the
ECE data at the turning point is due to the appearance of
large bursts47 in the ECE detectors concurrent with the saw-
tooth crash that temporarily overwhelm the scanning

FIG. 11. (a) Comparison of expected
secondary growth rate (csec) vs meas-
ured HXR growth rate (cHXR). Also
included are expected rates replacing
csec / ð!C % 1Þ in Eq. (6) with csec

/ ð!C % 4Þ. (b) Required ad-hoc loss
time [sL & ðcsec % cHXRÞ

%1] to account
for discrepancy between HXR growth
rate and csec.

FIG. 12. Time-dependent energy distribution [f(E)] modeling of the post-
puff equilibrium presented in Fig. 2, using as initial condition the steady-
state f(E) of the no-puff equilibrium. (a) Puffing ceases primary generation
causing a collapse of the high-energy tail. (b) Inclusion of a secondary
source allows f(E) to continue to grow.

FIG. 13. Growth and decay of HXRs and SE for a puffed discharge with
similar density evolution to Fig. 2. As density (a) is increased, the growth of
the HXR (b) and SE (c) signal is arrested and decays. Note linear scale is
used to highlight the decay phase. (d) and (e) show SE images in the decay
phase, illustrating SE decrease at constant shape. The SE lower extent is lim-
ited by the field of view (white dashed line).
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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.
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Transition from RE growth to decay found to occur ~ 4X 
below Rosenbluth density (above E-crit) 

•  Stationary windows selected 
–  1-2 second long slices 
–  Equilibrium parameters 

stationary and measurable 

•  HXR growth rate measured 
–  Transition at anomalously 

large E/Ecrit 
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Synchrotron emission movies show growth and decay 
process, as well as impact of magnetic islands 

•  157214: D2 dissipation example 

–  Note shape is not significantly 
affected through process 

•  157209: RE population dumped 
when island opens 
–  No longer quiescent! 
–  Low density operation limited by 

error field penetration 
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Outline 

•  Quiescent runaway electron (QRE) 
regime and Dreicer growth 

•  Recap of QRE dissipation with 
Deuterium 

•  Extension to QRE decay with 
Nitrogen 

•  Progress towards constraining QRE 
energy distributions 

•  Non-thermal origin of the low 
density stability limit 

secondary generation is not treated self-consistently in the
simulation,39 with the dashed line in (b) indicating the
selected secondary birth energy.

B. Synchrotron emission and decay rate comparison

Synchrotron emission for a discharge with similar den-
sity evolution to the puffed discharge of Fig. 2 is shown in
Fig. 13. After the puff, a clear transition to decay of both the
HXR [Fig. 13(b)] and SE [Fig. 13(c)] signal is seen.
Analysis of the SE images immediately following the puff
[Figs. 13(d)–13(f)] indicates that the SE decay occurs at con-
stant shape, and furthermore that the shape found in the
growth phase (Fig. 5) is unchanged upon gas addition. As
with the HXR signals, a prompt increase in the SE is
observed concurrent with gas addition. This is due to modest
contamination of the camera SE image with increased visible

bremsstrahlung (VB) at higher density which yields a signal
increase across the entire plasma cross section. Images pre-
sented in Figs. 13(d) and 13(e) are baselined using the image
prior to QRE growth (3.5 s), with VB contamination present
at the !25 % level, visible as the volumetric background
emission (blue).

Figure 14 shows a similar growth to decay transition on
the ECE emission. Unlike the HXR and SE, the ECE signal
is free of direct density dependence and thus a direct identifi-
cation of the turnover density is possible without the need to
apply the window analysis presented in Sec. V. The transi-
tion from ECE growth to decay occurs when the line-
averaged density is ð0:960:1Þ $ 1013 cm%3 and core density
is ð1:360:1Þ $ 1013 cm%3. This is near, but slightly below
the zero crossing inferred from Fig. 10(a). The gap in the
ECE data at the turning point is due to the appearance of
large bursts47 in the ECE detectors concurrent with the saw-
tooth crash that temporarily overwhelm the scanning

FIG. 11. (a) Comparison of expected
secondary growth rate (csec) vs meas-
ured HXR growth rate (cHXR). Also
included are expected rates replacing
csec / ð!C % 1Þ in Eq. (6) with csec

/ ð!C % 4Þ. (b) Required ad-hoc loss
time [sL & ðcsec % cHXRÞ

%1] to account
for discrepancy between HXR growth
rate and csec.

FIG. 12. Time-dependent energy distribution [f(E)] modeling of the post-
puff equilibrium presented in Fig. 2, using as initial condition the steady-
state f(E) of the no-puff equilibrium. (a) Puffing ceases primary generation
causing a collapse of the high-energy tail. (b) Inclusion of a secondary
source allows f(E) to continue to grow.

FIG. 13. Growth and decay of HXRs and SE for a puffed discharge with
similar density evolution to Fig. 2. As density (a) is increased, the growth of
the HXR (b) and SE (c) signal is arrested and decays. Note linear scale is
used to highlight the decay phase. (d) and (e) show SE images in the decay
phase, illustrating SE decrease at constant shape. The SE lower extent is lim-
ited by the field of view (white dashed line).
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Multi-species CER allows precise determination of 
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Interplay between collisional and synchrotron time 
scales sets non-dimensional RE regime for experiment 

•  Critical ratio is effective electron 
density over B2 

 
•  DIII-D plateau:  tau-hat~700 

–  neff[1020]=10, B[T]=2 

•  DIII-D QRE:   tau-hat~20 
–  neff[1020]=0.1, B[T]=1.5 

•  ITER plateau:  tau-hat~70 
–  neff[1020]~10*, B[T]=6 

•  Surprisingly, DIII-D QREs are in 
correct RE regime for ITER ! 
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Nitrogen dissipation data vs. Ecrit shows modest but 
measurable increase in zero-crossing (~ 1 Ecrit unit) 

•  All red points are systemically 
lower than black points 
–  Possible exception at highest 

E/Ecrit 

•  Nitrogen effect is thus 
measurable but relatively 
weak 

•  Opportunity to compare with 
theoretical prediction 

Nitrogen 
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Shift in HXR zero-crossing with Z comparable to recent 
Aleynikov theory, but offset 

•  Increase of about 1 Ecrit 
unit in sustainment field 
and avalanche onset field 
as Z goes from 1 to 5 

•  Model says gets 1.5->2.5,  

•  We see ~ 4->5  

Aleynikov et al, PRL 2015 



23 
Paz-Soldan/PPPL-TDW/07-2015 

•  Baseline mismatch raises the 
question of energy sensitivity 
of HXR detectors 

•  Could distribution function 
re-arrangement mask an 
increasing number density 
with a decreasing signal? 

•  Note growth rate “wall” 
expected in model, hints are 
seen in the data 
–  More data at that E/Ec 

would help clarify 

HXR shows hints of growth rate “wall” at lowest E/Ec, 
similar feature found in model 

The factor 1=2 in Eq. (10) accounts for the fact that each
collision involves two electrons, but only one of them can
be a new member of the runaway population. As seen from
Eq. (11), γmin has to be less than ðγ0 þ 1Þ=2 to develop
an avalanche, so that the avalanche threshold is determined
by the condition γ0 þ 1 − 2γmin ¼ 0. The corresponding
threshold value Ea of the inductive electric field is greater
than E0 (as indicated by dashed contours in Fig. 2).
If the electric field is lower than Ea, then the growth rate

Γ is negative. The large-angle collisions work against the
avalanche in this case, because the final energies of the
colliding electrons can be less than γmin, which forces these
electrons to move away from the γ0 attractor into the bulk.
However, the resulting decay of the fast electron population
is relatively slow (because of the large Coulomb logarithm).
As a result, the finite interval between E0 and Ea enables
long sustainment of the fast electrons without their expo-
nential multiplication. This regime differs significantly
from the predictions of the previous avalanche theory
[6]. Another important difference is that, for the fields
greater than E0, the rate of runaways production is lower
than the one predicted in Ref. [6]. The reason for both
differences is a simplified description of the secondary
electron source in Ref. [6], which assumes extremely high
energies of the primary electrons. The same simplified
source was also used in Ref. [9]. This simplification breaks
down in the near-threshold regime, where finite energy of
the primary electrons needs to be accounted for.
Note that rare large-angle collisions of the attractor

runaways with bulk plasma electrons do naturally create
an accompanying population of lower energy electrons (with
p < pmin). This effect was discussed in Refs. [15,16] as a
candidate for electrical breakdown in atmosphere. The lower
energy electrons are apparent in tokamak experiments, but
their effect on the attractor particles should be relatively
small due to the large Coulomb logarithm.We therefore omit
the discussion of the lower energy electrons in this Letter.
The difference between E0 and Ea creates a hysteresis in

the runaway behavior. If the electric field grows starting
from E < E0, there will be no runaways at E ¼ E0, because
the avalanche does not start until the field reaches Ea. On
the other hand, when the field decreases from E > Ea and
there is already a population of the runaways, the avalanche
stops at E ¼ Ea, but the existing runaways can last as long
as the field remains greater than E0.
Figure 4 presents the avalanche growth rate as a function

of the electric field for Z ¼ 5 and τ̄rad ¼ 70. The solid line
is the growth rate determined by Eq. (11), and the dashed
line represents Eq. (18) from Ref. [6]. We observe that the
two results agree when the electric field is several times
greater than the critical filed Ec. This is consistent with
the fact that the approximate source used in Ref. [6] is
sufficiently accurate at high electric fields when the value
of γ0 is very large and the role of synchrotron radiation
becomes negligible near the unstable point pmin. However,

at lower electric fields, Eq. (18) from Ref. [6] overestimates
the growth rate significantly, and it does not describe the
decay of the runaway population, resulting from large-
angle scattering at E0 < E < Ea.
Note that the approximations used to solve Eq. (2) in the

near-threshold regime apparently breaks down at large
electric fields, but the avalanche growth rate there is
insensitive to the near-threshold subtleties, which explains
why Fig. 4 shows close agreement between our calculations
and prior results at large fields. To be perfectly accurate,
the intermediate range in Fig. 4 should be understood as a
sensible interpolation.
It is instructive to compare our kinetic results with the

predictions of a truncated dynamical model proposed in
Ref. [7]. This model suggests a set of two coupled ordinary
differential equations for the average relativistic factor and
the pitch-angle parameter. It involves a simplifying con-
jecture that one can capture interesting qualitative trends
by first neglecting all higher moments of the runaway
distribution function. Although the dynamical model of
Ref. [7] exhibits formation of the phase-space attractor and
captures the global pattern of the electron flow in phase
space, the value of the threshold electric field obtained from
this model is not quite accurate, due to the arbitrariness of
the truncation procedure. We also find that the dynamical
model (if used for the avalanche growth rate calculation)
would give an overestimated value, as shown in Fig. 4.
Our kinetic approach is free from these weaknesses.
Current decay.—The runaway avalanche threshold is of

primary importance with regard to mitigation of the run-
aways. The mitigation process involves dissipation of the
stored magnetic energy, and the time scale of this process is
typically much longer than the characteristic growth time
of the runaway avalanche. This separation of time scales
means that the inductive electric field must be close to the
threshold value E0 at every flux surface where runaways
are present [17]. In a simplified cylindrical geometry, this
condition (together with Maxwell equations) immediately
gives the time derivative of the total current density on
every runaway-occupied surface:
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FIG. 4. Avalanche growth rate predicted by Eq. (11) (solid
curve) in comparison with Eq. (18) from Ref. [6] (dashed curve)
and the growth rate inferred from the dynamical model of Ref. [7]
(dotted curve).
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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.
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HXR f(E)  
dependence 
causes y-axis  

“slop”? 

*different 
conditions 

Aleynikov et al, PRL 2015 
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Stahl et al finds synch emission can be significantly 
decreased while RE energy constant/increases 

•  Phase space re-arrangements 
can decrease synch emission 
(SE) at constant (or increasing) 
number density 
–  Synthetic SE diagnostic used 

based on CODE distribution 
functions 

 
•  Could explain HXR? 

–  What is distribution function 
sensitivity of emissions 

Stahl et al, PRL 2015 
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Outline 

•  Quiescent runaway electron (QRE) 
regime and Dreicer growth 

•  Recap of QRE dissipation with 
deuterium 

•  Extension to QRE decay with 
Nitrogen 

•  Progress towards constraining QRE 
energy distributions 

•  Non-thermal origin of the low 
density stability limit 

secondary generation is not treated self-consistently in the
simulation,39 with the dashed line in (b) indicating the
selected secondary birth energy.

B. Synchrotron emission and decay rate comparison

Synchrotron emission for a discharge with similar den-
sity evolution to the puffed discharge of Fig. 2 is shown in
Fig. 13. After the puff, a clear transition to decay of both the
HXR [Fig. 13(b)] and SE [Fig. 13(c)] signal is seen.
Analysis of the SE images immediately following the puff
[Figs. 13(d)–13(f)] indicates that the SE decay occurs at con-
stant shape, and furthermore that the shape found in the
growth phase (Fig. 5) is unchanged upon gas addition. As
with the HXR signals, a prompt increase in the SE is
observed concurrent with gas addition. This is due to modest
contamination of the camera SE image with increased visible

bremsstrahlung (VB) at higher density which yields a signal
increase across the entire plasma cross section. Images pre-
sented in Figs. 13(d) and 13(e) are baselined using the image
prior to QRE growth (3.5 s), with VB contamination present
at the !25 % level, visible as the volumetric background
emission (blue).

Figure 14 shows a similar growth to decay transition on
the ECE emission. Unlike the HXR and SE, the ECE signal
is free of direct density dependence and thus a direct identifi-
cation of the turnover density is possible without the need to
apply the window analysis presented in Sec. V. The transi-
tion from ECE growth to decay occurs when the line-
averaged density is ð0:960:1Þ $ 1013 cm%3 and core density
is ð1:360:1Þ $ 1013 cm%3. This is near, but slightly below
the zero crossing inferred from Fig. 10(a). The gap in the
ECE data at the turning point is due to the appearance of
large bursts47 in the ECE detectors concurrent with the saw-
tooth crash that temporarily overwhelm the scanning

FIG. 11. (a) Comparison of expected
secondary growth rate (csec) vs meas-
ured HXR growth rate (cHXR). Also
included are expected rates replacing
csec / ð!C % 1Þ in Eq. (6) with csec

/ ð!C % 4Þ. (b) Required ad-hoc loss
time [sL & ðcsec % cHXRÞ

%1] to account
for discrepancy between HXR growth
rate and csec.

FIG. 12. Time-dependent energy distribution [f(E)] modeling of the post-
puff equilibrium presented in Fig. 2, using as initial condition the steady-
state f(E) of the no-puff equilibrium. (a) Puffing ceases primary generation
causing a collapse of the high-energy tail. (b) Inclusion of a secondary
source allows f(E) to continue to grow.

FIG. 13. Growth and decay of HXRs and SE for a puffed discharge with
similar density evolution to Fig. 2. As density (a) is increased, the growth of
the HXR (b) and SE (c) signal is arrested and decays. Note linear scale is
used to highlight the decay phase. (d) and (e) show SE images in the decay
phase, illustrating SE decrease at constant shape. The SE lower extent is lim-
ited by the field of view (white dashed line).
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QRE growth and decay visible on many diagnostics, 
all signals decrease (at different rates) after puffing 

•  Main diagnostic is plastic 
scintillator HXR 
–  most sensitive to QREs 

•  Bismuth-germanium-oxide 
(BGO) HXR detectors also 
–  Above torus and at midplane 

•  Visible synchrotron cameras 
and spectrometers @ midplane 
–  IR synch available for future 

•  ECE interferometer for high 
frequency ECE emission 
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Example: Aleynikov’s distribution functions show 
increased pitch angle at low E/Ecrit 

•  Aleynikov theory described in 
earlier talk 

•  Equal opportunity comparisons – 
I will study anyone’s distributions!! 

•  Example: Aleynikov theory shows 
increased pitch angle at low E/
Ecrit -> after gas puff 
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•  Scan E/Ecrit, but assuming: 
–  Steady-state f(E) 
–  # of REs constant 
–  Neither is true! 

•  We see very strong f(E) 
sensitivity on all diagnostics 
even at constant # of REs 

•  Notice HXR @ top of torus 
actually predicted to 
decrease with increasing E 

Puff 
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D2

V.B.

V.B.

Experimental data shows all HXR diagnostics behave 
similarly, while SE decays more quickly 

•  HXR decays slowly after gas 
puff, but all do the same 
–  MAYBE top is slower 
–  No evidence for large pitch 

re-arrangement, unlike ECE 

•  Synch is quickly growing, 
quickly decaying 
–  Emission is very sensitive to 

energy 
–  Final value is vis. Brems, a 

baseline to subtract out 
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V.B.

V.B.

Comparison of all diagnostics with Nitrogen vs. 
Deuterium shows mainly more absolute emission 

•  Big change is large signal 
intensity after the puff 
–  Brems depends on Z 

•  HXR decay rates again 
similar 

•  SE decay appears faster with 
Nitrogen 

•  Larger VB baseline in SE 
signals with Nitrogen 
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•  Can directly measure HXR 
energy spectrum selecting 
from 121 spatial chords 
–  30 detectors for now 

•  Pulse height counting gives 
0.5 MeV resolution at 1 kHz 
–  On each channel! 

•  Current limit mode gives 
MHz time resolution, but no 
energy resolution 

•  First measurements in 2015 

New HXR diagnostic (“Gamma Ray Imager” = GRI) 
being deployed to measure RE distribution functions 

6 mV/MeV, 
ΔE/E ~ 25% 

C. Cooper, ORAU 
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Concluding remarks about distribution function 
modeling 

•  Many (and more soon) diagnostics deployed to sense different 
parts of distribution function 
–  Example: HXR diagnostics above the midplane do not see strong 

increase after gas puffing 
–  Example: SE decays much faster than HXR 

 
•  Multiple diagnostics allow treatment of forward problem: 

–  What is expected measurement, given distribution X function  

 
•  Inverse problem is very difficult, likely impossible for arbitrary 

energy and pitch angle distributions 
–  Possible exception is truly energy resolved diagnostics 
–  Existing attempts have only allowed single pitch angle per energy 
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interferometer. The burst is speculated to be itself related to
the rotation reversal occurring at the same time.

Fitted growth rates to the discharges shown in Figs. 13
and 14 are presented in Table I. Errors are taken to be the
variation between redundant measurements as multiple
detectors exist for each emission band. Interestingly, the
ECE decay rate is in much greater disagreement with the
HXR, while the SE decay is similar to the HXR. This is in
contrast to what was found in the growth analysis of Sec. IV
and suggests that the f(E) distribution is again not changing
self-similarly in the decay phase. It is not possible from the
present measurements, however, to experimentally constrain
the 0-D modeling presented in Fig. 12, although the decay of
the SE indicates that the highest energy REs are indeed
decaying, unlike Fig. 12(b). Also note that disagreement in
the HXR growth rate, despite being large in the relative
sense, is comparable with the scatter found across the data-
set, as shown in Fig. 10.

VII. DIRECT MEASUREMENT OF INTERNAL
MAGNETIC FLUCTUATIONS

RE loss can potentially result from broad band (turbu-
lent) fluctuations.48–51 Since runaways are largely collision-
less, the runaway orbit deviations (and thus eventual loss)
must be dominantly induced by fluctuations of the magnetic
field (as opposed to temperature or density). Although previ-
ous work has used external Mirnov coils to estimate mag-
netic fluctuation (dB) levels inside the plasma,33 no direct
measurement has yet been presented.

A millimeter-wave polarimeter is utilized to make this
measurement for a subset of the discharges presented in this
work.52 The polarimeter measures changes in 288 GHz

electromagnetic wave polarization (with respect to a refer-
ence) as the wave propagates from the outboard midplane
through the magnetized plasma and retro-reflects on the
center-post back to a co-located detector. Polarization
changes are induced by either the Faraday Rotation (FR)
effect (sensitive to density and magnetic fields parallel to the
beam) or by the Cotton-Mouton (CM) effect (sensitive to
magnetic fields perpendicular to the beam). Modeling of
both effects for the ne and B0 equilibrium profiles presented
in Sec. II indicates that the FR effect dominates in the
low-density RE growth phase presented in Sec. IV.
Furthermore, the close alignment of the viewing chord height
with the magnetic axis allows separation of the contributions
to the total FR from density fluctuations (dne) as this effect is
weighted by the equilibrium BR which averages to near zero
across the magnetic axis.53 Unfortunately, for the higher
density discharges presented in Sec. VI, the CM effect can
become large and no clean separation of dB and dne is
possible.

Polarimeter dB measurements are presented in Fig. 15 for
the discharges and time-slices of Fig. 2. Fluctuation strength is
normalized to the toroidal field at the magnetic axis
(B0 ! 1:48 T), and the fluctuation level prior to discharge ini-
tiation is included as a noise floor. Integrated over the fre-
quency range accessible to the instrument (1–95 kHz), the total
fluctuation strength is measured to be ðdB=B0Þ $ 1% 10&4,
which for these plasmas $1 G. The simple Rechester-
Rosenbluth54 relationship (DRR ¼ pqvjjRðdB=B0Þ2, where q is
the local safety factor and R is the major radius) can be thought
of as an upper bound as finite Larmor radius and magnetic drift
velocity effects are not included, causing the true D to
decrease with RE energy (D ¼ DRRGðpÞ, where G(p) is a
reduction factor at RE momentum p). Indeed, for the parame-
ters of this equilibrium DRR $ Oð101Þ m2/s is computed—a
large value. Comparison to a simple 1-D radial diffusion equa-
tion requires D > cREða=2:4Þ2 $ Oð10&1Þ m2/s (where a is
the minor radius), thus, these fluctuations could potentially
affect RE diffusion, depending on the reduction of D from
DRR due to the aforementioned corrections, which in turn
depend sensitively on the fluctuation structure.55 Numerical

FIG. 14. Growth and decay of high-frequency ECE signal for the puffed dis-
charge whose profiles were shown in Fig. 2. As density (a) is increased, the
growth of the ECE signal (b) is arrested and begins to decay and is below
the noise floor shortly after density reaches a new flat-top.

TABLE I. Comparison of decay rates at hnei ¼ 1:5% 1013 cm&3 from sig-
nals shown in Figs. 13 and 14.

Growth rate (s&1)

Shot HXR ECE SE

152895 &0.4 6 0.1 &2.0 6 0.5 N/A

154037 &0.2 6 0.1 N/A &0.40 6 0.05

FIG. 15. Density-weighted magnetic fluctuation data as measured by a
millimeter-wave polarimeter52 for the discharges whose profiles were shown
in Fig. 2. Also included is the apparent fluctuation measurement prior to dis-
charge initiation, here included as an instrumental noise floor.
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Finally: we should not forget broadband magnetic 
fluctuations are present even in quiescent plasmas 

•  Internal magnetic fluctuation 
levels directly measured with 
UCLA polarimeter instrument 
–  Uses faraday rotation effect to 

measure line-averaged <n δB 
> on midplane 

–  First-time measurement ? 

•  Dimensionless scaling 
arguments say δB/B ~ 1E-4 
may impact RE loss 
–  Correlation lengths un-

measured 

•  Opportunity for modeling 
Total ~kHz fluctuations: 

δB/B ~ 1E-4 

J. Zhang, UCLA 
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Outline 

•  Quiescent runaway electron (QRE) 
regime and Dreicer growth 

•  Recap of QRE dissipation with 
deuterium 

•  Extension to QRE decay with 
Nitrogen 

•  Progress towards constraining QRE 
energy distributions 

•  Non-thermal origin of the low 
density stability limit 

secondary generation is not treated self-consistently in the
simulation,39 with the dashed line in (b) indicating the
selected secondary birth energy.

B. Synchrotron emission and decay rate comparison

Synchrotron emission for a discharge with similar den-
sity evolution to the puffed discharge of Fig. 2 is shown in
Fig. 13. After the puff, a clear transition to decay of both the
HXR [Fig. 13(b)] and SE [Fig. 13(c)] signal is seen.
Analysis of the SE images immediately following the puff
[Figs. 13(d)–13(f)] indicates that the SE decay occurs at con-
stant shape, and furthermore that the shape found in the
growth phase (Fig. 5) is unchanged upon gas addition. As
with the HXR signals, a prompt increase in the SE is
observed concurrent with gas addition. This is due to modest
contamination of the camera SE image with increased visible

bremsstrahlung (VB) at higher density which yields a signal
increase across the entire plasma cross section. Images pre-
sented in Figs. 13(d) and 13(e) are baselined using the image
prior to QRE growth (3.5 s), with VB contamination present
at the !25 % level, visible as the volumetric background
emission (blue).

Figure 14 shows a similar growth to decay transition on
the ECE emission. Unlike the HXR and SE, the ECE signal
is free of direct density dependence and thus a direct identifi-
cation of the turnover density is possible without the need to
apply the window analysis presented in Sec. V. The transi-
tion from ECE growth to decay occurs when the line-
averaged density is ð0:960:1Þ $ 1013 cm%3 and core density
is ð1:360:1Þ $ 1013 cm%3. This is near, but slightly below
the zero crossing inferred from Fig. 10(a). The gap in the
ECE data at the turning point is due to the appearance of
large bursts47 in the ECE detectors concurrent with the saw-
tooth crash that temporarily overwhelm the scanning

FIG. 11. (a) Comparison of expected
secondary growth rate (csec) vs meas-
ured HXR growth rate (cHXR). Also
included are expected rates replacing
csec / ð!C % 1Þ in Eq. (6) with csec

/ ð!C % 4Þ. (b) Required ad-hoc loss
time [sL & ðcsec % cHXRÞ

%1] to account
for discrepancy between HXR growth
rate and csec.

FIG. 12. Time-dependent energy distribution [f(E)] modeling of the post-
puff equilibrium presented in Fig. 2, using as initial condition the steady-
state f(E) of the no-puff equilibrium. (a) Puffing ceases primary generation
causing a collapse of the high-energy tail. (b) Inclusion of a secondary
source allows f(E) to continue to grow.

FIG. 13. Growth and decay of HXRs and SE for a puffed discharge with
similar density evolution to Fig. 2. As density (a) is increased, the growth of
the HXR (b) and SE (c) signal is arrested and decays. Note linear scale is
used to highlight the decay phase. (d) and (e) show SE images in the decay
phase, illustrating SE decrease at constant shape. The SE lower extent is lim-
ited by the field of view (white dashed line).
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LM onset occurs at various densities but similar levels 
of HXR emission, all preceded by ECE blow-up  

•  Nearly ½ of shots in 2014 were 
lost to locked modes 

•  Density feedback or density 
increase did not avoid the 
locked mode (!) 

•  ECE gives LM warning ~ 500 ms 
before LM onset (!!) 

2014 Shots 
modes 
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LM onset occurs at various densities but similar levels 
of HXR emission, all preceded by ECE blow-up  

•  Nearly ½ of shots in 2014 were 
lost to locked modes 

•  Density feedback or density 
increase did not avoid the 
locked mode (!) 

•  ECE gives LM warning ~ 500 ms 
before LM onset (!!) 

•  Same thing found in historic 
low density record discharges 
–  Robust instability prediction by 

ECE non-thermalization 
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Article: Error field experiments in JET

Table 2. Intrinsic error measurements at di↵erent plasma currents, obtained using

saddle coil phase scans

Intrinsic error size Orientation of field (toroidal
Plasma current (MA)

(equiv. saddle coil amps) degrees, DFA3 positive ⌘ 0�)

1.5 (1996) 492 ± 50 270�

2.5 667± 100 266± 4�

3.4 1151 270� assumed

        

0

-2

0.9

0.3
1.5

0

Disruptions

Density
(×1019m-3)

Plasma
current
(MA)

n=1 magnetic signals (mT)

 50          time (s)                 68

with correction

correction

locked
mode

locked
mode

pulses: 44206
44234

Figure 4. Comparison of density rampdown pulses on

JET with and without intrinsic error correction applied

by the saddle coils. A consistently lower density is

accessed with correction.

Firstly, in experiments where density is ramped
down until a mode forms, we find substantially bet-
ter (and consistent) access to low density when cor-
rection is applied (Fig. 4). In three pulses with no
correction a mode forms when the line averaged den-
sity consistently reached ⇠5.7 ⇥ 1018 m�3; in the
two pulses where correction was applied, the den-
sity reached ⇠3.7⇥1018 m�3 before mode formation.
The correction is not perfect (i.e. allowing continued
rampdown to much lower values of density) because
error field sideband harmonics will start to play a
stronger role: as the harmonic spectra of the intrinsic
error field and the saddle field are likely to be quite
di↵erent, perfect correction of all harmonics simul-
taneously is not possible, and so residual harmonics
will still lead to error field modes (due to toroidal
and viscous coupling). This is similar to the situa-
tion seen on DIII-D, where this type of behaviour
showed that other sidebands must be playing a
role [6].

56 58 60 62 64 66 68 70 72
time (s)

Plasma current: (MA)

Magnetic response: (mT)

Saddle coil power supply current (kA)

spin-up residual mode

correction

disruption

pulses: 44241,

 

44242
1.5

0
0

-2

0

-2

Figure 5. Comparison of typical e↵ects of a locked

mode after saddle currents switched o↵ with (black traces

pulse 44241) and without (red traces pulse 44242) intrin-

sic error correction.

Secondly, the use of correction to attempt to
remove or ‘spin up’ (i.e. where the mode unlocks,
increases rotation and shrinks in amplitude) the
locked modes created in these experiments met with
considerable success. Correction was applied in 10
pulses from a category containing 35 pulses, chosen
to include all pulses with q95 ⇠ 3.5, and steady den-
sity (not density rampdown), standard shape and
li. Typical examples of these are shown in Fig. 5,
where corrected and uncorrected pulses are com-
pared. These modes show clear di↵erences: in the
uncorrected case the mode remains locked by the
intrinsic error and eventually grows to cause a dis-
ruption as the plasma current starts to be ramped
down. In the corrected case the mode spins up and
decays away in about 2–3 s. Of the 10 corrected
pulses only two disrupted (the other eight spinning
up and decaying to zero amplitude); one of these was
at very low density and the other with 6 MW ICRH.

Nuclear Fusion, Vol. 40, No. 4 (2000) 811

JET low density record discharge 44234 displays similar 
ECE phenomenology as DIII-D (not cleared for pub) 

Buttery NF 2000 
Fig 5 

6 s delay @  
similar density 

JET ECE screengrab  
not cleared for publication 

ECE 
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DIII-D plasma control system can now trigger gas 
puffing based on EC signal to avoid locked mode 

•  Ensures “goldilocks” QRE 
population J 
–  Large enough to diagnose 

accurately 

–  Small enough that locked 
mode avoided 

•  Significantly improves future 
experimental efficiency 

•  Allows examination of 
dissipation effect vs. “RE 
maturity” through time-delay 
and trip-level setting 
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Calculations of runaway excitation indicates RE could 
carry “appreciable” current prior to LM 

•  Calculation uses measurements 
of ne, Te, Vloop, Zeff 
–  Solves primary + secondary RE 

generation ODE 
–  See Paz-Soldan et al, PoP 2014 

for details on calculation 

•  Finds RE current can be 
appreciable (~10%) prior to LM 
–  May be larger locally (in core) 

 
•  Internal inductance is not found 

to significantly vary 
–  Conjecture thermal replaced by 

RE current, with similar profile 

discharge, which causes variations in the REs which are the
subject of this work. Interpretation of the HXR signals will
be further discussed in Sec. IV C.

Such low density regimes on DIII-D are generally inac-
cessible due to the appearance of low-density EF penetration
events. This instability is avoided in this work due to precise
correction of the DIII-D intrinsic error field with ex-vessel
coils.34 Data are truncated where EF penetration occurs, as
in the black trace of Fig. 1(b) just before 6 s. The discharge
scenario is also diverted, as shown in Fig. 1(d), which helps
to keep the plasma free of impurities. The plasma is an
upper-biased double null configuration corresponding to the
rB drift with a higher L-H power threshold to avoid inad-
vertent H-mode transitions and consequent density increases.
Figure 1(d) also shows the locations of the rational surfaces
obtained through EFIT reconstructions constrained by
motional Stark effect (MSE) polarimetry measurements.

Excellent equilibrium reconstructions and profile diag-
nosis of the discharge are possible via the use of 5 ms neutral
beam blips. Figure 2 presents the measured profiles for a typ-
ical case with (solid) and without (dash) late-time gas puff-
ing. Figures 2(a) and 2(b) show the density evolution and
HXR signal with the timing of the diagnostic beam blips
clearly visible. Figures 2(c)–2(h) illustrate representative
profiles at a few time-slices (indicated by the color code).
Gross dependencies are shown with arrows, and data points
are included for a representative profile. As the density is
reduced due to pump-out [Fig. 2(c)], several changes occur.
The carbon impurity density is relatively constant such that
a reduction in ne causes an increase in Zeff and vise-versa
[Fig. 2(d)]. This is especially dramatic after the puff, with
the final Zeff very near to unity. As ne drops, Te [Fig. 2(e)]
increases and Ti [Fig. 2(f)] decreases. This is due to a
decreased electron-ion collision rate and thus decreased
energy transfer from the Ohmically heated electrons to the
ions. This too is reversed after the puff, with Te=Ti going
from !4! 1:5. Interestingly, measurements of toroidal car-
bon [Fig. 2(g)] and deuterium (not shown) rotation illustrate
that gas puffing causes a bifurcation from co-rotation to
counter-rotation in the core, while the edge remains co-
rotating. This phenomenon is found on other devices,35

though further discussion is outside the scope of this work.
Finally, the current profile [Fig. 2(h)], and thus the low-
pressure MHD equilibrium, is stationary both with and with-
out gas puffing.

III. DREICER ORIGIN OF RUNAWAY ONSET

The condition for detectable onset of the RE population
is summarized in Fig. 3. Contrasting the highest density
(black) trace in Figs. 3(a) and 3(b), with the subsequent dis-
charges, it is shown that increasing the density by merely
25% is sufficient to reduce the HXR signal by at least 100"
and prevent it from rising above the noise floor.
Furthermore, it is clear that slight variations in the (uncon-
trolled) density rampdown rate after 0.8 s yield sizable
(!1 s) temporal delays in the appearance of the HXR signal.
This extreme sensitivity to onset conditions has the appear-
ance of a criticality condition and was first interpreted as

a critical density for RE growth. However, the different tra-
jectories of the discharges in Figs. 3(a) and 3(b) suggest that
the overall time-history of the discharge must be considered,
not simply the density at which the HXR signal is first
observed.

This is accomplished via 0-D modeling of primary and
secondary RE generation using measured time-traces of ne,
Te, E/, and representative Zeff values from beam-blipped
discharges. The RE growth is modeled as in Ref. 2, with a
simple treatment of the RE generation problem

dðnREÞ
dt

¼ Spri|{z}
primary

þ csecnRE|fflfflffl{zfflfflffl}
secondary

: (3)

The terms in the above equation are given by

Spri ¼ kne!̂ee"
' 3

16ð1þZeffÞ
D exp ' 1

4
"'1

D ' 1þ Zeffð Þ
1
2"
'1

2
D

" #

" exp ' Te

mec2

1

8
"'2

D þ
2

3
1þ Zeffð Þ

1
2"
'3

2
D

" #$ %
; (4)

FIG. 2. Profiles for representative discharges with (solid) and without (dash)
gas puffing. (a) and (b) illustrate the temporal evolution, with diagnostic
beam blips observable on the plastic scintillator. (c)-(h) Profiles as measured
by TS, carbon charge-exchange recombination (CER) spectroscopy, and
MSE polarimetry for a few time-slices in each discharge. Arrows illustrate
rough direction and magnitude of profile changes with and without gas puff-
ing. Data points are only shown for the last time-slice of the puffed dis-
charge, with beam blips yielding fewer CER points than the continuous TS
measurement.
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Concurrent drop in loop voltage indicates RE current 
fraction is becoming appreciable 

•  Recent dataset shows dropping 
Vloop as resistivity decreases 

•  Indicates REs carrying significant 
current 
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Divergence of ECE and TS electron temperature is also 
observed prior to LM formation 

•  TS cooling appears concurrent 
with ECE non-thermalization 

•  Expect Ohmic power to 
thermal electrons to be 
reduced by square of RE 
current fraction: 

•  Scaling laws indicate it is easier 
to penetrate into cold plasmas 
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Conclusion: We are developing the quiescent regime 
to understand runaway dissipation 

•  RE onset is well characterized by primary (Dreicer) model 
–  There is nothing anomalous in RE onset 

•  2013 experiments scanned D2 density, 2014 used nitrogen 
–  Great diagnosis of impurity profiles possible 
–  Good range in Z and E/Ecrit accessible 
–  HXR zero crossing significantly above E/Ecrit with all gases 
–  Nitrogen increased HXR zero-crossing consistent with models 

•  Varied diagnostic sensitivity probes RE distribution functions 
–  Preliminary work shows unexpected trends, much more to do 
–  All possible distribution functions can be studied 

•  Locked modes at lowest density related to RE population itself 
–  DIII-D control upgraded to avoid mode, improve future experiments 
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Much scope for further experiments in this regime exist 

•  Comparison of high and low toroidal field @ similar densities 
–  Synchrotron vs. collision rate greatly affected ((changes t-rad-hat)) 

•  New control capabilities allow time-delay gas puff scan 
–  Puff into “mature” and “immature” RE populations 

•  Extension of high-Z dissipation to lower E/Ecrit 
–  Can we see Aleynikov’s dissipation ‘wall’ shift with nitrogen ? 

•  Improved diagnostic coverage by reversing IP 
–  Some diagnostics look the other way 

•  No DIII-D run-time given for these experiments in FY15-16 
–  Vocalized interest from community would help make the case 
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Bonus slides 
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B and constant electric field E along the magnetic field
lines. The distribution function F satisfies the relativistic
Fokker-Planck equation

∂F
∂s þ ∂

∂p

"
E cos θ − 1 − 1

p2
− p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2

p

τ̄rad
sin2θ

#
F

¼ 1

sin θ
∂
∂θ sin θ

"

E
sin θ
p

F þ ðZ þ 1Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 1

p

p3

∂F
∂θ

þ 1

τ̄rad

cos θ sin θffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ p2

p F

#
; ð2Þ

where p is the particle momentum (normalized to mc),
θ is the pitch angle, s is the time variable (normalized
to τ≡ 4πε20m

2
0c

3=e4neΛ), E is the electric field
(normalized to m0c=eτ≡ Ec), and τ̄rad≡ τrad=τ¼
ð6πε0m3

0c
3=e4B2Þð1=τÞ is the normalized time of synchro-

tron losses. The normalization of the distribution function
is given by

R
Fdp sin θdθ ¼ 1. In fully ionized plasmas, Z

is the ion charge, whereas in cold postdisruption plasmas
with impurities, Z should be adjusted to capture the effects
of the fast electron scattering on impurity ions and atomic
nuclei. Also, the expression for τ needs to be generalized to
take into account collisions with the bound electrons. These
generalizations have been discussed in Refs. [12,13].
We note that E is an order of unity quantity and τ is much

less than τrad for the tokamak parameters we are most
interested in. This allows us to drop the last term on the
right-hand side of Eq. (2). We next make a conjecture
(which is internally consistent for the solution we construct,
as can be checked directly afterwards) that the time scale
for pitch-angle equilibration is much shorter than the
momentum evolution time scale in the near-threshold case,
since the momentum convection terms in Eq. (2) (accel-
eration by the electric field and collisional and radiative
drag) are nearly balanced for the electrons of interest when
E is close to the avalanche onset threshold denoted below
as Ea. The angular distribution of the existing runaways
can therefore be found from the condition that pitch-angle
scattering balances the pitch-angle shrinking caused by the
electric field; i.e., the lowest order version of Eq. (2) is

E
p
F þ ðZ þ 1Þ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 1

p

p3

1

sin θ
∂F
∂θ ¼ 0; ð3Þ

which specifies the angular part of the distribution function,
so that

F ¼ Gðs;pÞ A
2 sinhA

exp ½A cos θ&; ð4Þ

with

AðpÞ≡ 2E
ðZ þ 1Þ

p2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ 1

p ; ð5Þ

where A=2 sinhA is the normalization factor for the pitch-
angle distribution and the function Gðs;pÞ still needs to be
determined from Eq. (2). In order to find this function, we
integrate Eq. (2) over all pitch angles, which eliminates the
lowest order terms and gives a one-dimensional kinetic
equation for Gðs;pÞ:

∂G
∂s þ ∂

∂pUðpÞG ¼ 0; ð6Þ

where

UðpÞ≡ −
"

1

AðpÞ
− 1

tanh ½AðpÞ&

#
E − 1 − 1

p2

þ Z þ 1

Eτ̄rad

p2 þ 1

p

"
1

AðpÞ
−

1

tanh ½AðpÞ&

#
: ð7Þ

Equation (6) is a continuity equation in the momentum
space with a “flow velocity” defined by Eq. (7) and shown
in Fig. 1 for three different values of the electric field. This
velocity is negative for all momenta if the electric field is
lower than a certain threshold value E0ðZ; τ̄radÞ (dotted
curve in Fig. 1). In other words, any initially created
population of fast electrons will slow down and join the
bulk if E < E0. In contrast, a higher field (E > E0) creates
a finite interval of positive flow velocities (under the solid
curve in Fig. 1), which enables sustainment of fast electron
population in the plasma. In what follows, E0 is referred to
as the sustainment threshold. For E > E0, the flow velocity
vanishes at two equilibrium points (pmin and pmax), of
which the higher momentum point is stable and the lower
momentum is unstable. More specifically, the electrons
slow down and join the bulk if their momenta are less than
pmin, whereas the electrons with larger initial momenta
(p > pmin) move towards pmax and accumulate there, so
that the entire population of fast electrons eventually
concentrates near pmax. In particular, the electrons with
initial momenta higher than pmax, if any, decelerate towards
pmax. It is essential that this process is faster than the rate of
large-angle collisions, which simplifies calculation of the
avalanche growth rate significantly.
The function UðpÞ dictates the applicability condition

for the separation of time scales between the pitch-angle
equilibration and the momentum evolution. The low value
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FIG. 1. The flow velocityUðpÞ defined by Eq. (7) for Z ¼ 5 and
τ̄rad ¼ 70. The values of the electric field E are 1.8 for the solid
curve, 1.7 for the dashed curve, and 1.65 for the dotted curve.
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Kinetic equation for REs is complex, only input 
parameters are E, Z, t-rad-hat: 

•  Relevant parameters are E = E/Ecrit, Z-eff, and tau-rad-hat 

Aleynikov PRL 2015 



48 
Paz-Soldan/PPPL-TDW/07-2015 

0 2 4 60

20

40

60

80

Zeff
τ ra

d−
ha

t

 

 

ne Scan (2013)

N2+ne Scan (2014)

Interplay between collisional and synchrotron time 
scales sets non-dimensional RE regime for experiment 

•  Critical ratio is effective electron 
density over B2 

 
•  DIII-D plateau:  tau-hat~700 

–  neff[1020]=10, B[T]=2 

•  DIII-D QRE:   tau-hat~20 
–  neff[1020]=0.1, B[T]=1.5 

•  ITER plateau:  tau-hat~70 
–  neff[1020]~10*, B[T]=6 

•  Surprisingly, DIII-D QREs are in 
correct RE regime for ITER ! 
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Two versions of beta from EFIT gives an integral 
measure of RE pressure and energy 

•  EFIT provides two pressures: 

 
•  Beta_dia is based only on 

diamag loop and shape: 

•  Take difference as RE grows 
as RE parallel pressure: 

•  Gives mean RE energy: 
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All shots in dataset display significant pressure 
anisotropy prior to LM formation 

•  Pressure anisotropy due to REs 
can be deduced by 
comparing two EFIT betas 

•  Shows roughly 25% prior to LM 

•  Direct instability mechanism 
due to pressure anisotropy 
has probably never been 
considered (?) 
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Power balance from ONETWO shows Ohmic heating is 
much larger than radiated at the q=2 

•  But ONETWO doesn’t know 
what fraction of the current is 
carried by runaway 
electrons 
–  RE current doesn’t heat 

•  I am not sure how to 
approach testing the Gates/
Aparicio-Delgado model 
without making assumptions 
about RE current magnitude 

152894.05205 
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Rotating onset sometimes found before LM in these 
conditions – these are not all locked modes! 

•  This is not a born locked 
mode, as one would get 
ramping EF at constant 
(higher) density 

•  Not expected from static EF 
penetration picture 

•  Rotating precursor is not 
generic 
–  Many indeed born locked 
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Experiment also revealed interesting changes in 
rotation reversal behavior – nitrogen turned it off! 

0 0.2 0.4 0.6 0.8 10

0.01

0.02

0.03

0.04

0.05

ρ

n C
 (1

e1
3)

 

 

157211.05000157213.06000157214.06000

157217.06000152895.05205

0V
1V
1.5V
2V
2013

Carbon 
Rotation 

•  Needs to be revisited for changes in turbulence vs. 
neoclassical components 
–  We certainly changed collisionality by going to nitrogen… 
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Puffing quickly kills off Dreicer source term, leaving 
dynamics to be dominated by the avalanche 

•  Takes advantage of extreme density sensitivity of primary 
source 
–  Cases shown from now on have “negligible” primary growth 
–  Primary growth rates: d(nRE)/dt < 105 cm-3/s 

•  Gas puffing is critical to isolate the avalanche from Dreicer 
growth in these discharges 

growth is the important mechanism for these discharges.
A notable exception is discharge 152786 [blue trace of
Fig. 3(a)]. In this discharge, poorer wall conditions caused
the line averaged density to asymptote and primary genera-
tion stagnated. Since long-duration exponential HXR growth
is still measured, a stronger contribution from secondary
generation is inferred. Though most measurements and
calculations yield growth rates of !1 s"1, the visible SE is a
clear outlier. This is hypothesized to be due to the much
greater energy sensitivity (P / c4) of the SE, which in con-
junction with the evolution of the distribution function to
higher energy as calculated in Fig. 4 would lead to a faster
effective growth rate. This also suggests that a buildup of the
high energy tail is still taking place in these discharges.

The combined analysis of several diagnostics is thus
qualitatively consistent with the picture of Fig. 4. A popula-
tion of REs is growing both in number and maximum energy
as a function of time, with a similar growth rate found across
diagnostics for which the dominant sensitivity is to RE num-
ber as opposed to RE energy.

V. ANALYSIS OF GROWTH AND DECAY RATES AFTER
DEUTERIUM PUFFING

A systematic scan of deuterium gas puffing is under-
taken in these discharges. Gas puffing is re-introduced late in
the discharge after the primary growth mechanism had built
up a measurable population of REs, with example time-
traces shown in Figs. 1 and 2. To analyze this dataset,
stationary windows within each discharge are isolated. These
windows are generally 1–2 s long and found before and after
the density rise (gas puff). Within each window, average val-
ues and profiles of required equilibrium parameters are
defined and the HXR growth rate is also measured and fit.
As can be seen in Figs. 1(b) and 1(c), when the density is sta-
tionary a well defined HXR growth rate is present.

The gas puffing scan is executed via digital feed-back
control of the line-averaged density. This is compared to the
core density as measured by the Thomson scattering (TS)
system in Fig. 8(a), which will be hereafter presented as the
independent parameter. As expected, the core density is
slightly larger than the line-averaged value. Note “core” is
defined as averaged from q¼ 0.0 to 0.1 based on full profile
fits such as that of Figs. 2(c) and 2(e), yielding an estimated
error of 60.2$ 1013 cm"3. While no SE is imaged from the
core of the plasma, this location is chosen for subsequent
analysis as it yields the most conservative (largest) estimate
of EC as ne is largest there. Figures 8(b)–8(d) present the
dependence of the equilibrium properties across the dataset,
complementing the single-discharge profile analysis shown
in Fig. 2. As density increases, Vloop [Fig. 8(b)] increases and
Te decreases [Fig. 8(c)]. Due to the constant impurity den-
sity, Zeff decreases upon gas puffing [Fig. 8(d)]. The dataset
is also broadly sub-divided based on the size and timing of
the gas puff so as to assign a representative Zeff value. While
a clear distinction occurs between “medium” and “large”
puffs (core ne > 2$ 1013 cm"3), the distinction between
“small” and “medium” is weaker and also includes a differ-
ence in puff timing. Note that a case with weak gas puffing

can be equivalent to a no-puff case if wall conditions are not
favorable and out-gassing is high.

The equilibrium parameters measured in the dataset are
mapped to the relevant RE growth terms according to Eqs.
(2), (4), and (6) and this is presented in Fig. 9. As discussed
in Secs. III and IV, Fig. 9(a) shows that primary generation
rates are found to be potentially measurable [conservatively,
Spri ! ð105Þ cm"3/s] for very weak levels of gas puffing as
well was for no gas puffing at all. However, above a certain
density (ne ! 1013 cm"3), the primary generation mechanism
is completely suppressed. This is confirmed in the inset,

FIG. 8. Variation of equilibrium parameters as gas puffing is re-introduced.
(a) Line-averaged density, (b) loop voltage, (c) electron temperature, (d)
effective ion charge.

FIG. 9. Dependence of (a) primary (Spri) and (b) secondary (cHXR) calculated
growth rates as gas puffing is stepped. Critical electric field (c), toroidal
electric field (d), and their ratio (e) are also shown. Inset illustrates time-
independent CODE simulation showing greatly reduced population of pri-
maries once modest gas puffing is re-introduced.
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growth rates as gas puffing is stepped. Critical electric field (c), toroidal
electric field (d), and their ratio (e) are also shown. Inset illustrates time-
independent CODE simulation showing greatly reduced population of pri-
maries once modest gas puffing is re-introduced.
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QRE growth and decay visible on many diagnostics, 
all signals decrease (at different rates) after puffing 
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•  Main diagnostic is plastic 
scintillator HXR 
–  most sensitive to QREs 

•  Bismuth-germanium-oxide 
(BGO) HXR detectors also 
–  Above torus and at midplane 

•  Visible synchrotron cameras 
and spectrometers @ midplane 
–  IR synch available for future 

•  ECE interferometer for high 
frequency ECE emission 


