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Abstract
This work explains the anomalously high runaway electron (RE) pitch angles inferred in the
flat-top of dedicated Tokamak à Configuration Variable (TCV) experiments. Kinetic modelling
shows that the resonant interaction between the gyromotion of the electrons and the toroidal
magnetic field ripple will give rise to strong pitch angle scattering in TCV. The resulting
increase in synchrotron radiation power losses acts as a RE energy barrier. These observations
are tested experimentally by a magnetic field ramp-down, which gradually reduces the resonant
parallel momentum at which the REs interact with the ripple. Resulting changes in synchrotron
emission geometry and intensity are observed using three multi-spectral camera imaging
systems, viewing the RE beam at distinct spatial angles in multiple wavelength ranges.
Experimental reconstructions of the RE distribution in momentum- and real-space are consistent
with kinetic model predictions.

Keywords: runaway electrons, kinetic modelling, TCV, tokamaks, multi-spectral imaging

(Some figures may appear in colour only in the online journal)

1. Introduction

In magnetically confined nuclear fusion, superthermal elec-
tron formation can inhibit plasma startup [1] and threatens the

a See Reimerdes et al 2022 (https://doi.org/10.1088/1741-4326/ac369b) for
the TCV Team.
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plasma-facing wall following plasma disruption events [2, 3].
Mitigation strategy design requires understanding themechan-
isms governing momentum- and real-space dynamics of these
so-called runaway electrons (REs). RE sensitive diagnostics
on present-day tokamaks can be used to validate physics mod-
els of their velocity distribution and generation. Filtered cam-
era imaging [4] of visible light synchrotron radiation observed
in Tokamak à Configuration Variable (TCV) [5] was recently
used to reconstruct the part of the RE distribution dominat-
ing the synchrotron emission in the visible-light [6, 7]. The
inferred ratio between RE momenta perpendicular (p⊥) and
parallel (p∥) to the magnetic field B, also described by the
pitch angle θp = arctan(p⊥/p∥), was found inconsistent with
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a kinetic model describing RE electric field acceleration and
plasma collisions [6]. Seemingly, other physical mechanisms
are involved.

Herein, we demonstrate that the experimental synchrotron
observations from TCV can be explained by pitch angle scat-
tering of REs through a resonant interaction of their gyromo-
tion with periodic variations in the toroidal magnetic field. We
incorporate a diffusion operator [8] within a kinetic model [9]
that predicts a strong conversion of p∥ to p⊥ for REs that reach
a resonant parallel momentum p∥,n∝B/n [10], where n is the
toroidal mode number. The scaling of the resonance location
with the total magnetic field strength is used for experimental
verification using a B ramp discharge. Distribution reconstruc-
tions from multi-camera, multi-wavelength imaging reveal
that the momentum-space dynamics are consistent with our
model.

2. Model for the RE distribution in the presence of a
toroidal magnetic field ripple

The RE evolution in TCV is modelled using DREAM [9]. We
prescribe a density ne and temperature Te of a fluid thermal
electron bulk from experimental interferometry and Thomson
scattering data and evolve a RE distribution fre(ρ,p,θp) and
electric field on a discretised radial grid spanning normalised
minor radii ρ up to the separatrix. The electric field is calcu-
lated self-consistently with the plasma current through amean-
field equation for the poloidal flux, using a loop voltage meas-
urement at the tokamak wall as a boundary condition. The RE
distribution is populated from the thermal bulk through effect-
ive Dreicer and avalanche generation rates [11, 12]. REs are
added to the grid with p= 0 since we do not kinetically resolve
the Dreicer and avalanche generation. Collisions are modelled
with an ultra-relativistic test-particle collision operator [13],
in which we set v= c, since we are primarily interested in the
REswith energies well beyond the critical runaway energy [9].

The kinetic equation solved for the REs takes the form [9]

∂fre
∂t

=
∑
x,y

1
V ′

∂

∂zx

[
V

′

(
−{Ax} fre + {Dxy} ∂fre

∂zy

)]
+ {S} ,

(1)

where the advection components Ax = (∂zx/∂z) ·A include
electric field acceleration, collisional friction, bremsstrahlung
reaction forces and synchrotron radiation. The diffusion term
(in dyadic notation) Dxy = (∂zx/∂z)(∂zy/∂z) : D accounts for
the collisional momentum-space diffusion, and pitch angle
diffusion through the ripple interaction as described below.
The source term S is used to add new REs to the grid
from the fluid generation rates. Curly brackets denote bounce
averaging over toroidal angle φ, gyrophase and poloidal
angle θ. Finite Larmor radius and cross-field drift effects
are ignored. Summation is over the constants of motion z=
(r,p, ξ) being the minor radius which serves as a flux-surface
label, momentum and pitch, where ξ = cos(θp). ξ is evaluated
at the point of minimummagnetic field on a given flux-surface,

the radial coordinate at θ= 0, and V ′
denotes the phase-space

Jacobian.
In this work, a diffusion operator is added for pitch angle

scattering of REs due to a resonant interaction of their gyro-
motion with periodic variations in the toroidal magnetic
field strength. Misalignment of the gyro-orbit averaged RE
momentum vector with the perturbed magnetic field results in
a Lorentz force, which induces a reversible periodic exchange
between p∥ and p⊥. However, if the RE gyrofrequency ωce
approaches the frequency with which the electron experiences
a ripple, a second-order correction term to the time derivative
of p⊥ becomes important. This gives rise to a strong increase
in pitch angle for REs satisfying p≈ p∥,nm and p< p∥,nm [8].
The resonant momenta p∥,nm are obtained by equating the RE
gyrofrequency with the effective wave number of the ripple
knm. The latter has a toroidal component determined by the
distance between the coils, expressed as a function of the tor-
oidal circumference Lφ = 2πR, where R is the major radial
coordinate, and the number of coils Nc. The poloidal compon-
ent is related to the poloidal circumference of the flux-surface
Lθ. Therefore one gets

eB
p∥

= knm · B
B

knm = 2π

(
Ncn
Lφ

φ̂+
m
Lθ
θ̂

)
,

(2)

with electron charge e. Writing the magnetic field in the sym-
plectic form [14]

B= G(r)∇φ +
1
2π

∇φ ×∇ψ (r) , (3)

with magnetic poloidal flux ψ and G describing the toroidal
field, we obtain

knm · B
B
=

1
B

(
NcnG
R2

+
m
Lθ

∇θ
|∇θ|

· (∇φ ×∇ψ)
)
. (4)

Neglecting the poloidal field term, which amounts to a small
correction, using B= G/R, we obtain in the small pitch angle
limit, where p∥ varies little along the particle trajectory, the
following resonance condition:

p∥,nm =
eG(r)
Ncn

=
eBR
Ncn

. (5)

Equation (5) highlights the dependence of the resonant
momentum on the magnetic field magnitude.

Accounting for a reduction in pitch angle scattering effi-
ciency due to an incoherent walk in RE gyration phase as a
result of RE-plasma collisions, the process can be described
as diffusion in momentum-space. In dyadic notation, where
D,I are matrices, it was derived in earlier work that [8]

D=
(
I−pp/p2

)
D⊥,ripple

D⊥,ripple =
π

32

eBv∥
mec

(
δBnm
B

)2

Hnm,
(6)
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with rest mass me, speed of light c, magnetic field ripple mode
amplitudes δBnm/B, a resonance width function Hnm(p∥) and
parallel RE velocity v∥. The pitch angle diffusion term, added
to the kinetic equation (1), is given by:

Dξ0ξ0 = |∇ξ0|2D⊥,ripple =
Bmin

B
ξ2

ξ20

1− ξ20
p2

D⊥,ripple (7)

For the width function Hnm we assume a Gaussian shape

Hnm =
2√

π∆p∥,nm
exp

(
−
(
pξ− p∥,nm

)2(
∆p∥,nm

)2
)

∆p∥,nm = p∥,nm

√
δBnm
B

√
1− ξ2

. (8)

To approximate the ripple strength, an infinite straight line
conductor model for a tokamak with toroidal field coils at
minor radius rc is used [15, 16]. Considering only the first pol-
oidal harmonic:

δBn1
B

=
1
2
exp

(
−Ncn(rc− r)

rc+R0

)
, (9)

with R0 the plasma axis major radius. The ripple strength
decreases exponentially with increasing mode number. Also,
REs in orbits at larger minor radius, closer to the toroidal field
coils, experience a stronger ripple and associated scattering.

To illustrate the effect of ripple scattering on the RE
momentum-space distribution, DREAM is run with experi-
mental input from TCV experiment #76 462. The diverted
plasma scenario has a plasma electron temperature, electron
density and applied loop voltage typical of non-disruptive
TCV RE experiments [17]. A detailed description is deferred
to the next section. In figure 1 the time evolution of the RE
momentum-space distribution at a normalised minor radius ρ
of 0.45 is shown. Initially, the distribution extends towards
increasingly high momenta due to electric field acceleration,
evident from comparing figures 1(a) and (b). Since the accel-
eration is primarily parallel to the magnetic field, the distri-
bution becomes increasingly peaked at low pitch angles with
increasing momentum.

In figure 1(c), the most energetic REs have reached par-
allel momenta where they interact with the primary ripple
mode (n= 1). These electrons undergo a quick diffusion in
pitch angle space. Power loss due to synchrotron radiation
increases with the conversion of parallel to perpendicular
momentum, effectively acting as an energy-limiting mechan-
ism. In momentum-space, the scattered REs are trapped in a
strongly radiating momentum-space vortex.

In support of a detailed description of the momentum-space
dynamics, figure 2 shows a close-up of the vortex in p⊥,p∥-
space. REs at low p⊥ enter the ripple interaction region, indic-
ated by the dashed black contour line, close to the reson-
ant parallel momentum p∥,nm. If the pitch angle diffusion is
much stronger than the electric field momentum advection, the
electrons start moving along a momentum-space trajectory of
approximately constant total momentum. Parallel momentum
is exchanged for perpendicular momentum until p∥ is suffi-
ciently removed from p∥,nm to have the RE escape the ripple

Figure 1. DREAM RE momentum-space distribution (ρ= 0.45)
evolution for TCV RE experiment#76 462. Electric field
acceleration initially drives the distribution to higher momenta (a),
(b). When the ripple-resonant parallel momentum is reached,
pitch-angle scattering sets in (c). After t= 1.4s, the magnetic field
strength is ramped down, lowering the resonant momentum (c), (d).
The black contour lines (c), (d) indicate fractions of the peak visible
light radiance in momentum-space.

interaction region. In this part of momentum-space, RE syn-
chrotron radiation losses overcome electric field momentum
gain so that the total momentum starts decreasing. When the
particles cross the boundary where electric field acceleration
becomes dominant (solid black line), they are re-accelerated
to the ripple resonance, where the process is repeated. The
momentum-space structure described here shows similarities
to those predicted to arise from collisional pitch angle scat-
tering at much larger momenta in TCV [18–20] or due to the
interaction of REs with whistler waves [21].
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Figure 2. Close examination of a RE vortex from a kinetic
simulation for TCV experiment#76 462 (ρ= 0.75). The solid black
line indicates the boundary in momentum-space below which
electric field acceleration dominates and above which synchrotron
radiation power losses take over. The dashed black contour line
indicates a constant level of the ripple diffusion strength.

Ripple location dependence on the magnetic field strength,
see equation (5), is portrayed in figure 1 where the DREAM
simulation RE vortex at magnetic fields of (c) 1.48T and (d)
1.06T is shown. The black contour lines indicate what part of
the vortex radiates most strongly in the visible wavelengths.
The percentages, indicated in figure 1(c), are with respect
to the peak contribution value in momentum-space. With
decreasing field strength, the ripple-resonant momentum
decreases in proportion according to equation (5), shifting the
vortex to significantly lower momenta. Simultaneously, the
balance between the shifting ripple resonance region and a
decreasing synchrotron power at lower B allows for higher RE
vortex pitch angles.

The vortex location has a radial dependence through the
sensitivity of p∥,nm to the mean B-field along the RE orbit. For
the case at hand, the core value of p∥,11/mec exceeds that in
the edge by around 4% as a result of a decrease in the average
magnetic field moving from core to edge. Furthermore, δB/B
is larger at the edge following equation (9). This means that
edge REs will experience a strong ripple at p∥ further removed
from the resonance and convert more of their momentum to
p⊥. As a result, the vortex as a whole moves to lower momenta
and higher pitch angles, amplifying the radial dependence.

3. Experimental scan of the ripple-resonant RE
momentum in TCV

In this section, we describe the TCV experiment #76 462 in
more detail. It was devised to test the hypothesis that toroidal
field ripple scattering is the underlying phenomenon behind
the anomalously high inferred RE pitch angles [6, 7]. Since
pitch angle scattered REs are strongly radiating in the vis-
ible part of the spectrum, camera imaging is well suited for
probing this part of the RE distribution. Both the direction-
ality of the emission and its optical spectrum depend on the
distribution of REs in space and momentum [22]. As a result,
we can reconstruct the distribution from synchrotron emission

through forward [23] and backward [7] methods, using a syn-
thetic diagnostic model [24].

This work uses three optical cavity-based multi-spectral
MANTIS imaging systems [4], installed at three different
heights in the same toroidal sector of TCV. The three systems
have a toroidal view of the plasma in the direction opposing
that of the RE movement, allowing detection of the highly
directional synchrotron radiation. The MANTIS systems each
have 6–10 cameras, of which 8 in total are equipped with ded-
icated synchrotron filters [7]. Thus, the setup provides extens-
ive spatial resolution at multiple spectral ranges, maximally
constraining the distribution reconstruction problem [7].

As shown in the previous section, see figures 1(c) and (d),
both the momentum and pitch angle at which the RE vor-
tex is centred are sensitive to the magnetic field magnitude.
Thus, ramping down the toroidal magnetic field after form-
ing a RE beam should result in detectable changes in recor-
ded synchrotron images. Figure 3 gives an overview of TCV
experiment#76 462, run in diverted plasma geometry. Herein,
a low electron density ne phase lasting until time t= 0.4s, see
figure 3(b), ensures a high ratio of the electric field to Dreicer
field as depicted in figure 3(d), so that part of the electron
population enters the RE regime through Dreicer generation.
The PMTX photomultiplier x-ray detector signal in figure 3(c)
indicates the presence of REs throughout the remainder of
the flat-top phase. Subsequently, we increase ne to allow
for higher loop voltage (figure 3(d)) at constant plasma cur-
rent, see figure 3(e), accelerating the existing RE population
towards the ripple-resonant momentum. At t= 1.4s we start
ramping down the toroidal magnetic field in figure 3(f ) from
t= 1.48T on the magnetic axis to 1.06T to shift the RE vor-
tex in momentum-space. Simultaneously, the plasma current is
ramped down at the same relative rate, from 180kA to 130kA,
to conserve the magnetic geometry and avoid RE-expelling
instabilities.

The time evolution of the, filter transmission band norm-
alised, recorded synchrotron radiance Φ is shown in figure 4.
The first faint traces of a visible-light synchrotron pattern can
be distinguished on the camerawith the highest signal-to-noise
ratio at t= 0.96s. We compare this against a simple maximum
momentum pmax estimate obtained by integrating the experi-
mental loop voltage over time, starting at the time of lowest
ne (t= 0.31s) when we expect most REs to be formed. Close
agreement is found, with pmax reaching the n= 1 plasma edge
resonant momentum of p11/mec= 46 at t= 1.00s.

Between the emission onset and the start of the B-ramp
at t= 1.4s, the radiance first increases on all cameras and
then settles towards an equilibrium. Comparing the filter radi-
ance traces for filters at different wavelengths in figure 4 we
find that the synchrotron intensity decreases with decreasing
wavelength. This agrees with synchrotron radiation peaking
in the infrared, as expected for this magnetic field strength and
RE energies. Note that while intensity increases, there is little
change in the shape of the synchrotron pattern on the camera
sensor.

During the B ramp-down, the synchrotron patterns start
moving and deforming as expected. In figure 5 lower-port (a)
mid-port (b) and top-port (c) synchrotron images at the start of

4
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Figure 3. Experimental data from TCV quiescent RE experiment#76 462. (a) Electron temperature in the core and edge as measured
using Thomson scattering. The smoothed curve shows the corresponding input into DREAM. (b) Electron density measurement from
Thomson scattering corrected by far infrared interferometry. (c) PMTX photomultiplier tube signal showing x-rays from the RE population.
(d) Loop voltage recorded, with smoothed input into DREAM. The plot also shows the ratio of the electric field to Dreicer field computed
by DREAM. (e) Total plasma current. (f ) Toroidal field magnitude on the magnetic axis.

Figure 4. Total radiance (summed over all pixels) divided by the
wavelength integrated filter transmission curves for all MANTIS
cameras in discharge#76 462. Camera position and the filter
central transmission wavelengths λt are indicated.

the ramp (top row) are compared against those halfway into the
scan (bottom row). For the lower- and top-port systems, a clear
shift in radiance distributions across the pattern is observed.
On the mid-port the main change is a shift towards the high-
field-side, indicative of an increasing pitch angle.

4. Verification of the magnetic field ripple scattering
hypothesis

For quantitative statements on the RE distribution behind the
synchrotron patterns reported in section 3, we rely on the
synthetic diagnostic SOFT. We refer to earlier work for the
procedure of constructing such a model and the underlying

assumptions [24], and iterate that SOFT can provide a Green’s
function matrix GJ, which links a column matrix represent-
ation of the RE distribution function f(ρ,p,θp), the phase-
space parameters are likewise 1D column matrices, to a pixel-
dependent radiance column matrix Φ on the camera

Φ=GJ · f, (10)

where the row-dimension of GJ corresponds to the pixels,
and the column-direction to the RE phase-space. The spec-
tral and spatial resolution provided by the MANTIS systems
facilitates a direct reconstruction of f from a set of filtered
camera images. Information from multiple cameras is com-
bined by aggregating the radiances and Green’s functions into
a single system of equations. Here we present a reconstruc-
tion algorithmwith improved performance as compared to that
detailed in earlier work [7]:

(1) First, an initial estimate of the distribution function ismade
in the form:

f= fρ (ρ) · fp/θp (p,θp)

= fρ · exp

(
−(p− p̃)2

2σ̃2
p

)
· exp

−
(
θp− θ̃p

)2
2σ̃2

θp

 .
(11)

It is assumed that the momentum-space distribution fp/θp
has the same shape for all minor radii, but the total number
of REs has a radial dependence fρ. The Gaussian shape of
fp/θp is a rough approximation for a RE vortex. An iterative
two-step fit is performed:

5
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Figure 5. Synchrotron images, overlayed on the TCV CAD model, from the bottom-port (795.4–804.0 nm) (a), mid-port (938.3–948.8 nm)
(b) and top-port (938.3–948.8 nm) (c) MANTIS systems for discharge#76 462. The frames at t= 1.4s (top-row) where recorded at an
on-axis B-field of 1.48T, and those at t= 1.6s (bottom-row) at 1.27T.

(i) A best-fit combination of central momentum p̃, central
pitch angle θ̃p and momentum and pitch angle vortex
widths σ̃p and σ̃θp is found by scanning over a range
of plausible values. For every combination, the nor-
malised synthetic images from SOFT are compared
against the experimental data [23]. A fixed fρ, initially
assumed uniform, is used.

(ii) Fixing fp/θp to the best-fit shape, fρ is updated using
the SART algorithm [25], converging to a best absolute
match between the experimental and synthetic images.

This procedure is repeated until a pre-set convergence
level of the distribution is reached.

(2) Starting from the approximate solution obtained in the pre-
vious step, an adaptive version [26, 27] of L2-regularised
SART [28] is used to iteratively descend to a solution for f.
This allows for radial dependence of the momentum-space
distribution:

fk+1 = fk+λr
[(
GJT⊙ fk

)
·
((
Φ−GJ · fk

)
⊘
(
GJ · fk+αr

))]
⊘
(
GJT · I

)
, (12)

where λr is a relaxation parameter (typically 1), αr a reg-
ularisation parameter here set to the maximum synthetic
pixel value at each iteration, I is a column matrix identic-
ally equal to 1,⊙ denotes column-wise multiplication and
⊘ is element-wise division.

Synthetic reconstructions of the experimental synchrotron
images in figure 5 are shown in figure 6. The temporal evol-
ution of the radiance intensity distributions on all cameras
and filter ranges are replicated. The only apparent mismatch
is in the lower lobe of the pattern on the mid-port chan-
nel (b). Inspection of the reconstructed distribution and cam-
era Green’s functions indicates that the sharp granular fea-
ture in the synthetic image originates from an isolated low
pitch angle contribution. This contribution is likely a recon-
struction artefact arising from a spatial calibration or mag-
netic equilibrium inaccuracy, which makes it complicated for
the reconstruction algorithm to explain some radiation fea-
tures at the very edge of the synchrotron pattern. The sum of
the absolute error in the pixel values normalised to the sum
of the experimental images is 0.3± 0.1 throughout the start
of the magnetic field ramp. Sources of error are discussed in
section 5.

The reconstruction is applied to synchrotron images
throughout the magnetic field ramp-down in experiment
#76 462 from 1.48T to 1.15T. Below this range, some of
the synchrotron patterns are not bright enough for the recon-
struction algorithm. The reconstructed momentum-space dis-
tribution for t= 1.60s is shown in figure 7, where the black
and orange contour lines bound the region of momentum-
space contributing to visible synchrotron emission at 1%
or more of the peak value for the experimental reconstruc-
tion and DREAM model respectively (similar to the contour
lines in figures 1(c) and (d). Outside this region, the distri-
bution does not contribute sufficiently to the recorded cam-
era images to be reconstructed. The experiment and model

6
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Figure 6. Synthetic synchrotron images, overlayed on the TCV CAD model, from the bottom-port (795.4–804.0 nm) (a), mid-port
(938.3–948.8 nm) (b) and top-port (938.3–948.8 nm) (c) MANTIS-type systems for discharge#76 462 at t= 1.4s (B= 1.48T).

Figure 7. Normalised reconstructed RE distribution (ρ= 0.75) for
t= 1.60s in experiment#76 462. The black contour line bounds
the region of momentum-space where the emission in the visible
exceeds 1% of the peak emission, whereas the orange contour line
does the same for the DREAM distribution.

show good agreement in terms of the total momentum, but the
experimental reconstruction hints at a more efficient conver-
sion of p∥ to p⊥. Furthermore, the reconstructed part of the
distribution stretches out along a trajectory of constant p, con-
sistent with strong pitch angle diffusion.

Reconstruction results for the wholeB ramp-down are com-
pared to numerical predictions in figure 8. Figure 8(a) depicts
the average momentum pc of REs contributing to the visible
light radiation at ρ∗ = 0.75, which is defined here as:

pc =
ˆ

(GJfe)p,ρ=ρ∗ pdp

/ˆ
(GJfe)p,ρ=ρ∗ dp, (13)

where (GJfe)p,ρ=ρ∗ is the product of the Green function and
reconstructed RE distribution at ρ= ρ∗ integrated over pitch
angle. Both kinetic model results (crosses, orange) and experi-
mental inferences (dots, blue) are shown. The bars indicate the
width of the momentum-space region contributing more than
50% of the peak emission. The same is shown for the average
contributing pitch angle θp,c in figure 8(b):

θp,c =

ˆ
(GJfe)θp,ρ=ρ∗ θpdθp

/ˆ
(GJfe)θp,ρ=ρ∗ dθp. (14)

The reconstructed momentum of peak emission for the RE
vortex shows close agreement to the ripple model. A p/(mec)
shift from 42 to 37 between 1.48T and 1.16T is found, devi-
ating from modelling results by only p/(mec) = 1.2± 0.6
(standard deviation) if all acquired synchrotron images are
considered. The high pitch angle values and dependence on
B are also qualitatively replicated, although the reconstructed
values exceed the modelled ones by 0.14± 0.02 rad. In the
next section, we discuss the degree to which these results sup-
port the ripple pitch angle scattering model.

While the reconstruction algorithm described herein returns
a radial distribution, no quantitative comparison is made to our
kinetic model, which does not include radial transport. All that
is reported here is that in the experiment f is found to decrease
with minor radius. This is in qualitative agreement with the
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Figure 8. Magnetic field dependence of the momentum-space point
at which the ρ= 0.75 RE vortex in experiment#76 462 radiates
most strongly in the visible spectrum. (a) The dashed orange line
indicates the peak momentum predicted by kinetic modelling, and
the solid black line the experimentally inferred values. The shaded
regions indicate the vortex width, defined as the region radiating at
more than 50% of the peak value. (b) The same is depicted for the
vortex pitch angle.

DREAM modelling predicting that RE generation is largest
near the plasma core.

5. Discussion

We assess the degree of consistency between the experi-
mentally inferred RE distribution and that predicted by kin-
etic modelling. Firstly, the main model uncertainties are dis-
cussed, being the ripple strength (equation (9)) and width
(equation (8)).

In this work, we employ an orbit-averaged simplistic infin-
ite straight-line conductor model for the ripple magnitude. For
more accurate estimates of the vortex pitch angle, detailed
RE orbit tracking [29] could be used in the future to refine
the ripple description and capture its RE momentum depend-
ence through the drift orbit shift. For the present work,
the sensitivity of the model output to δB/B was assessed.
Increasing the ripple strength raises vortex pitch angles, and
decreases the momentum, in accordance with the discrepancy
found between experimental results and modelling. However,

unrealistic values of δB/B are required to bridge the gap in
vortex pitch angle and result in modelled vortex momenta well
below the experimental values.

The ripple width model is a more plausible candidate for
model mismatch. There is no guarantee that the Gaussian
envelope adopted is the most accurate functional form for the
width operator. While the parallel momentum at which REs
enter the vortex is only weakly affected by an increase in
∆p∥,nm, conversion of p∥ to p⊥ is sensitive to this parameter.
Doubling the resonance width, the momentum value at peak
emission decreases only a little, while the pitch angle increases
by 0.1 rad, bringing it to agreement with the experiment.

Another explanation for the pitch angle discrepancy
is the absence of RE-invoked plasma instabilities in the
model. Strong RE distribution momentum-space gradients are
believed to drive instabilities leading to pitch-angle scattering
[30], which could explain the underestimated vortex pitch
angle.

The origins of deviations between experimental and syn-
thetic images were detailed in earlier work [7]. Limitations to
the SART algorithm used were found to be dominant followed
by uncertainties in the spatial calibration of the cameras.

Alternative explanations for the observed change in syn-
chrotron emission shape during the B-ramp, which affect the
interpretation presented here, have been explored. Toroidal
field changes affect themagnetic field geometry and, therefore,
the synchrotron directionality. However, since Ip was ramped
down at the same rate as B, the geometric effects are expected
to be negligible. Furthermore, when reducing B an increase in
drift orbit shift is expected for a fixed RE distribution. This
has the effect of moving the synchrotron patterns towards the
low-field side, opposite to our observations. SOFT modelling
was used to verify that the two effects above do indeed not
explain the observed changes in synchrotron patterns. Lastly,
the time-varying magnetic field can affect the distribution of
RE momentum over the p∥ and p⊥ components through the
conservation of the magnetic moment. However, a ramp-down
in themagnetic field should yield a reduced p⊥, which opposes
the increasing pitch angle observed in the experiment presen-
ted here. Also, the inclusion of this mechanism in DREAM
indicates that the effect on the distribution is negligible com-
pared to the much faster collisional equilibration.

Another point for discussion is the role of the reconstructed
radial profile. A decrease in vortex momentum could be indic-
ative of a radial re-distribution of the REs towards the edge
of the plasma, where p∥,nm is smaller. However, the corres-
ponding change in the synthetic synchrotron images does not
resemble the experimental observations, and the reconstruc-
tion algorithm does indeed not show an appreciable change in
radial profile.

The above considerations indicate that the match in vor-
tex momentum between the experiment and model is robust
evidence for toroidal field ripple-induced RE scattering. The
inferred trend of increasing pitch angles during a magnetic
field ramp-down supports this statement, while the mismatch
in absolute value is attributable to simplifications made in the
ripple model.

8
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The conclusions drawn here could be reinforced through
additional diagnostic coverage for the RE population. Time-
resolved reconstructions of the RE bremsstrahlung can help
estimate the maximum RE energy. This way, we can assess if
the parallel momentum is indeed sufficient to reach the ripple
resonance during experiments as the kinetic model and time-
integrated loop voltage suggest. Furthermore, this information
would help to assess if the pitch angle scattering indeed results
in a hard energy limit.

The narrow energy distribution of the REs in the
momentum-space vortex can yield amplification of their spon-
taneous microwave emission. While such radiation from the
plasma core will likely be re-absorbed, contributions from the
edge can escape the plasma [31]. Assuming a mono-energetic
vortex, this RE ‘maser’ radiation would, for TCV, have a fre-
quency in the range of a few GHz at the plasma edge. During
the magnetic field ramp-down, we calculate a ∼20% decline
in the microwave frequency, which could be detected in the
presence of a suitable sensor.

In support of earlier work [31–33], observations and ana-
lysis reported herein suggest that accounting for ripple res-
onance may be important when interpreting RE synchro-
tron observations. As conveyed by equation (5), the resonant
momentum increases in proportion to the machine parameter
BR/Nc. This likely renders the ripple resonance irrelevant for
commercial-scale tokamaks. In ITER, the n= 1 resonance is
found at p∥,nm/mec≈ 1000, for which the RE drift orbit will
have already intersected the wall. Only higher-order modes
can be accessed, but the corresponding ripple strength and,
thus, scattering efficiency will be limited. Nevertheless, other
RE-driven [34–36] or deliberately induced [21, 37–40] high-
frequency instabilities could be invoked to manipulate RE
energies through pitch angle scattering induced synchrotron
losses, in order to minimise damage to the plasma-facing wall
and underlying components [41]. The present work provides
direct experimental evidence of such RE momentum-space
engineering.
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