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In EAST, synchrotron radiation is emitted by runaway electrons in the infrared band, which can be observed by
infrared cameras. This synchrotron radiation is mainly emitted by passing runaway electrons with tens of MeV energy. A
common feature of radiation dominated by passing runaway electrons is that it is strongest on the high field side. However,
the deeply trapped runaway electrons cannot reach the high field side in principle. Therefore, in this case, the high field side
radiation is expected to be weak. This paper reports for the first time that the synchrotron radiation from trapped runaway
electrons dominates that from passing runaway electrons and is identifiable in an image. Although the synchrotron radiation
dominated by trapped runaway electrons can be observed in experiment, the proportion of trapped runaway electrons is very
low.

Keywords: tokamak, trapped runaway electron, synchrotron radiation
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1. Introduction

If the electric field exceeds a critical value, a fraction of
electrons, known as runaway electrons, can be detached from
the bulk population and accelerated to relativistic energy.[1]

In tokamaks, runaway electrons can be generated during dis-
ruption when a current quench induces a strong electric field
in the toroidal direction, whilst the feedback control system
also generates an electric field in the toroidal direction in order
to maintain the plasma current (Ip).[2] Runaway electrons can
also be generated during the current ramp-up or flat-top phase.
In present-day tokamaks, the energy of runaway electrons can
reach tens of MeV. The loss of such high-energy runaway elec-
trons can cause severe damage to the plasma facing compo-
nents in large scale tokamaks and in particular ITER.[3–5]

When the high-energy electrons are accelerated or forced
to travel in a curved path by a magnetic field, synchrotron
radiation is produced. The spectral power density of the
synchrotron radiation emitted by relativistic electrons is well
known and follows the equation[6]

dP
dλ

=
1√
3

ce2

ε0λ 3γ2

∫
∞

λc/λ

K5/3(l)dl, (1)

where γ is the Lorentz factor for runaway electrons,
λc = 4πmecγ||/3γ2eB, me is the electron mass, γ|| =

(1−(v‖/c)2))
−1/2

, and K5/3 is a modified Bessel function of
the second kind.

Synchrotron radiation is a powerful tool to infer the pa-
rameters of high energy runaway electrons, and the radiation
diagnostic system can provide direct images of the distribution
of the runaway electrons inside the plasma.[7]

In EAST, the synchrotron radiation emitted by runaway
electrons is mostly infrared[8,9] It is much easier to observe
synchrotron radiation images with an infrared camera than
with a visible camera. The synchrotron radiations of almost all
shots can be observed by infrared camera, while visible cam-
era can observe the radiations only when the runaway electron
radiation is very strong.

The runaway electrons emit synchrotron radiation pre-
dominantly along the electron’s velocity vector, with a γ−1 an-
gle spread. Since the energy of runaway electron is typically
tens of MeV, the direction of emission can be approximated as
a straight line along the electron’s velocity vector.[10] Hence,
the synchrotron radiation is emitted mainly in the opposite di-
rection of Ip and radiation images can be observed only by a
camera pointing in the Ip direction.

In tokamaks, the synchrotron radiation of passing run-
away electrons during the current ramp-up phase can be eas-
ily observed. Although it is not very difficult to observe the
trapped runaway electrons in EAST, it is generally believed
that the fraction of trapped runway electrons is so small that
they are disregarded, and no one pays attention to the trapped
runaway electrons. To the best of our knowledge, this is the
first time that the synchrotron radiation from trapped runaway
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electrons has dominated that from runaway passing electrons
and has been identifiable in an image. From the numerical
simulation perspective, with the exception of Ref. [11], most
of studies have focused on synchrotron radiation by passing
particles in axisymmetric magnetic fields.

As for the generation of these trapped runaway electrons
in EAST, it has not been studied clearly, but here are a few con-
jectures about the origin of trapped runaway electrons. Refer-
ence [12] indicates that trapped electrons cannot gain MeV en-
ergy directly from the inductive electric field. The pitch angle
scattering due to high-Z impurities can give rise to the run-
away electrons with large pitch angle, which may make them
trapped. At present, trapped runaway electrons appear only
during the current ramp-up and early flat-top phase, the plasma
temperature is relatively low, and there are more partially ion-
ized impurities. The reduced-screening effect of bound elec-
trons can enhance pitch-angle scattering,[13] which may lead
to a higher proportion of trapped runaway electrons in this
phase. With the increase of plasma temperature, the impuri-
ties lose more electrons and even ionize completely, this effect
is weakened, and the trapped runaway electrons are reduced
so that they cannot be observed from the camera. In addition,
Multiple knock-on collisions and the whistler waves may also
make them trapped.[14]

The rest of the paper is organized as follows. In Section 2,
the synchrotron radiation of passing runaway electrons is dis-
cussed. In Section 3, the main experimental observation of in-
frared emission of trapped runaway electrons is implemented
in EAST, along with an analysis inferring the energy and pitch
angle (the angle between the trajectory of the runaway electron
and the magnetic line of force) of the electrons from the data
through using a simplified test particle model. And in Section
4 the conclusions are drawn from the present study.

2. Passing runaway electron synchrotron radia-
tion images
Synchrotron radiation images of passing runaway elec-

trons have been observed in many tokamaks, such as
EAST,[15] KSTAR,[16–18] C-Mod,[2] and DIII-D.[19–22] The
position and orientation of the infrared camera on EAST are
described in Ref. [9]. The synchrotron radiation images of
passing runaway electrons observed in these devices are gen-
erally consistent with the theoretical prediction of Pankratov
in Ref. [23]. In Ref. [10], simulations were performed based
on the theory of Pankratov, the results of which are in good
agreement with the experiments. The synchrotron radiation
intensity simulations presented in this section are also based
on Ref. [10]. The variations of the radiation intensity at dif-
ferent positions are caused mainly by the variation of magnetic
field and pitch angle. It is assumed that the magnetic field is in-
versely proportional to the major radius R, and the pitch angles

at different values of R are calculated under the assumption of
the conservation of magnetic moment µ = mv2

⊥/2B. As dis-
cussed in Ref. [10], the synchrotron radiation of runaway elec-
tron cannot be observed in some regions. However, the larger
the pitch angle, the larger the observable area is. Most of the
runaway electrons observed in EAST are within r = 35 cm. It
is assumed that the radius re of the runaway electron beam
is 35 cm. When the pitch angle is greater than 0.24 radi-
ans, the synchrotron radiation images can be completely ob-
served by infrared cameras in the EAST. According to the in-
tensity of synchrotron radiation and the pitch angle, the shape
of synchrotron radiation can be classified as three categories.
Since the reduced radial transport happens near the low-order
rational surfaces, the runaway electron beams tend to gather
here to form a ring structure.[17,24] Only in very few discharge
cases, may the runaway electrons be uniform distribution. So,
six types of synchrotron radiation images can be observed by
infrared cameras as shown in Table 1. In Table 1, the uni-
form distribution means that the density distribution of run-
away electrons is uniform in a range of r < 35 cm. The non-
uniform distribution means that there are no runaway electrons
when r < 20, and there are runaway electrons in a range of
20 cm < r <35 cm. In order to make the simulation simple,
the density distribution in the range of 20 cm< r < 35 cm is set
to be uniform. When the intensity of synchrotron radiation is
weak, the synchrotron radiation on the low field side cannot be
observed, so the two types of synchrotron radiations, of which
pitch angle is greater and less than 0.24 rad, are the same. To
simulate this situation, an appropriate value from the simula-
tion in Fig. 1 or Fig. 3 is subtracted, and the value less than
zero is changed into zero. Therefore, the eight pictures in Ta-
ble 1 belong in six different types. In the following, there are
presented the detailed analyses of the six types of synchrotron
radiation images.

Table 1. Six types of synchrotron radiation images.

Uniform

distribution

Non-uniform

distribution

Uniform

distribution

Non-uniform

distribution

Strong

Weak

θp

Intensity

≥ 0.24 radθp 0.24 radθp <

Firstly, the case of strong synchrotron radiation and pitch
angle greater than 0.24 rad is investigated. In this case, the
synchrotron radiation images can be completely observed by
infrared cameras. Generally, the runaway electrons are con-
centrated near a magnetic surface. Based on Pankratov’s the-
ory, two types of runaway electron synchrotron radiation im-
ages can be observed as shown in Fig. 1. Previously, only the
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type in Fig. 1(b) was observed in EAST. An example is shown
in Fig. 2.
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Fig. 1. Results of synchrotron radiation spot shape for runaway electrons
with E = 30 MeV, θp = 0.35 rad, and q = 2, showing that runaway electrons
are concentrated in (a) r in range [20, 35] cm and (b) r in [0, 35] cm.

Fig. 2. Synchrotron radiation image observed in EAST, belonging in type of
Fig. 1(b).
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Fig. 3. Synchrotron images from simulations with E = 30 MeV, θp =
0.18 rad, and q = 2, showing that runaway electrons are concentrated in
(a) r in range [20, 35] cm and (b) r in [0, 35] cm.

The most common synchrotron radiation images ob-
served in EAST indicate that runaway electrons typically have
small pitch angles. When it is the case, the synchrotron radia-
tion cannot be observed in some areas. Figures 3 and 4 show
the simulation results and runaway electron radiation images
observed by infrared camera, respectively. The simulation re-
sults are in good consistence with the shapes of the runaway
electron synchrotron radiation observed by the camera.[2]

It can also happen that the synchrotron radiation on the
low field side is too weak to be observed by the infrared cam-
era as shown in Figs. 5 and 6. In this case, the results are the
same no matter whether the pitch angle is greater than 0.24 rad.

(a) (b)

Fig. 4. Synchrotron radiation images observed in EAST, where types of
panels (a) and (b) correspond to those of panels (a) and (b) in Fig. 3, respec-
tively.
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Fig. 5. Results of synchrotron radiation spot shape for runaway electrons
with E = 30 MeV and q = 2, showing that runaway electrons are concen-
trated in (a) r in range [20, 35] cm and (b) r in [0, 35] cm. Synchrotron
radiation on low field side is too weak to be observed.

In EAST, the synchrotron radiation shapes of Figs. 4(a)
and 6(a) are the two most common types. When the run-
away electron synchrotron radiation just appears or is about
to disappear, since the synchrotron radiation intensity is weak,
most of the synchrotron radiation images belong in the type in
Fig. 6(a). However, when the runaway electron synchrotron
radiation is relatively strong, the type in Fig. 4(a) is the most
common.

Among the above categories of the synchrotron radiation
dominated by passing runaway electrons, the intensity of the
synchrotron radiation decreases gradually from the high-field
side to the low-field side, because the intensity of the magnetic
field and pitch angle decrease gradually from the high-field
side to the low-field side.

(a) (b)

Fig. 6. Synchrotron radiation image observed in EAST, where types of pan-
els (a) and (b) correspond to those of panels (a) and (b) in Fig. 5, respectively.
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3. Trapped runaway electron synchrotron radi-
ation images
In the previous section, the synchrotron radiation from

passing runaway electrons is analyzed. This section focuses
on the first experimental observation of the synchrotron radia-
tion by trapped runaway electrons. In this case, the emission
on the high-field side is weaker, because the deeply trapped
electrons cannot reach the high-field side. The synchrotron ra-
diation, which is dominated by trapped runaway electrons, is
not difficult to be observed. Here we analyze the most obvious
and clearest one in EAST. The trapped runaway electrons are
observed with an infrared camera as shown in Fig. 7. The ob-
served radiation pattern exhibits bright spots located at the tips
of the banana orbits consistent with the synchrotron radiation
images of trapped runaway electrons with initial parameters of
E = 10 MeV and θp = 60◦ in DIII-D in Ref. [11].

Fig. 7. Synchrotron radiation image of trapped runaway electrons observed
by infrared camera at 1.3 s. Synchrotron radiation of trapped runaway elec-
trons forms bright spots marked here by two black circles.
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Fig. 8. Time slice of runaway discharge in EAST shot 80948. Waveforms
are plasma current, loop voltage, line-averaged density, raways (RA) signal
is thick-target bremsstrahlung hard x-rays produced by runaway electrons
hitting the first wall, electron cyclotron emission, synchrotron radiation in-
tensity at pixels A and B, ratio of synchrotron radiation intensity at pixel B
to that at pixel A.

In Fig. 7, the position with the strongest trapped run-
away electron radiation (labeled pixel B) and the position with
the strongest passing runaway radiation (labeled pixel A) are
marked. The ratio of the synchrotron radiation intensity at
pixel B to that at pixel A in shot 80948 is given in Fig. 8.
It can be seen that in the interval of 1.25 s–1.84 s, the inten-
sity at pixel B is stronger than that at pixel A. That is to say,
the synchrotron radiation of the trapped runaway electrons is
dominant during the interval of 1.25 s–1.84 s.

3.1. Energy of runaway electrons

There are several ways to estimate the energy of runaway
electrons.

Here we use two methods. The first method is based on
the energy dependence of the shift, δ , of the drift orbit,[25,26]

which satisfies the relation δ = qγmec/eB. So the energy
of the runaway electron is E = δecB/q.[9] According to the
geometry of Fig. 9, we estimate the average shift at 〈δ 〉 =
5.56 cm. Then, assuming the beam to be located around the
q = 4 rational surface, the mean energy of the runaway elec-
trons can be roughly estimated at 8 MeV at 1.55 s.

δ

γe

Fig. 9. One frame of images obtained by infrared camera at 1.55 s, with δ

denoting distance of runaway electrons drift orbit from magnetic surface.

The second method to estimate the energy is based on the
dynamics of relativistic electrons in a tokamak described with
the test particle equations[27,28]

dq||
dτ

= D− γ(α + γ)
q||
q3 −

(
Fgc +Fgy

q2
⊥

q4

)
γ

4
(

v
c

)3 q||
q
, (2)

dq
dτ

= D
q||
q
− γ2

q2 −
(

Fgc +Fgy
q2
⊥

q4

)
γ

4
(

v
c

)3

, (3)

where q = p/mec and τ = νrt, with νr = nee4lnΛ/4πε2
0 m2

ec3;
D = E||/ER is the normalized electric field, with ER =

(kT e/mec2)ED, where ED = nee2lnΛ/4πε2
0 kT e is the Dre-

icer field; Fgc and Fgy are parameters describing the radia-
tion losses caused by guiding center motion and the electron
gyromotion, respectively, where Fgc = Fgy(mec/eB0R0)

2, and
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Fgy = 2ε0B2
0/3ne lnΛme. From Eqs. (2) and (3), it follows that

q⊥
dq⊥
dτ

=
1
q

[
γ(α + γ)

q2
||

q2 − γ
2− (Fgc +Fgy

q2
⊥

q4 )γ
4(

v
c
)

3
q2
⊥

]
. (4)

In this shot, the electron cyclotron emission (ECE) sig-
nal is always strong in the interval 0.22 s–0.46 s, i.e., between
the two red symbols (∗) in Fig. 8. In this period, the ECE
signals come mainly from fast electrons, which means that
there are adequate fast seed electrons at 0.22 s. The initial
energy of 220 keV is given to the runaway electrons at 0.22 s,
in which the energy in the direction parallel to the magnetic
field is 197 keV and the energy in the direction perpendicular
to the magnetic field is 23 keV. Based on this initial energy, the
energy evolution of runaway electrons can be calculated from
Eqs. (3) and (4). As shown in Fig. 10, the resulting energy of
the runaway electrons is 13.5 MeV at 1.3 s and 14.7 MeV at
1.55 s. In this method. only the influence of the collision on
the lateral velocity component of the runaway electron is taken
into consideration, so the pitch angle of the runaway electron
will be underestimated. Because the synchrotron radiation of
runaway electrons is sensitive to the pitch angle, this method
overestimates the energy of the runaway electrons. According
to the energy calculated by these two methods, we can roughly
estimate the energy of the runaway electrons at about 10 MeV
in the interval from t = 1.3 s to t = 1.55 s.
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Fig. 10. Energy and pitch angle evolution of runaway electrons, calculated
from Eqs. (3) and (4).

3.2. Pitch angle of runaway electron

Based on the energy obtained above, the pitch angle of
the runaway electron can be estimated from the synchrotron
radiation intensity. Figure 11 shows the normalized radiation
intensity at 1.3 s, where the intensity at pixel B is about 0.95
and the intensity at pixel C (blue dot) is about 0.56. There is
no reflection on the wall in the blue ellipse in the figure, and
there is almost no synchrotron radiation of the runaway elec-
trons. Therefore, we take the average of 0.51 in the ellipse
as background thermal radiation. Then the synchrotron radi-
ation intensities of the trapped runaway electrons at pixel B
and pixel C are 0.44 and 0.05, respectively. At the tips of
the banana orbit, the guiding center velocity of the trapped

runaway electrons is much slower than that at other locations,
causing the trapped runaway electrons to turn dense here. It is
roughly assumed that the density of trapped runaway electrons
is inversely proportional to the guiding center velocity. Since
magnetic moment µ = mv2

⊥/2B is constant, the pitch angle at
pixel B and pixel C are related. The synchrotron radiation in-
tensity of runaway electrons can be calculated from Eq. (1).
The energy of trapped runaway electron is 10 MeV, and the
magnetic field at pixel B (R = 1.6 m) and pixel C (R = 1.85 m)
are 2.3 T and 2.0 T respectively. Taking into account the vari-
ation of the density and pitch angle of the runaway electrons,
and the magnetic fields at different positions, when pitch angle
is about 1.47 rad at pixel B, the ratio of the radiation intensity
of pixel B to that of pixel C is consistent with the experimental
value. Therefore, the pitch angle of runaway electrons can be
estimated at 1.47 rad at pixel B, and 1.18 rad at pixel C.

1.0
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Fig. 11. Image of normalized synchrotron radiation intensity at 1.3 s, which
is 0.95 at pixel B.
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range for infrared camera (2.5 µm–5 µm) is marked with green dashed lines.
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According to the previous results, we can obtain the
trapped runaway electron (single-particle) synchrotron radia-
tion spectra at several R positions as shown in Fig. 12. We can
also obtain the trapped runaway electrons synchrotron radia-
tion intensity (in the wavelength range of the infrared camera)
at several R positions as shown in Fig. 13. In this figure, the
radiation intensity is normalized, and the background thermal
radiation is set to be 1. The blue columns are the calculated
results, and the red columns are the measured results. The cal-
culation results denoted by the red and yellow dots (in Fig. 11)
are consistent with the measurement results, so it proves that
the pitch angle of pixel B is 1.47 rad, which is reliable.

3.3. Relative density of trapped runaway electrons

The runaway electron synchrotron radiation is very sen-
sitive to the pitch angle. Although the trapped runaway elec-
tron synchrotron radiation is dominant, the relative number of
trapped runaway electrons may not be large. Here is a rough
calculation of the relative number of trapped runaway elec-
trons at 1.3 s.
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Fig. 13. Intensities of trapped runaway electrons synchrotron radiation in
wavelength range of 2.5 µm–5 µm at several R positions.

After deducting the background radiation intensity at
1.3 s, the radiation intensity of pixel B is 2.1 times that of
pixel A. Here we analyze the runaway electron at 1.3 s. It is
assumed that the pitch angle of the passing runaway electron
is roughly 0.15 rad.[9] According to the conservation of mag-
netic moment and the relationship between magnetic field B
and R. We can calculate that the pitch angle of passing run-
away electrons at pixel A is about 0.17 rad and at pixel B is
about 0.16 rad.

Assuming that the energy of passing runaway electrons
is the same as that of trapped runaway electrons, specifically,
they are both 10 MeV. The single-particle synchrotron radi-
ation spectra of trapped and passing runaway electrons are
shown in Fig. 14. In the band that the camera can observe, the
radiation intensity of the trapped runaway electrons is much
greater than that of the passing runaway electrons. In order to
satisfy that the radiation intensity at pixel B is 2.1 times the

radiation intensity at pixel A in the 2.5 µm–5 µm band, the
passing runaway electron density at pixel A needs to be 14608
times the density of the trapped runaway electrons at pixel B.
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Fig. 14. Single-particle synchrotron radiation spectra of trapped and passing
runaway electrons, where infrared range for infrared camera (2.5 µm–5 µm)
is marked with green dashed lines.

The synchrotron radiation damping of passing runaway
electrons is weaker and they can be well accelerated by the
electric field. So the energy of the passing runaway electrons
is usually higher than that of trapped runaway electrons. Here
it is assumed that the energy of the passing runaway electrons
is 15 MeV, then the density of passing runaway electrons is
128 times the density of trapped runaway electrons. Assuming
that the trapped runaway electron energy can reach 20 MeV,
then the density of passing runaway electrons is 21 times the
density of trapped runaway electrons. No matter which one
of the previous assumptions is adopted, the density of trapped
runaway electrons is much smaller than that of passing run-
away electrons. The runaway electron synchrotron radiation
is very sensitive to the pitch angle. Although the energy and
density of trapped runaway electrons are low, it can dominate
synchrotron radiation.

4. Summary
In this paper, the infrared synchrotron radiation of run-

away electrons in EAST is analyzed in detail. The most com-
mon is the synchrotron radiation pattern dominated by pass-
ing runaway electrons. However, sometimes, synchrotron ra-
diation dominated by trapped runaway electrons can also be
observed. This is the first time that the synchrotron radiation
from trapped electrons has dominated that from passing elec-
trons and is identifiable in an image.

According to the intensity of synchrotron radiation and
the pitch angle of passing runaway electrons, the shape of syn-
chrotron radiation can be divided into three categories. The
larger the pitch angle, the larger the observable area is. When
the pitch angle is greater than a certain value and the syn-
chrotron radiation is sufficiently strong, the synchrotron radi-
ation images can be completely observed by the infrared cam-
era in EAST. The synchrotron radiation images dominated by
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passing particles all have one thing in common: the radiation
intensity gradually decreases from the high- to the low-field
side. Hence, when the runaway electron synchrotron radiation
is weak, the emission on the low-field side is almost unde-
tectable, only the emission on the high field can be observed.

In EAST, the trapped runaway electrons can dominate the
radiation synchrotron. In this case, the radiation intensity does
not decrease from the high- to the low-field side. Since the
deeply trapped runaway electrons cannot reach the high-field
side, the radiation on the high-field side is weak. In addition,
the trapped runaway electrons cannot be continuously acceler-
ated by the electric field and the synchrotron radiation damp-
ing of trapped runaway electrons is stronger. Therefore, the
energy of trapped runaway electrons is low, and it cannot reach
tens of MeV like the passing runaway electrons. In shot 80948,
the energy of trapped runaway electrons is only about 10 MeV
with a pitch angle about 1.18 rad (67◦) at R = 1.85 m.

In the theoretical and experimental studies of runaway
electrons, it is generally believed that the runaway electrons
have a small pitch angle, close to zero when the electric field
is high.[2,10,28,29] In this experiment, the synchrotron radiation
images of the trapped runaway electrons are observed during
the current ramp-up phase under a high electric field. The
trapped runaway electron images show that in this case there
is a small number of runaway electrons whose pitch angle is
large enough to be trapped. Runaway electron synchrotron
radiation is very sensitive to the pitch angle. Although the
proportion of trapped runaway electrons is low, it can domi-
nate the synchrotron radiation. The theoretical research does
not ascertain the emergence of trapped runaway electrons very
clearly, but from the current experimental phenomena, the
pitch angle scattering due to high-Z impurities and knock-on
collision should contribute a lot to the trapped runaway elec-
trons.
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