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Synchrotron radiation spectra and synchrotron radiation spot shape of
runaway electrons in Experimental Advanced Superconducting Tokamak
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A detailed analysis of the spectra of synchrotron radiation emitted by runaway electrons, and an
analysis of synchrotron radiation spot shapes are presented for EAST runaway cases. Conditions
required for the asymptotic expressions of synchrotron radiation spectra to be valid are studied for
these EAST parameters. We provide the correct synchrotron radiation spectra in typical EAST
discharges, and we show results of calculations of the shape of the synchrotron radiation spots
emitted by runaway electrons. These shapes are detected by a visible light camera in EAST. Safety
factor ¢(r), the horizontal displacement of electron drift surfaces with respect to the magnetic
surfaces J,, pitch angle 0, and the position of the camera were taken into account. Our results
indicate that the 0, and ¢ profiles can significantly affect the synchrotron radiation spot shape; it is
simpler to record all synchrotron radiation if the camera is placed far from the plasma. An
asymmetrical synchrotron radiation spot shape can be deduced when the effect of the drift orbit
shift is taken into account. Our results can explain the asymmetrical ring-like synchrotron radiation
spot shape from runaway electron beams in EAST experiments. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4881469]

I. INTRODUCTION

Runaway electrons can be a serious threat to the safe
operation of tokamaks.' In particular, the energy of run-
away electrons can reach as high as tens of MeV,>™ and
even up to a maximum energy of 100 MeV in a tokamak like
ITER.*® To study the dynamics of those high-energy run-
away electrons in experiments, it is critically important to
diagnose the electron parameters effectively and correctly.

Monitoring of runaway electrons is typically done by
measuring the thick-target bremsstrahlung emission or pho-
toneutrons resulting by runaway electrons when they are lost
and then impact the limiter or vessel structures. These data,
however, can not provide information about the runaway
electrons directly and are not suitable to detect high-energy
runaway electron that are confined in the core of the plasma.
In the case of large devices, it is much more difficult to
obtain useful information from these methods, considering
the high gamma and neutron background and shielding
conditions.

Detection of the synchrotron radiation emitted by run-
away electrons has been claimed as a way to diagnose high-
energy runaway electrons directly in the core of the
plasma.>**'? The energy of runaway electrons can be
deduced from their synchrotron radiation spectra, and infor-
mation about the number of runaway electrons can be
obtained from the synchrotron radiation intensity, which, in
principle, can provide the runaway current. Moreover, the
beam radius and pitch angle of the runaway electrons can be
obtained from the shape of the synchrotron radiation spot of
the electrons. Therefore, an understanding of the features of
synchrotron radiation spectra and spot of runaway electrons
affords a powerful tool to study runaway electrons in
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tokamaks. In experiments, detections of synchrotron radia-
tion emitted by runaway electrons has been made by many
devices, >3-4

Recently, an investigation of asymmetrical ring-like run-
away electron beams with energy above 30 MeV in EAST
has been reported.'” Similar observations have also been
made in DIII-D recently.’ In this paper, we carry out detailed
analysis of the spectra of synchrotron radiation emitted by
runaway electrons, and analyze the synchrotron radiation
spot shapes for those EAST experiments. In Sec. II, we pres-
ent the analysis of the synchrotron radiation spectra. In Sec.
III, we discuss the analysis of the synchrotron radiation spot
shape of runaway electrons in EAST. Our conclusions are
summarized in Sec. IV.

Il. SYNCHROTRON RADIATION SPECTRA

A. Asymptotic expressions of synchrotron radiation
spectra

The motion of electrons in a tokamak plasma is a super-
position of their guiding center motion that follows the helic-
ity of the magnetic field lines, the cyclotron gyration motion
around the guiding center with a frequency w. = eBg/m.y,
and the vertical centrifugal drift motion with velocity

1
oo = (4302 ) ouko) = (wRe) (D

due to curvature and gradient magnetic field drifts, in which
y is the relativistic factor. In tokamaks, the radiation of many
runaway electrons is observed in the detector simultane-
ously. In this case, it is possible to introduce an averaged
spectral density of the emitted power'®

© 2014 AIP Publishing LLC
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where the integration path is taken along the line of steepest
descent from a saddle point, R is the major radius of magnetic
surface, I is the modified Bessel function, a = &n/(1 + n?), &
= 4nRo /323 /1 +n2, n = v, [vg = eBoRo0,/m.cy, with
0, ~ tan(0,) = vy /v (0, < 1),and 0, is the pitch angle.

The integrands in Eq. (2) are highly oscillatory and the
calculation of synchrotron spectra can become computation-
ally intensive.'? The asymptotic approximation of Eq. (2)
can simplify the spectra analysis. Equation (2) can be easily
integrated by the saddle point method, when
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Two limit cases are possible.'”
In the first case, the saddle point is yo = (1,0), when
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The asymptotic expression of Eq. (2) will be
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Expression (5) has a maximum at A=4,, with
Jm & 87Ry/159°\/1 + #2. Then, ¢é=2.5(A,/A) can be
obtained. The asymptotic expression can only describe cor-
rectly the features of the spectrum in the range A < /,,, where
£ > 1. Considering the limit from Egs. (3) and (4), the value
of 2.5/n(1+#*) must be small, which implies that
2.5/n(1 + n*) < 1. Therefore, the following extra condition:

(6)

(&)

n>2 or n<kO0.5

must be also fulfilled to use Eq. (5) (P.). For EAST
(Rp=1.86m and By =2T), the parameter # may be written as

n=1.116 x 10°0,/E, (7
in which E is expressed in MeV.
In the second case, the saddle point is
yo = (v/1+n*/(1+n),0), when
3 n 3 4nRon
ay’ = 1+7%/(1+ =———>1. ()
y 1+112(\/ n*/(1+n)) (4 )

The asymptotic expression of Eq. (2) becomes

L Ve (Ltn) ( 4nRy

Pap(4) =~ - N
2(%) 8meo’Ry /1 P 3ﬂ~v3(1+n)> ®
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For expression (9), A, ~ 2nRy/3y*(1+n). Then, ay’ =
20n/(1+0)*)(An/2) and & =2[(1+n)/\/T+1?|(2n/2).
When 1 ~ (1 —2), Eq. (9) must be used instead of Eq. (5).
The asymptotic expression correctly describes the features of
the spectrum in the range A < A,, where ay® > 1. In this
case, inequality ¢ > 1 holds automatically.

A comparison of the synchrotron radiation spectra of
runaway electrons Py,;(/) calculated numerically from Eq.
(2) with asymptotic expressions P, (Eq. (5)) and P,y (Eq.
(9)) was presented in Ref. 16.

B. Bounds on the wavelength

Equations (3), (4), and (6) should be fulfilled to use Eq.
(5) (Pus1), and Egs. (3) and (8) should be fulfilled to use Eq.
(9) (P,s)."%1® Therefore, we first deduce the validity condi-
tions of P and P, for EAST parameters.

Figure 1 (as in Ref. 12) shows the conditions required to
ensure the validity of P, and P, respectively, in typical
EAST conditions, with Ry = 1.86m and By =2 T. For the sit-
uation of P, shown in Figures 1(a) and 1(c), the wavelength
range of application should be jpyer=/A < Aypper, in which
Jiower is marked by a blue line and /. is marked by a
black line. For the situation of P,y shown in Figures 1(b)
and 1(d), the wavelength range of application should be
/. < Aupper- The wavelength ranges that the infrared and visi-
ble light cameras can detect in EAST are also marked with
dashed lines; red dashed lines correspond to the infrared
camera ((3-8) um) and green dashed lines correspond to the
visible light camera ((0.38-0.75) pum).

In Figures 1(a) and 1(b), the validity conditions of P,
and P, for a runaway energy £ =40MeV and pitch angles
ranging from 0, = 0-0.2 are shown. In Figures 1(c) and 1(d),
the data for a pitch angle of 0,=0.1 and a runaway energy
of E=20-50MeV are shown. These data indicate that the
asymptotic expression P, is not valid when the visible light
camera is used in EAST. P,, should be used when
0, < 0.15.

As for infrared camera, it seems that we can use P
when 0, < 0.1. However, for P, the validity condition is
uncertain when we use the inequality A < Aypper. In this
case, it is necessary to consider Egs. (6) and (7) as the sup-
plementary restraints. For P, from Egs. (6) and (7), the

following inequalities (validity conditions) may be
obtained:
0, <002 or 0,>0.1 (Fig.la,E=40MeV), (10)

E>200MeV or E < 50MeV (Fig.lc,0, =0.1).

(11)

For example, for runaway parameters £ =30MeV, 0,=0.1,
and 4 =15 um one can obtain values of # = 3.7 and £ ~ 1.9;
these values are outside of valid conditions. Therefore, it is
not valid to use P, in typical EAST conditions.
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Bound on the Wavelength for Pas2

E=40MeV

FIG. 1. Condition required for the va-
lidity of P, and P, respectively, in
EAST with Ry=1.86m and By =2T.
The case of P, is shown in panels (a)

0.15 0.2

and (c) in which the wavelength range
of application should be
Atower =4 <& Jypper- The case of Py, is
shown in panels (b) and (d) in which
the wavelength range of application
should be 4 < Zpper- The wavelength

ranges that can be detected by infrared
and visible light cameras in EAST are
also marked with dashed lines. A fixed
energy, E=40MeV, was used in (a)
and (b), and a fixed pitch angle,
0,=0.1 was used in (c) and (d).
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Although the validity condition is sensitive to the wave-
length, P, can be used for a wide range of plasma parame-
ters in EAST when the visible light camera is used. The
usability of P,y is not sensitive to wavelength, which is a
beneficial attribute when a camera with a wide wavelength
range is used to detect the synchrotron radiation spectra.

C. Synchrotron radiation spectra in EAST

In Ref. 15, the experimental investigation of asymmetrical
ring-like runaway electron beams in EAST has been reported.
The asymptotic expression P, was used to calculate the syn-
chrotron radiation spectra during this experiment. In the present
paper, we re-calculate the spectra based on P, which is more
suitable than P, for EAST. The results are shown in Figure 2.
The wavelength range of the visible light camera ((0.38-0.75)
um) is in the range A < A,,, which ensures that the asymptotic
expression P, represents the spectra correctly.

In Ref. 15, in which calculations were based on P, it
has claimed that “in order for synchrotron radiation to emit in
the visible light range, the runaway electrons must attain an
energy of at least 40 MeV when their pitch angles are small
(0,=0.05). However, this study found that for runaway elec-
trons with large pitch angles (0,=0.15), 30MeV is a

30

35 40
Energy(MeV)

(d)

45 50

sufficient energy.” Using the result in Figure 2, in which the
calculations were based on P, still for runaway electrons
with large pitch angles (0,=0.15), 30MeV will be enough

-6

o X 10 ‘ — T
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FIG. 2. Synchrotron radiation spectra in EAST with Ry=1.86m, By=2T
for expected values of E and 0, The wavelength range for the visible light
camera ((0.38-0.75) um) is marked with green dashed lines.
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energy to emit synchrotron radiation in the visible range.
However, for electrons with 0,=0.05 and E=40MeV, it
seems that only a tiny part of the synchrotron radiation falls
into the visible range. For electrons with 0,=0.05,
E=50MeV, large part of the synchrotron radiation falls into
the visible range. Therefore, it is more accurate to state that
“To emit synchrotron radiation in the range of visible wave-
lengths in EAST, runaway electrons must attain an energy
greater than 50 MeV when their pitch angles are small
(0,=0.05).” It must be noted this re-calculated result does not
affect conclusions of the investigation about asymmetrical
ring-like runaway electron beams in Ref. 15.

lll. SYNCHROTRON RADIATION SPOT SHAPE

The analysis of the shape of the synchrotron radiation
spot in the tokamak is another important part of the spectrum
analysis, which can provided detailed information about the
pitch angle of the runaway electron, the shape of the run-
away beam, etc.”'* We have written a code to calculate the
shape of the synchrotron radiation spot emitted by runaway
electrons in a toroidal geometry detected by a visible light
camera in EAST, in which the safety factor ¢(r), the horizon-
tal displacement of the electron drift surfaces with respect to
the corresponding magnetic surfaces, the pitch angle 0, and
the position of the camera were all taken into account.

A. Analytical expressions

The analytical treatment of the calculation of the syn-
chrotron radiation spot shape from runaway electrons has
been carried out in Ref. 9. The coordinates we used in the
calculation are shown in Figure 3, in which several magnetic
surfaces (marked in red) and a drift orbit surface of runaway
electrons (marked in blue) are shown. The transverse cross

A

€r

e
& €o )
r r
e
o® 9 > Y
om y 0dr
R ST
m

R i Se

FIG. 3. System of coordinates used in the calculations. Magnetic surfaces
are marked in red and the drift orbit surface of the runaway electrons is
marked in blue. The direction of the poloidal magnetic field is shown and
the component of the toroidal magnetic field is negative, with By = —Be,,.
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sections of the magnetic surfaces are assumed to be nearly
circular, and the displacements of the magnetic surfaces rela-
tive to each other are neglected. In this case the major radius
of the magnetic surfaces Ry will have the form Ry — R,,. 0
and ¢ are the poloidal and toroidal angles, respectively. In
Figure 3, r and r, represent the radius of the magnetic surface
and the radius of the drift orbit surface, respectively, and o,
represents orbit shift between magnetic and drift surfaces

r=1/r? — 6sin® 0 — d,cos 0. (12)

The value 0, is given by J, = gymc/eBo."”'* Runaway
electrons in different magnetic surfaces with different ¢(r)
values will have different orbit shifts.

The position of the visible light camera in EAST in
Cartesian coordinates has the form

ng[ - Dex + Ydetey + Zdeteza (13)

where D=148cm, Y,,=185cm, and Z,,=0, which is
close to the plasma and viewing tangentially into the plasma
from the equatorial plane. In EAST case, the magnetic field
is directed toward the detector. Schematic of the relative
positions of the beam of runaway electrons and the camera is
shown in Figure 4.

The synchrotron radiation emitted along the runaway
electron velocity vector falls into the camera when the fol-
lowing conditions are satisfied:”

. rsin@  vicos(0 —a)  Ygu — R, + rcos0
sinA ~ — |
(](V)Rm UH D

(14)
Zger — r5in 0 = reos0  vysin(f — o) n Var + Uy
CI(I‘)Rm UH U”
X [D + (R, — rcos 0)sin A], (15)

in which |A| < 1 is the range of toroidal angles over which
the synchrotron radiation can be recorded by the camera
(p =n/2+ A). Then, [D+ (R, — rcos0)sinA] represents
the distance from the camera to the plane that the runaway
electrons cross, which is perpendicular to the x-axis. The ve-
locity v, is determined by the vertical magnetic field By. o is
the cyclotron gyration phase with & ~ —a,.

R det

FIG. 4. Schematic of the relative positions of runaway electrons beam and
the camera in the plane z=0. R;, and R,,, are the inner and outer major ra-
dius of the beam. The cross sections (through this plane) of the cones of
radiation emitted by runaway electrons are represented schematically, with
vertex angle 20,,.
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FIG. 5. Results of synchrotron radiation spot shape for runaway electrons with energy E =30MeV, r € [0, 30] cm, and g = 2. Electron orbits without consider-
ing orbit shift is shown in panel (a) in red, the resulting synchrotron radiation spot for three pitch angles are shown in panel (b)—(d) in black. Electron orbits
considering orbit shift (J, ~ 10cm) is shown in panel (e) in red, the resulting synchrotron radiation spot for three pitch angles are shown in panel (f)—(h) in

black.

B. Calculation considering drift orbit shift

At first, we consider the model that is closed to the ex-
perimental situation in EAST and compare the calculation
results with and without considering the large drift orbit shift
of high energy runaway electrons. The results are shown in
Figure 5. Figure 5(a) shows the electron orbits without con-
sidering orbit shift with » =r, € [0,30]cm, and Figures
5(b)-5(d) show the calculated synchrotron radiation spot for
different pitch angles without considering orbit shift. Figure
5(e) shows the electron orbits considering orbit shift with
r € [0,30] cm and 0, is determined by J, = gym,c/eBy, and
Figures 5(f)-5(h) highlight the calculated synchrotron radia-
tion spot for different pitch angles considering orbit shift.

The synchrotron spot shows an inclination with respect
to the equator, which is related to the g profile of the plasma
and will be discussed below. In the model calculations, the ¢
value was taken to be ¢ =2, i.e., not changing with respect
to the plasma radius.

Based on the results that did not consider orbit shift, the
shape of the synchrotron radiation spot is strongly dependent
on the pitch angle 0, of the runaway electrons. When 0, is
small, as in Figure 5(b), only the synchrotron radiation from a
small fraction of runaway electrons beam can be recorded by
the camera, which results in a narrow pattern. This finding is a

consequence of the fact that the synchrotron radiation is emit-
ted in a narrow cone with an aperture of about 1/y in the
direction parallel to its velocity vector due to relativistic
effects.'” The aperture of the cone will be about (20, + 1/7 ~
20,) with respect to the direction of the guiding center motion,
which should be the direction of the magnetic field. The verti-
cal height of the synchrotron radiation spot with respect to the
inclination of the spot will increase if the pitch angle 0,
increases, as can be seen in Figure 5(c). Finally, to record all
of the synchrotron radiation from a runaway electron beam, a
larger value of 0, is needed, which can be seen in Figure 5(d).

For the situation when orbit shift is taken into account
and the upper edge of the runaway beam can be recorded in
the camera in typical EAST experiments, the following con-
dition must be satisfied:’

Hp > T'beam + Obeam — TheamA0 7 (16)
Do qRo
where
Dtap ~D — (RO + 5heam)
o |Ro+ Ovean — Yaer — IveamAO  Ivean (17

D qRQ ’
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in which A0 represents the range of poloidal angle in the vi-
cinity of upper edge of the runaway beam (0 = 0,per + A0),
where tan0,pper = —7beam/Opeam- In the EAST experimental
situation, these equations yield 0,=0.20 if |AO| ~ 0.1, with
Opeam = 0. = 10cm, which can be confirmed approximately
in Figure 5(h). The larger the value of D, the smaller 0, value
that is required. Therefore, it will be easier to record all of
the synchrotron radiation if the camera is placed far from the
plasma.

C. Effect of the g profile on synchrotron spot shape

We have discussed that the radiation spot shows an in-
clination with respect to the equator, particularly when 0, is
very small, which is related to the g profile of the plasma.
We can understand from Eq. (15) that when 0, is very small,
which gives —rsin0 = Drcos 0/q(r)R,. Then, one cans
obtain’

tan(ﬁin(f) = —tan 0 ~

, 18
q(r)Rm (%)

in which f;,. represents the angle in the poloidal plane
between the equator and a line in the direction of the inclina-
tion, as shown in Figure 6(e).

To analyze the effect of the ¢ profile on the synchrotron
radiation spot shape, we show the results of synchrotron
spots assuming several different g profiles in Figure 6. If the
value of ¢ does not depend on plasma radius, as in Figures
6(a) and 6(b), the angle f3;,. is independent of the plasma ra-
dius. A larger ¢ value corresponds to a smaller f;,. value,

5 5
4 4
3 3
o (on
2 2
1 1
0 0
0 10 20 30 40 0 10 20 30 40
r(cm) r(cm)
(a) (b)
150 , 150 :
100 100 1
50| 50F 1
E oF E o M I E
N N
-50 [ -50fF ]
-100 |- -100F :
-150 L -150 '
100 200 300 100 200 300

R(cm)

(e)

R(cm)

(f)
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which can also be deduced from Eq. (18). For the g profiles
in Figures 6(c) and 6(d), we obtain curving synchrotron spot
shapes because f;,. changes with respect to the plasma ra-
dius in these cases.

It can be seen, the ¢ profile can affect the synchrotron
radiation spot shape of the runaway electrons. It must be
stressed that this case is applicable when all runaway elec-
trons have identical energies and pitch angles. In a more real-
istic case, the energies and pitch angles of runaway electrons
are not identical and instead tend to be characterized by dis-
tributions. In this case, more complicated analysis is needed.

D. Effect of orbit shift on synchrotron spot shape

The effect of drift orbit shift on synchrotron spot shape
can be seen clearly in the case of a hollow ring-like runaway
electron beam. This case assumes that the radius of the drift
orbit is almost constant as the runaway electron energy and
orbit shift increase.”’>?* Note, a hollow synchrotron spot
does necessarily mean a hollow runaway electron beam
cross-section (see Egs. (14) and (15)), see also Ref. 14. But a
hollow runaway electron beam cross-section does not neces-
sarily mean an apparently hollow synchrotron spot.

An example is shown in Figure 7, in which we consider
a runaway electron beam with an energy E=30MeV,
0,=0.12, and r € [15,30] cm. Here, ¢ profile used is shown
in Figure 6(d). In the case that drift orbit shift is not taken
into account (as shown in Figure 7(b)), we obtain a symmet-
rical hollow ring-like synchrotron spot shape. The radius of
the synchrotron spot is determined by the size of the runaway
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FIG. 6. Results of synchrotron radiation spot shape assuming different ¢ profiles. Drift orbit shift is taken into account, with an energy £ =30MeV and pitch

angle 0, = 0.02 for all cases.
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electron beam; the vertical height of the synchrotron spot
with respect to inclination is determined by the value of 0,,.
However, in the case that drift orbit shift is taken into
account (as shown in Figure 7(d)), asymmetrical hollow
ring-like synchrotron spot shape is obtained in which the
synchrotron radiation of runaway electrons in the lower low
field side can not be recorded by the camera. This inability
to record is related to the size of the electron beam and the
value of the orbit shift. When we consider a large orbit shift
of runaway electrons, the radius of their drift orbit surface r,
will be different from the radius of the magnetic surface r
(see Eq. (12)). For runaway electrons in the same drift orbit
surface, electrons in the lower low field side will be located
on a magnetic surface with a larger radius than electrons in
the upper high field side. For example, for electrons with
r,=25cm and J,=9cm, one obtains r ~ 17.8 cm for elec-
trons with 0 ==n/4 and r~30.5cm for electrons with
0 = 5m/4. For certain values of D and 0,, the detectability
limit of the synchrotron radiation is determined by r and 0,
not 7, (see Egs. (14) and (15)). The synchrotron radiation in
the lower low field side can not be detected when the orbit
shift of runaway electrons are large enough. This is why we
recover an asymmetrical synchrotron spot when drift orbit
shift is taken into account.

150 ! 150 !
100} - 100} - .
50F |- . 50 .
N N
-50} . -50} .
-100} - -100} - .
-150 . -150 .
100 200 300 100 200 300
R(cm) R(cm)
(a) (b)
150 ! 150 !
100} - 100} - .
50} . 50F .
£ of 1 Eof -
N N
-50} . -50} .
-100} - -100} - .
-150 i -150 i
100 200 300 100 200 300
R(cm) R(cm)
(c) (d)

FIG. 7. Results of synchrotron spot shape for runaway electrons with energy
E=30MeV, 0, = 0.12,and r € [15,30] cm. Electron orbits without consid-
ering orbit shift is shown in panel (a) in red, the resulting synchrotron spot is
shown in panel (b) in black. Electron orbits considering orbit shift is shown
in panel (c) in red, the resulting synchrotron spot is shown in panel (d) in
black.
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E. Asymmetrical synchrotron spot in EAST
experiments

In the EAST experiments, asymmetrical ring-like syn-
chrotron radiation spots from the runaway electron beams
have been observed with the visible light camera.'> A run-
away discharge is shown in Figure 8. The discharge was an
ohmic discharge and was performed in the limiter configura-
tion. Runaway electrons were created during the start-up
phase of the discharge by the ohmic coil, which strongly
affected the electron cyclotron emission (ECE) signals, and
were maintained for the whole duration of the discharge. The
bulk electron temperature is obtained from a soft x-ray pulse
height analysis (PHA) system. At the plasma center, it is
only about 7, ~ 0.55keV during the plasma current flat-top
phase. The inductive electric field is  about
E| =V,/2nRy ~ 0.1 V/m, and effective charge number of
ions is about Z, ~ 3. In this case, considering the effect of
acceleration by electric field, the collisions with plasma par-
ticles and the synchrotron radiation losses, runaway electrons
can be accelerated up to 40 MeV in the flat-top phase of dis-
charge. High energy runaway electrons in plasma can carry
considerable current. It will affect the g profile of plasma.
However, we can not obtain this ¢ profile or current profile
accurately in experiments in EAST. In this case ¢ profile that
shown in Figure 6(d) will be used in the following calcula-
tions as an assumption.

One frame of the images from the visible light camera
(at 3.81s) is shown in Figure 9(a). The intensity of the syn-
chrotron radiation in lower low field side is barely visible.
The runaway beam is located around the ¢ =2 rational sur-
face. An average orbit shift of about (J,) ~ 8.6cm can be
deduced based on the geometry of the frame. Therefore,
based on relation 0, = gym.c/eBy, the energy of these run-
away electrons can be deduced to be roughly 26 MeV. In this
energy range, the pitch angle of those runaway electrons

0 05 1 15 2 25 3 35 4 45 5 55
Time (s)

FIG. 8. Time slice of a runaway discharge in the EAST tokamak. The wave-
forms are plasma current, line-averaged density, loop voltage, ECE, and
electron temperature at the plasma centre obtained from the soft x-ray PHA
system.
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FIG. 9. Asymmetrical ring-like synchrotron radiation spot from the runaway
electron beam in EAST. (a) One frame of the images from the visible light
camera at 3.81 s. (b) Calculated synchrotron radiation spot shape considering
the orbit shift, for electrons with energy E =26 MeV, pitch angle 0, =0.16,
and r € [20,35] cm.(c) Calculation with energy E=26MeV, pitch angle
0,=0.18, and r € [20,35]cm.(d) Calculation with energy E=30MeV,
pitch angle 0,=0.16, and r € [20,35] cm.

must be large enough so that we observe synchrotron radia-
tion at visible wavelengths.

In Figure 9(b), we show the results of the synchrotron
radiation spot shape considering the orbit shift for runaway
electrons with energy E =26 MeV, r € |20, 35] cm, and pitch
angle 0,=0.16. As can be seen in Figure 9(b), asymmetrical
synchrotron spot is deduced due to the effect of orbit shift.
The result of the calculations and the experimental results
agree approximately with each other. However, considering
the synchrotron radiation spectra in this case (as shown in
Figure 10), the synchrotron radiation is barely visible for
runaway electrons with £ =26 MeV and 0, =0.16.

Calculations for runaway electrons with energy
E=26MeV and pitch angle ,=0.18 are shown in Figure
9(c). Likewise, calculations for runaway electrons with energy
E=30MeV and pitch angle 0,=0.16 are given in Figure
9(d). We see that the shape of the synchrotron radiation spot
is much more sensitive to the pitch angle than the energy of
the runaway electrons. Case in Figure 9(d), £E=30MeV and
0, =0.16, can meet the requirement of both the synchrotron
radiation spectra and synchrotron radiation spot shape.

Another frame of the images from the visible light cam-
era (at 1.935s) is shown in Figure 11(a). Average value of ¢
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FIG. 10. Synchrotron radiation spectra for four expected values of E and 0,,.
The wavelength range for the visible light camera ((0.38-0.75) um) is
marked with green dashed lines.

(with (g) = 1.2), where this very narrow ring-like runaway
beam located, was used in the calculation. The calculation
results are presented in Figure 11(b). It indicates runaway
electrons with energy E=30MeV, pitch angle 0,=0.16,
and r € [22,30]cm can answer for the synchrotron spot
shown in Figure 11(a).

The calculated synchrotron radiation spectra and spot
shape supplement each other. Both the beam radius and the
pitch angle of the runaway electrons can be obtained from
the calculated synchrotron radiation spot shape. Then, the
energy of the runaway electrons can be deduced by using the
calculated synchrotron spectra in combination. However,
there are still some differences in the detailed spot shape and
inclination between the experimental image and the calcu-
lated results. It might be because we have used mono-
energetic runaway electrons with the same pitch angles in
the calculations. Distributions of those parameters in experi-
ments will be more complicated than what we have used.

-150 1 -150 1
200 300 100 200 300

R(cm) R(cm)
(a) (b)

FIG. 11. Asymmetrical ring-like synchrotron radiation spot from the run-
away electron beam in EAST. (a) One frame of the images from the visible
light camera at 1.93s. (b) Calculated synchrotron radiation spot shape con-
sidering the orbit shift, for electrons with energy E =30MeV, pitch angle
0,=0.16, and r € [22,30] cm.
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Theoretical results have indicated recently that the diffu-
sion coefficient for runaway electron near the rational drift sur-
face due to magnetic perturbations can be very low. It can
expect this effect may lead to the formation of the nested beams
of runaway electrons.” It can be one possibility to explain the
formation of ring-like runaway beam in EAST experiments.
Further research is needed to understand this phenomenon.

IV. CONCLUSIONS

We have presented a detailed analysis of the spectra of
synchrotron radiation emitted by runaway electrons, and an
analysis of synchrotron radiation spot shape in EAST.

To analyze the synchrotron radiation spectra correctly for
the interpretation of the EAST experiments, bounds on the
wavelength for asymptotic expressions P, and P, have
been considered. The conditions that are required to ensure
validity of those asymptotic expressions for the EAST experi-
ments have been found. The correct synchrotron radiation
spectra for typical EAST runaway parameters are presented.

We developed a code to calculate the shape of the syn-
chrotron radiation spot emitted by runaway electrons in a toroi-
dal geometry that was detected by the visible light camera in
EAST. The safety factor g(r), the horizontal displacement of
electron drift surfaces with respect to magnetic surfaces J,, the
pitch angle 0, and the position of the camera were taken into
account. The results indicate that, synchrotron radiation spots
show an inclination with respect to the equator, which is related
to the ¢ profile of the plasma, and the vertical height of the syn-
chrotron radiation spot with respect to the inclination of the
spot determined by 0,. It is easier to record all of the synchro-
tron radiation if the camera is placed far from the plasma.

The influence of large drift orbit shift of high energy
runaways on the camera record possibility is the main reason
why an asymmetrical synchrotron radiation spot can be
observed in tokamak experiments. Calculations of synchro-
tron radiation spot shape from runaway electrons agree
approximately with EAST experimental results when asym-
metrical ring-like synchrotron radiation spots ware observed
with the visible light camera.
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