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The energy of disruption generated runaway electrons can reach as high as tens of megaelectronvolt and they can cause a serious
damage of plasma-facing-component surfaces in large tokamaks like International Thermonuclear Experimental Reactor (ITER). The 
synchrotron radiation diagnostic allows a direct observation of such runaway electrons and an analysis of their parameters and 
promotes the safety operation of present day large tokamaks and future ITER. Only this diagnostic will be applied in ITER. In the
paper detail analysis of the synchrotron radiation spectra of runaway electrons for the recent Experimental Advanced 
Superconducting Tokamak (EAST, Institute of Plasma Physics of Chinese Academy of Sciences) experiment parameters has been 
presented. The calculations are carried out on the base of precise expression for synchrotron radiation spectral density. They make
more precise spectra analysis of the previous paper by Zhou R.J., Pankratov I.M., Hu L.Q., et al. (Physics of Plasmas, 2014, Vol. 21, 
No. 6, 063302). Obtained results are important for correct interpretation of runaway EAST experiments and runaway experiments in
other tokamaks. 
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Runaway electrons can be a potential threat to the safe operation of large tokamaks, especially ITER. The strong 
electric fields induced during the tokamak disruption can generate a lot of runaways. The energy of these electrons can 
reach as high as tens of MeV and they can cause a serious damage of plasma-facing-component (PFC) surfaces in large 
tokamaks like ITER [1]. Therefore an effective monitoring of the runaway electrons is an important task. 

The synchrotron radiation is a powerful tool for direct observation and investigation of runaway electrons in large 
tokamaks [2]. For the first time, this diagnostic was used in the TEXTOR tokamak [3]. The established methods of 
runaway electron monitoring (HXR, photoneutron emission) will be difficult to apply in large machines like ITER 
because of the high gamma and neutron background and the very thick wall (vessel shielding). Only the diagnostic 
based on the runaway electron synchrotron radiation measurements will be possible in ITER [4]. The theoretical bases 
of the analysis of synchrotron radiation spectra of runaway electrons in the curved magnetic field with the finite value 
of the transverse velocity were considered in [5].  

The experiments on investigations of runaway electrons are carrying out in JET (Joint European Torus), JT-60U 
(Japan), DIII-D (USA), Tore Supra (France), KSTAR (Republic of Korea), etc. (see for example [6-9]). Recently the 
investigation of runaway electron generation was started in the EAST tokamak (China) [10-11] and the synchrotron 
radiation diagnostic detecting the runaway electrons is used there. The aim of these experiments is to find tokamak 
operation scenarios that will reduce runaway current as much as possible (or fully suppress) to avoid damage of PFC.  

This paper is a continuation of paper [12], where spectrum analysis was done only for expected runaway electron 
parameters in EAST. They are differing from parameters obtained in recent runaway EAST experiment [10]. The aim of 
this work is to provide more detail analysis of synchrotron radiation spectra for this recent runaway EAST experiment 
(shot #28957).  

 
MONITORING OF RUNAWAY ELECTRONS 

In Ref. [5], the theoretical analysis of the synchrotron radiation spectra of runaway electrons was carried out. The 
features of the relativistic electron motion in a tokamak (the motion along the tokamak helical magnetic field, the 
cyclotron gyration motion around the guiding center with a frequency B eB mcω = Γ and the vertical centrifugal drift of 

guiding center motion with velocity 2
||dr Bv v Rω= ) were taken into account. The local nature of electron orbits was 

involved: only a small part of the electron trajectory in a tokamak is effective to produce the radiation observed in the 
detector. Recall that highly relativistic particles emit radiation in the direction of their velocity vector. Here B is the 
local value of confinement magnetic field, 1>>Γ  is the relativistic factor, R is the major radius of runaway electron 
position, ||,v v⊥  are the longitudinal and transversal components of velocity with respect to the confinement magnetic 

field, ||v v⊥>> , e and m are the charge and rest mass of electron, c is the light velocity. In case of the EAST tokamak, 
the confinement magnetic field was taken in the form  

 
 0( , ) [ ( ) ] / ,r B B r Rς θ θθ = − +B e e  (1) 

where B0/R and Bθ(r)/R are the toroidal and poloidal magnetic field components, respectively, R = 1 –(r/R0)cosθ, r and 
R0 are the magnetic surface minor and major radii, respectively, θ is the poloidal angle. 

In Ref. [5] the expression for instantaneous spectral density of the emitted power was derived (λ is the 
wavelength):  
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The integration path is taken along the line of steepest descent from a saddle point [13], I0,1(z) is the modified Bessel 
function. A key parameter of the radiation analysis is 
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where the pitch angle θp is defined as: 
 | |p v vθ ⊥= . (5) 
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Correct estimation of the ratio | |p v vθ ⊥=  during the experiment is an important part of spectra analysis. 
Uncertainties during measurement of the ratio ||vv⊥ may cause large errors during spectra analysis.  

The single-electron spectral density of the synchrotron radiation P(λ, α) depends on cyclotron gyration phase α 
(

Bα ω≈ − ) and oscillates strongly with α. In tokamaks the radiation of many runaway electrons is observed in the 
detector simultaneously. In this case, it is possible to introduce an averaged spectral density of the emitted power: 
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There is a difference between Eq. (2) and Schwinger’s result [14]: 
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where 
 33/4 Γ= λπ curvRw . (8) 

 
Here Rcurv is the instantaneous curvature radius. Equation (7) describes the emission of a single electron, meanwhile Eq. 
(2) describes the radiation of many runaway electrons whose distribution function is independent on the phase of 
cyclotron gyration α i.e., distribution function has the form ||( , , )f p p t⊥ . 

The asymptotic approximation of integral (2) simplifies the spectra analysis. Integral (2) can be easily integrated 
by saddle point method (see, e.g. [13]) when ξ >>1, 

 ( )( ) ( )( )1 23 24 3 1 1 1.Rξ π λ η= Γ + >>   (9) 

Two limit cases are possible (see [5]). In the first case (the saddle point is 0 (1, 0)u = ) 
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when 

 ( )( ) ( )( )3 23 24 3 1 1~a Rπ λ η η <= Γ + . (11) 

The asymptotic expression (10) for Pas1 (λ) is valid for 2η >>  or 0.5η << as it follows from the inequalities (9) and 
(11).  

In the second case (the saddle point is 2
0 ( 1 / (1 ), 0)u η η= + + ) 

 

 ( )
2 2

2 32

3 (1 ) 4 1exp
2 3 1as

ce RP
R

η πλ
λ ηλ η

⎛ ⎞Γ +
≈ −⎜ ⎟Γ +⎝ ⎠

 (12) 

when 
 ( )( ) ( )( )33 3

0 4 3 1 1au Rπ λ η η= Γ + > . (13) 

 
Expressions (10) and (12) have a maximum values at λm [5]. The asymptotic expressions Eq. (10) and Eq. (12) 

describe correctly the features of the spectrum in the range λ < λm only, where the value of ξ is large, ξ >> 1. 
When η is the order of several units (η ~ (1 – 2)), equation (12) has to be used. The analysis of experimental 

conditions (runaway shot #28957) shows that it is just a case of the EAST tokamak. Note that an application of Eq. (10) 
is discussed only in the review paper [2]. 

In Eqs. (2-4) and Eqs. (9-13) the value of major radius R corresponds to the runaway electron positions. Note that 
for simplicity of analysis in Ref. [5] and Ref. [11] the value of R0 was used in the same expressions. The spectrum is 
shifted toward shorter wavelengths with increasing of parameter η. Recall that the experimental measurement of the 
spectrum in the region λ < λm, where P (λ) decreases exponentially fast, is very important because it allows estimating 
the maximum energy of runaways in the discharge. 

The integral (2) can be taken numerically without additional simplifications. It has been taken numerically along 
the contour C (a hyperbola x2-y2/3=1 passing through the saddle point (x=1, y=0), where x and y are real and imaginary 
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parts of the complex number respectively) in the complex plane to calculate accurately the spectrum near the maximum 
position. This integration path provides the most rapid convergence of the integral. 

 

RUNAWAY INVESTIGATION IN EAST 
The EAST tokamak is a non-circular advanced steady state experimental device. The EAST first plasma discharge 

was successfully achieved in 2006. The scientific mission of the EAST project is to study the physical issues involved 
in steady state advanced tokamak devices. The engineering mission of the EAST project is to establish the technology 
basis of fully superconducting tokamaks in support of future reactors. 

The investigated runaway discharge was an ohmic discharge #28957 [10, 11] and was performed in the limiter 
configuration, with toroidal magnetic field B0 = 2 T, plasma current Ip = 250 kA, central line-averaged density  
<ne> = 2.2 × 1019 m−3, plasma major radius R0 = 1.86 m and minor radius a = 0.45 m. At the plasma center, electron 
temperature Te ≈ 0.55 keV was obtained from a soft x-ray pulse height analysis (PHA) system during the plasma current 
flat-top phase. Runaway electrons were created during the start-up phase of the discharge by the ohmic coil. Runaway 
electrons were located around the q = 2 rational magnetic surface (ring-like runaway electron beam), where q is the 
safety factor. A visible CMOS camera of the EAST tokamak operates in the narrow (0.38 – 0.75) μm wavelength 
range. The camera was located in the equatorial plane looking tangentially into the direction of runaway electron 
approach. 

In Ref. [11] on the base of synchrotron radiation spectra and synchrotron radiation spot shape joint analysis the 
values of runaway electron parameters were obtained. It was deduced that the energy E of runaways was E=30 MeV 
and pitch angle θp was θp =0.16 (Fig.9-11 in Ref. [11]). But in Ref. [11] for this runaway shot #28957 the analysis of 
runaway electron parameters was carried out on the basis of the asymptote Eq. (12) only. 

 

ANALYSIS OF SYNCHROTRON RADIATION SPECTRA FOR THE EAST SHOT #28957 
The presented calculation of the synchrotron radiation spectra was based on precise expression for spectral density 

Eq. (2) for parameters of runaway electrons obtained in the recent EAST experiment (shot #28957, [11]). The numerical 
integration of Pfull was carried out by the method of the steepest descent [13]. For these parameters, the comparison of 
radiation spectra obtained from precise expression Eq. (2) with data of asymptotic expressions Eq. (12) was carried out. 
Results of comparison for energy E = (26, 30) MeV and for pitch angles θp  = 0.16, 0.18 are shown in Fig. 1. The 
wavelength operation range detected by the EAST visible light camera (0.38 – 0.75 μm) is shown in these figures also. 
The spectrum moves to the smaller values of wavelength not only with energy increasing but also with pitch angles 
increasing [5]. In the case of runaway energy E = 30 MeV, the intensity of synchrotron radiation is much higher in 
comparison with energy E = 26 MeV. 

 
Fig. 1. Synchrotron radiation spectra analysis for runaway electron parameters in the EAST experiment: (1) E = 26 MeV, θp = 0.16, 
(2) E = 26 MeV, θp = 0.18, (3) E = 30 MeV, θp = 0.16, (4) E = 30 MeV, θp = 0.18. The wavelength operation range for the visible 

light camera (0.38 – 0.75) µm is marked with vertical dashed lines. 

For wavelength region λ<< λm (λm is the wavelength at which spectrum of runaway electrons has a maximum) the 
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precise (Pfull) and asymptotic (Pas2) curves practically are coincided for all cases. Hence, the validity of using asymptotic 
expression Eq. (12) in Ref. [11] for analyzing of synchrotron radiation spectra during recent runaway EAST experiment 
near the wavelength operation range (0.38 – 0.75) µm of the CMOS visible light camera has been confirmed, it is the 
main conclusion from data presented in Fig. 1. When the energy of runaway electrons is E = 30 MeV this difference 
between Pfull and Pas2 is a little bigger but still negligible. As it was declared in Ref. [11], the synchrotron radiation is 
barely visible for runaway electrons with E = 26 MeV. 

However, we notice that with increasing of wavelength the difference between asymptote and precise expression 
increases. A comparison of precise expression for synchrotron radiation spectrum of runaway electrons Eq. (2) with 
asymptotic expression Eq. (12) for wide wavelength range shows that the difference between Pfull and Pas2 becomes 
more significant when the wavelength is approaching to λm. Hence, for wavelengths in the range of λ ~ λm precise 
expression Eq. (2) should be used instead of asymptote Eq. (12) for investigation of runaway electron parameters. 

CONCLUSIONS 
For recent the runaway EAST experiment parameters (Ref. [11]) detail analysis of synchrotron radiation spectra of 

runaway electrons using precise expression for spectral density Eq. (2) has been presented. For wavelengths λ<< λm the 
validity of using asymptotic expression Eq. (12) for analyzing of synchrotron radiation spectra parameters in wavelength 
operation range of the EAST visible light camera (0.38 – 0.75 µm) has been confirmed, λm is the wavelength at which 
spectrum of runaway electrons has a maximum. It is emphasized that if for analysis to use the wavelength range near 
maximum value of spectra, where λ is close to λm, the precise expression of spectral power density Pfull should be used. 

Obtained results are important for correct interpretation of runaway EAST experiments and runaway experiments 
in other tokamaks. 
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