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Energy distribution of lost high-energy runaway electrons based
on their bremsstrahlung emission in the EAST tokamak
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We report in this paper the study towards revealing the energy distribution of lost high-energy runaway
electrons based on their bremsstrahlung emission. The high-energy hard x-rays are originated from the
bremsstrahlung emission of lost runaway electrons in the experimental advanced superconducting tokamak
(EAST) tokamak, and the energy spectra are measured using a gamma spectrometer. The energy distribution
of the runaway electrons is reconstructed from this hard x-ray energy spectrum using a deconvolution algorithm.
The results indicate that the energy distribution of the lost high-energy runaway electrons can be obtained with
the deconvolution approach. In the specific case in this paper, the runaway electron energy was peaked around 8

MeV, covering from 6 MeV to 14 MeV.
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I. INTRODUCTION

Major plasma disruptions are a well-known threat to the
safety of magnetic confined nuclear fusion reactors of the
tokamak type, and continue to be an important and un-
solved scientific problem [1-3]. In particular, the generated
high-energy runaway electrons is one of the serious issues
during this phase [4—6]. Therefore, extensive research on al-
most all aspects of runaway electrons is on-going, including
their generation [7-9], diagnosis [10—12], interaction [13-15],
mitigation [16—18], and suppression [19-21]. Among these,
studies on the energy distribution of runaway electrons are
relatively difficult and have rarely been reported. The mo-
noenergetic distribution is used in most cases [22,23].

In this study, the energy distribution of lost runaway elec-
trons was primarily studied based on their bremsstrahlung
emission in the experimental advanced superconducting toka-
mak (EAST) tokamak. The results indicate that the energy
distribution of lost high-energy runaway electrons can be
obtained with the deconvolution approach. The experimental
results of the recorded bremsstrahlung emission in the EAST
are presented in Sec. II. Then, the forward construction of the
recorded spectrum is presented in Sec. III using the GEANT4
Monte Carlo simulation, and the backward reconstruction of
the energy distribution of runaway electrons is presented in
Sec. IV. The limitation of the results deduced in this paper is
discussed in Sec. V. Finally, a summary is provided in Sec. VI.

II. EXPERIMENTAL DATA

A. Measured Experimental Data

Bremsstrahlung emission caused by runaway electrons is
widely used in a tokamak as the primary method to deter-
mine the time-resolved maximum energy and averaged flux
of runaway electrons [24-26]. This radiation is within the
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energy range of approximately 0.2 MeV to 20 MeV in the
EAST, which produces high-energy hard x-rays. The radiation
is dominated by thick-target bremsstrahlung emission when
runaway electrons are lost and then hit the limiter or first
wall of the EAST. The energy spectrum of this radiation is
continuous and does not exhibit any energy peaks, except for
the 0.51 MeV peak. The spectrum has a maximum energy
ER¥R < ERF*, in which EJJ%), is the maximum energy of the
generated hard x-rays, and EgZ* is the maximum energy of
runaway electrons. However, the energy spectrum measured
in the experiments is not necessarily the same as that of the
theoretical prediction, owing to the detection efficiency, line
of sight, and shielding. In the EAST, the status of runaway
electrons is routinely monitored using a gamma spectrometer
[22,23]. In the gamma spectrometer, a LaBr;(Ce) scintillator
detector (crystal diameter of 1.5 in. and height of 3.0 in.)
is used with a fully digital data acquisition (DAQ) system
based on a digitizer with Digital Pulse Processing for Pulse
Shape Discrimination (DPP-PSD) algorithm. The system is
also equipped with a monitoring system to verify the detector
gain stability. The gamma spectrometer is located in a labora-
tory outside of the EAST experimental hall. The thickness of
the hall concrete wall is 1.5 m, and the wall has a collimator
(diameter of 4 cm) that is perpendicular to the plasma on
the equatorial plane. The wall is thick enough to provide
good measurement conditions for the spectrometer. A neutron
attenuator is used to stop possible neutrons before they reach
the detector. The neutron attenuator is made of polythene and
located inside the collimator. The system is calibrated using
gamma radioactive sources ('*’Cs and ?Eu) and gamma
neutron activation (activation of natural copper and ferrum
materials by neutrons from a deuterium-deuterium neutron
generator). The calibration results are shown in Fig. 1(a).
The gamma energy used in the calibration is from approxi-
mately 0.5 MeV to 9 MeV. The spectrometer provides a good
linear relationship between the gamma-ray energy and DAQ
channel number, as shown in Fig. 1(b). The measured en-
ergy resolution of the spectrometer is approximately 3.9% at
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FIG. 1. (a) Calibration of the gamma spectrometer using '>Eu
radioactive sources and neutron capture gamma rays, owing to acti-
vation of natural copper and ferrum materials. (b) Plot of gamma-ray
energy versus the DAQ channel number.

662 keV, and the measured intrinsic full energy peak detec-
tion efficiency of the spectrometer is approximately 40% at
662 keV.

In discharges with runaway electrons, the gamma spec-
trometer measures high-energy hard x-rays, instead of gamma
rays. The measured energy spectra caused by runaway elec-
trons are typically in the bremsstrahlung continuum with a
single dominating slope and no clear separation point in the
spectrum. However, in some cases the spectra exhibit different
features. A typical example is shown in Fig. 2. This discharge
is from the beginning phase of the experiment campaign, and
has a relatively low plasma temperature and high impurity
density. As observed in the electron cyclotron emission (ECE)
signal, fast electrons are generated in the current ramp-up
phase of the discharge and transferred to runaway electrons
when the loop voltage increased. A high runaway electron
density is generated at 2.5 s, and it continues to the end of the
discharge. The count rate of the hard x-rays is not higher than
200 kHz which is well below the 1 MHz count rate capability
of the system. The energy spectrum of hard x-rays caused by
runaway electrons is shown in Fig. 2(c), in which T}, is the
photon temperature represented by the slopes [27,28], Enax 1S
the maximum energy following the trend of the slope line, and
the 0.51 MeV energy peak is due to the electron-pair effect.
Two dominating slopes can be observed in the spectrum with a
separation point at approximately 2 MeV. Moreover, the slope
continues to change gradually in the high-energy region up to
12 MeV. This special feature in the spectrum is unusual and
interesting. Shown in Fig. 2(d) is the two-dimensional (2D)
scatter plot of the PSD parameter vs hard x-ray energy. The
PSD parameter is evaluated through the DPP-PSD algorithms.
It is used to discriminate input signal pulses with different
behavior. If pulse pileup affect the spectrum, unusual high or
low PSD value should be observed in the high energy region
in the 2D scatter plot. Seen from Fig. 2(d), there is no pulse
pileup effect in the energy spectrum.

B. Validation of Experimental Data

First, it is necessary to confirm that the features in the
recorded hard x-ray energy spectrum in Fig. 2(c) are real and
solid. There are several reasons why the spectrum may deviate
from the real value such as the following for this case: (a) the
LaBr;(Ce) scintillator detector has an intrinsic background
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FIG. 2. Discharge 105816 in EAST experiments. (a) Plasma current and loop voltage; (b) electron cyclotron emission (ECE), and count
rate of the hard x-rays; (c) energy spectrum of high-energy hard x-rays caused by runaway electrons with two dominating slopes; (d) 2D scatter

plot of the PSD parameter vs hard x-ray energy.
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FIG. 3. (a) Background and shift corrections of the spectrum in
shot 105816. (b) Four typical recorded spectra caused by runaway
electrons in the EAST experiments.

that is superimposed on the measured spectrum [29]; (b) the
detector undergoes a gain shift in the case of high counting
rates, magnetic field variation, or high-energy gamma rays
[23,30]; and (c) other spectrometer failures.

The intrinsic background spectrum of the detector is shown
in Fig. 3(a) to validate the spectrum. It can be observed that
the counts of the intrinsic background are lower by at least
two orders of magnitude compared to the measured spectrum.
The subtraction of the intrinsic background from the measured
spectrum did not cause any visible changes. In addition, the
shift correction of the spectrum was performed to eliminate
the effect of the detector gain shift based on the shift moni-
toring system of the gamma spectrometer [23], as shown in
Fig. 3(a). After shift correction, the energy in the spectrum is
reduced by approximately 5%, which is coincident with the
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FIG. 4. The simplified geometry structure used in the GEANT4
simulation. The red line represents the trajectory of an electron, and
the blue line represents one of the trajectories of the generated hard
X-rays.

fact that the gain will shift to a higher value in a high count-
rate situation. The peak in the spectrum is corrected back to
0.51 MeV from 0.54 MeV. The count rate of the spectrum is
approximately 100 kHz in shot 105816. The gain shift should
be higher for a higher count rate. This is not a significant
problem for the measurement of the bremsstrahlung contin-
uum; however, measurement of the gamma-ray spectra will
be difficult when the position of the energy peaks becomes
important.

To eliminate the possibility of other spectrometer failures,
all the recorded spectra caused by runaway electrons were
checked for comparison. The four typical spectra are shown
in Fig. 3(b). In shots 105805, 104886, and 108373, only one
dominant slope exists in the spectra. In shots 104886 and
108373, the counts are higher in the low-energy region and
lower in the high-energy region, compared to shot 105816.
This further confirms that this particular feature with two
dominating slopes does not always exist in the spectrum;
therefore, it cannot be due to spectrometer failures, and it is
real and solid. The formation of this feature requires further
study.

III. GEANT4 SIMULATION

The bremsstrahlung emission measured by a diagnostic
system is the convolution of the electron distribution function,
the generation of bremsstrahlung emission, and the response
of the diagnostic system to hard x-rays [25,31-33]. The
entire process is complex in nature. Therefore, the GEANT4
Monte Carlo simulation [34] is used to help analyze the
spectrum from the experiment. Figure 4 shows the simpli-
fied geometric structure used in the GEANT4 simulation and
considers the primary and specific measuring geometry and
experimental environment in the EAST experiments. The ma-
jor and minor radii of the EAST are approximately R = 1.86 m
and a = 0.45 m, respectively, and the stainless steel vacuum
vessel has a thickness of 3 cm. The collimator in the 1.5 m
thick concrete wall has a diameter of 4 cm. In each GEANT4
run, 2 billion electrons are fired to obtain sufficient statis-
tics, which consumes a large amount of computing resources
and time. First, electrons are placed inside the EAST device,
and the generation of hard x-rays is simulated through the
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FIG. 5. (a) Simulated hard x-ray energy spectrum for runaway electrons with different energies and pitch angles. For the latter two cases,
50% of electrons used in the simulations have energies of 2 MeV and the other 50% have energies of 12 MeV. (b) Simulated hard x-ray
energy spectrum for runaway electrons with different energies and pitch angles. For all four cases, 95% of electrons in the simulation have
energies of 2 MeV and 5% have energies of 12 MeV. This percentage is used because the results are in better agreement with the experimental
spectrum compared to those of other percentages. (c) The assumed energy distribution of runaway electrons, and the simulated hard x-ray
energy spectrum for runaway electrons with this electron energy distribution. Additionally, the hard x-ray energy spectrum recorded in shot
105816 of the EAST experiment is given in (a), (b), and (c) for comparison, and all the spectra are normalized to their maximum values.

bremsstrahlung process when they hit the wall material of the
EAST device. Then, the transport of these hard x-rays is sim-
ulated. Some of the hard x-rays fall into the detector, which
is located behind the concrete wall. Finally, the response of
the detector to the hard x-rays is simulated, which provides
the simulated hard x-ray energy spectra. A runaway beam
with two dominating energies or pitch angles is tested first,
considering the feature with two dominating slopes and a clear
separation point in the spectrum in Fig. 2(c). The definition
of the pitch angle is 6, = arctan(v, /v|), relative to the mag-
netic field [13]. Since the pitch angle of runaway electrons
is small in most cases, it can be simplified to 6, ~ vy /vj.
The GEANT4 simulation results for different energies and
pitch angles of runaway electrons are shown in Fig. 5(a) and
compared with the experimental spectrum in shot 105816
of the EAST. The separation point is approximately 2 MeV,
and the maximum energy is up to approximately 12 MeV,
as shown in Fig. 2(c); therefore, these values are chosen
as the energies. Pitch angles of 0 degrees and 90 degrees
are chosen to clearly distinguish the effects of pitch angles.
Here, the electron energy distribution is set as a delta function
with respect to the chosen electron energy. The pitch angle
corresponds to the averaged angle between the direction of
the electron velocity and that of the magnetic field line. The
spectra are normalized to their maximum values so that their
shapes may be compared. Therefore, runaway electrons with
high energies and small pitch angles dominate the spectra,
and they generate spectra that are closer to the experimental
spectrum; however, a significant difference is still observed
between the two.

When secondary runaway electron generation mechanisms
(avalanche process) work, many low-energy runaway elec-
trons are generated [9,35,36]. Runaway electrons with low
energies tend to generate hard x-rays with low intensity. If
a runaway beam is composed of runaway electrons with a

high percentage of low energies and a low percentage of high
energies, the spectrum shape can be changed greatly because
of the low energy runaway electrons. Therefore, runaway elec-
trons with a high percentage of low energy are simulated, as
shown in Fig. 5(b). The figure indicates that runaway electrons
with high energy and a small pitch angle dominate the spectra,
and the simulation results are still significantly different from
the experimental spectrum.

Finally, the assumed energy distribution of the runaway
electrons was used in the GEANT4 simulation, as shown in
Fig. 5(c). The choice of the structure of this assumed distribu-
tion is based on the results obtained from the DIII-D tokamak,
in which the distribution was reconstructed using experimen-
tal data from several diagnostic systems [37]. The figure also
shows a simulated hard x-ray energy spectrum based on the
runaway electrons with this electron energy distribution and a
small pitch angle. The results are still not in agreement with
the experimental spectrum obtained by the EAST. It should
be noted that this cannot prove the distribution obtained from
the DIII-D tokamak is not reliable since the experimental
conditions can be very different. Moreover, the approach used
here is applied only to the lost runaway electrons, and it is
more sensitive to high-energy part of the runaway distribution
than their low-energy part. It is just to indicate that it is gen-
erally difficult to deduce the energy distribution of runaway
electrons by assuming the components or structure of the
distribution.

IV. RECONSTRUCTION

A. Deconvolution Algorithm

As previously mentioned, the bremsstrahlung emission
measured by the gamma spectrometer is the convolution of the
electron distribution function, the bremsstrahlung emission
generation, and the response of the diagnostic system to hard
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x-rays, which can be represented as follows:
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where Egg is the energy of runaway electrons, E)s("”rr:; is the

energy of hard x-rays caused by runaway electrons, E Re“g(;"se
is the energy of hard x-rays measured by the gamma spectrom-
eter, f(Egg) is the energy distribution function of the runaway
electrons, Hsource 1S @ function describing the bremsstrahlung
generation of hard x-rays caused by runaway electrons,

Hgesponse 15 @ function that describes the response of the

gamma spectrometer to the incident hard x-ray, Y (E Resg;“se)

the hard x-ray energy spectrum measured by the gamma spec-
trometer, and n(Ex ") is noise, which inevitably exists. By
combining the effect of Hsoyrce and Hgegponse, the process can
also be represented as:

Y( E"’iif;““ / Heomb ( ;l?esgoynse, Ege) f(Ege)d(Ege)
+n(ExShy™): @

where Hcomp 1S a function describing the response of the
gamma spectrometer to hard x-rays caused by runaway elec-
trons.

Using an appropriate deconvolution algorithm, the en-
ergy distribution of the runaway electrons f(Egg) can be
reconstructed from the hard x-ray energy spectrum measured

by the gamma spectrometer Y(ER%S;N), if the response

Hcomb(Ex" Resp (;nse) that relates these two spectra is well-defined
[37-41]. In this case, there will be no need to assume the
components or structure of the energy distribution of the
runaway electrons. However, the deconvolution algorithm in-
volves solving the equation set with an ill-posed problem
through iterations, and the deconvolution results can be highly
sensitive to the quality of the input data [42—44]. Therefore,
a careful validation of the deconvolution results should be
performed. The Gold deconvolution algorithm is used in this
study [45-47].
Equation (2) can be written in matrix form as follows:

the matrix H has a dimension of N x M, vectors y have a
length of N, and vector f has a length of M, while N > M. The
properties of the Gold deconvolution algorithm are analyzed
as follows:

nt) y' (i) 2
0@ = o= ™0, )

Z Aimf(n)(m)
m=0

where A=HTH,y =H"y,and n =0, 1, 2,. .. is the itera-
tion step. This converges to the least squares estimate in the
constrained subspace of the solutions.

B. Response Function

The function describing the response of the gamma spec-
trometer to hard x-rays caused by lost runaway electrons
Hcomp should be obtained first. The difficulties here mainly
arise from the fact that there are two key variables, energy
and pitch angle. In principle, the energy distribution and pith
angle distribution should be used at the same time. But, it is
impossible to use two variable distributions at the same time
in the deconvolution algorithm. One distribution should be
fixed, then the other distribution can be variable, and it can
be derived following the deconvolution algorithm. It has been
proven above that runaway electrons with high energy and a
small pitch angle dominate the response spectra. In addition,
based on the results obtained from the DIII-D tokamak (as
shown in Fig. 5 in Ref. [37]), the pitch angle of high-energy
runaway electrons is quite low and did not change greatly.
Therefore, the pitch angles of all runaway electrons are set
to a same fixed value of 0 degrees in the response function.

The GEANT4 simulation is used to obtain the response
function Hcomp. Excessive computing resources and time will
be consumed in this case; therefore, 0.1 billion (not 2 billion)
electrons were fired in each GEANT4 run for each energy
point of the runaway electrons. The simulated response matrix
Hcomp is shown in Fig. 6(a).

To confirm the quality of the simulated response matrix
Hcomp, the results for runaway electrons with an energy of
12 MeV are shown in Fig. 6(b) and compared with the simu-
lated results of the case where 2 billion electrons were fired.
The figure indicates that the two spectra are almost identical,
except in the low-energy region. A few more spectra are also
shown, which are useful for the following subsection. The
energy peak of 0.51 MeV was invisible in the response matrix,
owing to the lack of sufficient statistics. However, this will not
be a problem when runaway electrons with energies higher
than 0.51 MeV are studied, and the simulated response matrix
will then accurately represent a real situation.

C. Deconvolution Results

The deconvolution approach is verified using a synthetic
example. Two preset electron energy distributions are
designed, one discrete distribution with only one electron
energy, and one continuous distribution, as shown in
Fig. 7(a). Then, two hard x-ray spectra are created from
these distributions using the response function matrix RFM,
as shown in Fig. 7(b), marked as ‘“Pre-Set Spectrum *
RFM”. Noise is not added to the spectrum because we
conduct spectral smoothing during the deconvolution process.
Subsequently, a deconvolution approach is performed on
these two hard x-ray spectra. The default spectrum used for
the first step of the iteration is a uniform distribution with
no particular choice. The deconvolution results are shown in
Fig. 7(a) and marked as “Unfolded Spectrum”. The binning
structure of the unfolded spectrum is different with the preset
spectrum. In addition, by using the unfolded electron spectra,
the created hard x-ray spectra are in good agreement with
the cases for the preset electron spectra, which are shown
in Fig. 7(b) and are referred to as “Unfolded Spectrum *
RFM?”. It can be observed that the deconvolution approach is
reliable and robust when used appropriately. As shown in
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FIG. 6. (a) The simulated response matrix, which describes the
response of the gamma spectrometer to hard x-rays with energies
from O to 15 MeV, caused by 1491 monoenergetic lost runaway
electrons with energies from 0.1 MeV to 15 MeV with an energy
step of 0.01 MeV. (b) GEANT4 simulated hard x-ray energy spectra
for lost runaway electrons with an energy of 12 MeV and pitch angle
of 0 degrees, when 2 billion electrons are fired in the GEANT4 runs.
Spectra of the response function matrix Hcomp (marked as RFM) for
runaway electrons with energies of 2, 5, 8, 10, 10.5, 11.5, 13, and
13.8 MeV are also given.

Fig. 7(a), the error in the low-energy region is relatively high
for a continuous distribution. This is because, in the response
function, high-energy electrons are dominating the resulting
hard x-ray spectra compared to the low-energy electrons.
However, this should not be a severe issue in this because the
energy of the runaway electrons is high.

Based on the hard x-ray energy spectrum measured by

the gamma spectrometer ¥ (E)]ze_sgznse) shown in Fig. 2(c), the

response matrix Hcomp (E;?i‘;onse) shown in Fig. 6(a), and the
Gold deconvolution algorithm [23], the energy distribution of

the runaway electrons f(Egg) is reconstructed. The electron
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FIG. 7. (a) Two preset electron energy distributions, and two
unfolded electron energy distributions; (b) Created hard x-ray spectra
from preset and unfolded electron energy distributions, by using the
response function matrix RFM.

energy spectra with different bin structures are studied. A
total of 1491 monoenergetic energy points of lost runaway
electrons are used in the response matrix Hcomp, and the
deconvolution results will have 1491 bins also. However, if
the bin numbers used in the deconvolution process are too
high, the statistics of the deconvolution results will be poor,
and it is difficult to find any clear pattern in the resulted
spectra. Therefore, the number of energy bins in the spectra
were reduced to 135 from 0.1 MeV to 15 MeV to increase the
statistics. During the iteration process following the decon-
volution algorithm, the evolution of the chi-square parameter
and its variation is shown in Fig. 8. The value of the chi-square
decreases greatly following the first 1000 iteration steps, then
it decreases slowly and continuously. A stable solution is
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FIG. 8. (a) Evolution of the chi-square parameter during the
iteration process; (b) Evolution of the variation of the chi-square
parameter during the iteration process.

chosen at step 765, with variation of the chi-square less then
le-4. The result is shown in Fig. 9(a). It indicates that the
energy distribution of the lost runaway electrons in this case
is peaked around 8 MeV, covering from 6 MeV to 14 MeV.
A second energy peak seems to exist around 9 MeV with a
lower intensity. Validation of this deconvolution spectrum was
done by forward convoluting the unfolded spectrum with the
response matrix Heomp. The result is shown in Fig. 9(b). As
observed in the figure, the unfolded spectrum of lost runaway
electrons can now represent the experimental hard x-ray spec-
trum in the EAST tokamak well. The goodness of the fit is
about R? ~ 0.993.

V. DISCUSSION

The energy distribution of runaway electrons is deduced in
the above section based on their bremsstrahlung emission in

1600 ‘
(a) ____Unfolded
Spectrum 0

1400 ¢

1200 | ]

1000 ¢ ]

800 [ ]
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107 ‘
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FIG. 9. (a) Reconstructed energy distribution of runaway elec-
trons at iteration step 765. (b) The convolution of the unfolded
spectrum with the response function matrix Hcom,, comparing with
the experimental result in Fig. 2(c). Goodness of the fit between the
convolution results and experimental result is marked as R.

the EAST tokamak with the help of the backward reconstruc-
tion method. The limitation of the results deduced is discussed
here.

Firstly, the pitch angle distribution of runaway electrons is
fixed and set to O degrees in the response function for the sake
of simplicity. Although this assumption is still reasonable,
it is meaningful to do more sensitivity studies. The energy
distribution can be fixed first, then pitch angle distribution can
be variable. Otherwise, new deconvolution algorithm in which
two variable distributions can be used at the same time should
be proposed.
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FIG. 10. (a) Reconstructed energy distributions of runaway electrons at iteration step 10000. The number of energy bins in the three spectra
[marked as Unfolded Spectrum 1(red), 2(blue), and 3(green)] is 135, 34, and 20, respectively. Unfolded spectrum 2 and 3 are also shown in
the small panels for better visibility. (b) The convolution of the three unfolded spectra with the response function matrix Hcomb, cOmparing
with the experimental result in Fig. 2(c). Goodness of the fit between the convolution results and experimental result is marked as R?. Zoomed
figure is also shown in the small panel for better visibility. (c) The convolution of the 4 major peaks in unfolded spectrum 1 with the response

function matrix Hcomp.

Secondly, it should be mentioned again that the energy
distribution deduced here applied only to the lost runaway
electrons, and the hard x-ray spectrum in this case is not
sensitive to runaway electrons with very low energy because
the dominating runaway electrons here have energies above 6
MeV. So, it is the energy distribution of the lost high-energy
runaway electrons.

At last, the iteration process should be treated carefully. If
too many iteration steps are used when the chi-square varia-
tion is evolving very slowly, the results can be overfitted. One
negative example is shown in Fig. 10 in which the iteration
step is chosen as 10000. The number of energy bins in the
spectra were reduced to 135, 34, and 20 from 0.1 MeV to 15
MeYV, to increase the statistics and compare them with each
other, as shown in Fig. 10(a). The most prominent energy peak
is still around 8 MeV. The forward convoluting of the three
unfolded spectra with the response matrix Hcomp is shown in
Fig. 10(b). The results of forward convoluting the 4 major
peaks in unfolded spectrum 1 are shown in Fig. 10(c) to
compare the contributions of the individual peaks to the total
hard x-ray spectrum. Therefore, all three unfolded spectra of
lost runaway electrons can also represent the experimental
hard x-ray spectrum in the EAST tokamak well. However, too
many energy peaks are emerged due to overfitting.

VI. SUMMARY

In summary, it is found in the EAST, the hard x-ray energy
spectrum originating from the bremsstrahlung emission of
lost runaway electrons can have a feature with two dominant
slopes in the spectrum. Validation of the spectrum excluded
the possibilities of the effects of system intrinsic background,
gain shift, and other spectrometer failures, which confirmed

the feature to be real and solid. Then, the GEANT4 simulation
is used to analyze the energy distribution of lost runaway
electrons which causes this feature in the hard x-ray spectrum.
It is difficult to obtain reasonable results by simply assuming
the components or structure of the distribution to perform
forward construction. Therefore, backward reconstruction of
the spectrum was performed based on the hard x-ray energy
spectrum measured by the gamma spectrometer, the response
matrix, and the Gold deconvolution algorithm. The results
indicate that the energy distribution of the lost high-energy
runaway electrons in this case was peaked around 8§ MeV,
covering from 6 MeV to 14 MeV, and a second energy peak
seems exist around 9 MeV with a lower intensity.

The possible limitation of the results deduced in this paper
is that the pitch angle distribution of runaway electrons is
fixed in the response function. If new deconvolution algorithm
when two variable distributions can be deduced at the same
time can be developed, the obtained results are expected to
change the results in this paper slightly. Therefore, we con-
sider the results in this paper as the study towards revealing
the energy distribution of lost high-energy runaway electrons
based on their bremsstrahlung emission.
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