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Abstract 

To study the runaway electron (RE) dynamics during plasma discharge and develop scenarios for 

disruption mitigation, a hard X-ray (HXR) spectrometric system has been developed and 

commissioned at the ASDEX Upgrade tokamak (AUG). The diagnostic system consists of two 

high-performance spectrometers based on LaBr3(Ce) scintillation detectors supplied with 

advanced electronics and analysis algorithms. These spectrometers view the AUG tokamak 

chamber quasi-radially at the equatorial plane. The measurements were carried out in the RE beam 

generation regimes by injecting argon into a deuterium plasma. In the interaction of a developed 

RE beam with a heavy gas target, powerful bremsstrahlung flux is induced, reaching energy close 

to 20 MeV. The electron energy distributions were reconstructed from the measured HXR spectra 

by deconvolution methods. The experimentally obtained maximum RE energies at different 

discharge stages were compared with relativistic test particle simulations that include the effect of 

toroidal electric field, plasma collisional drag force, synchrotron deceleration force. It was 

observed that the electrons attain their maximum energies within 50-100 ms after the gas injection. 

It gradually decreases due to the drop in loop voltage, energy loss due to synchrotron radiation 

emission and collisions dissipation of energy with the background plasma. HXR measurements at 

the discharge with multiple deuterium pellet injections allowed observing the effects of plasma 

cooling and argon ion recombination after the pellet injections. Argon density in AUG plasma 

after Massive Gas Injection was estimated using HXR measurements. 
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1. Introduction 

During the development of fusion reactors with magnetic confinement such as the ITER 

Experimental Reactor and the DEMO Demonstration Reactor, key technical and scientific 

challenges arise. In combination with excessive electromagnetic forces, radiation and thermal 

loads acting on the components of the first wall of the tokamak chamber, strong longitudinal (in 

the toroidal direction) electric fields are induced at the stage of discharge quenching. If these 

electric fields are large enough to overcome the dissipative effect of Coulomb collisions, they 

transfer plasma electrons to the regime of unlimited acceleration (the so-called “runaway” mode) 

[1,2]. Disruptions of a discharge in tokamaks are often the reason for the formation of populations 

of high-energy runaway electrons (REs). The control of the generation of runaway electrons in a 

tokamak plasma is a necessary condition for safe operation at large plasma facilities such as JET 

[3, 4] or ITER [5, 6]. According to the ITER requirements for diagnostic measurements, two 

parameters should be monitored in the reactor plasma: the maximum energy of REs and the current 

carried by them [5]. The maximum RE energy should be determined with an accuracy of 20% in 

the range up to 100 MeV. The current carried by the RE beam at the stage of discharge quenching 

must be determined with 30% accuracy. The time resolution for both parameters is 10 ms. The 

choice of tools for diagnosing the generation and evolution of a runaway electron beam in plasma 

and determining its parameters (energy distribution and current) is limited. Hard X-ray 

spectroscopy of hot plasma is one of the few methods that allow one to estimate the energy 

distribution of REs. The possibilities of RE diagnostics by the bremsstrahlung registration were 

demonstrated in measurements at small and medium size tokamaks Globus-M [7], HT-7 [8-10], 

FT-2 [11, 12], J-TEXT [13,14], COMPASS [15] and TUMAN-3M [16]. In these experiments, the 

spectra of bremsstrahlung generated by the interaction of REs with the materials of the tokamak 

plasma facing components were measured. However, data on the distributions of confined REs in 

the tokamak plasma are of greatest interest. HXR spectrometry allows analyzing bremsstrahlung 

and reconstructing the RE distribution using deconvolution methods. It is possible to carry out 

measurements in the sub-MeV, and MeV ranges through a relatively thick layer of steel without 

direct access to the plasma. An advantage of HXR spectrometry is estimating the number of REs 

in the plasma volume visible for detectors. HXR spectrometers signal the appearance of a RE beam 

in a short time from its generation. Spectrometric HXR measurements make it possible to estimate 

the current carried by runaway electrons, to trace the dynamics of RE acceleration, to study the 

factors influencing the RE distributions and to consider possible options for suppressing and 

dissipating a developed RE beam and mitigating its consequences. 

However, as was shown in [17], if the detectors observe the plasma radially, that is, perpendicular 

to the direction of electron motion, due to the high anisotropy of bremsstrahlung radiation, it 

becomes impossible to detect radiation generated by electrons with energies above 35 MeV. In 

addition, the efficiency of gamma spectrometers decreases with increasing photon energy, which 

reduces the accuracy of the data provided by HXR plasma diagnostics for electron energies of 

several tens of MeV. The accuracy of the maximum energy measurement can be improved by 

using a spectrometer with a tangential line of sight. Also, in the presence of electrons with energies 

of several tens of MeV, the use of methods based on measuring synchrotron radiation in the visible 

(VIS) and infrared (IR) ranges can help. These methods have been implemented in the RE studies 

at the TEXTOR [18], DIII-D [19,20], HT-7 [8], EAST [21], J-TEXT [22], KSTAR [23], Alcator 

C-Mod [24], and AUG [25] tokamaks. 
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Observation of confined REs is possible on medium and large tokamaks such as DIII-D, ASDEX 

Upgrade (AUG), EAST and JET. At the DIII-D tokamak, to study the spatial and energy 

distribution of REs at the current plateau stage, a multi-detector array was developed that 

tangentially views a poloidal cross-section of the tokamak chamber [26]. At the JET tokamak, 

spectrometric HXR measurements were carried out both at the stage of current ramp-up and 

plateau [27-30] and in MGI (Massive Gas Injection) regimes at the current quench phase [3]. In 

the case of ITER tokamak, a Hard X-Ray Monitor is being designed [31] to detect confined REs 

in the first plasma scenarios, and Radial Gamma-Ray Spectrometers are being designed [17] to 

detect REs in a subsequent phase of the ITER plasma scenarios. 

Experiments of RE generation and suppression, following the onset of plasma disruptions, are 

conducted in AUG to validate theoretical models, which can then be used to evaluate post-

disruption levels of RE current and design RE mitigation schemes in larger devices, like ITER and 

DEMO [32]. To study the dynamics of runaway electrons during a plasma discharge, as well as to 

develop disruption mitigation scenarios, a HXR spectrometric system was developed consisting 

of two fast scintillation LaBr3(Ce) spectrometers, which observe the camera of the AUG tokamak 

quasi-radially [33,34]. This article is devoted to the aspects of using HXR-spectrometric 

measurements provided by these spectrometers and to the analysis of RE dynamics based on the 

data obtained in experiments with gas injection into the AUG plasmas.  

The paper is organized as follows. Technical specifications of spectrometers used in experiments 

at AUG is provided in Sections 2, and a reconstruction technique of the RE distribution function 

is briefly described in Section 3. Section 4 presents an estimation of injected impurity profile and 

runaway electron current using the spectrometers. Temporal evolution of observed maximum 

energy of REs and its comparison with simulation results are reported in Section 5. Conclusions 

drawn from the HXR measurements are presented in Section 6. 

2. Instrumentation 

The HXR spectrometric system for studying runaway electrons at the ASDEX Upgrade tokamak 

consists of two scintillation spectrometers based on small-sized LaBr3(Ce) crystals. The first 

detector [33] is located in the bunker about 1 m behind the Bragg spectrometer and at a distance 

of approximately 7 m from the machine first wall. It views the plasma along a radial line of sight 

which makes an angle of 98 to the toroidal magnetic field in the plasma core. The spectrometer 

consists of a 25 mm x 17 mm (diameter x height) cylindrical LaBr3(Ce) crystal coupled to an 

R6231 Hamamatsu photomultiplier tube (PMT) and is placed inside a soft iron shielding. The 

spectrometer is operated in the hard X-ray energy dynamic range up to about 30 MeV. The energy 

resolution) is 4% at the 662 keV l37Cs line. A fast data acquisition system (400 MHz, 14 bit) based 

on the Advanced Telecommunication Computing Architecture (АТСA) framework is used to 

acquire data from the detector in the so-called “segmented” mode. A free running digitizer stores 

a segment of data whenever the input signal exceeds a predefined threshold. Each segment consists 

of 128 consecutive points and a time stamp that indicates when the threshold has been exceeded 

for time-resolved analysis of the data. A similar data acquisition mode has been used earlier for 

gamma-ray measurements at the JET tokamak [35].  

The arrangement of both HXR spectrometers relative to the ASDEX Upgrade tokamak is shown 

in Figure 1. The location in Bragg's bunker for placing a HXR detector is not very good due to the 

small thickness of the bunker walls. Evaluations of the detector's protection against scattered 
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radiation showed that the fraction of scattered radiation in the measured spectrum is 10-15% and 

it does not significantly affect the determination of the maximum electron energy. However, at 

high energies, scattered radiation could significantly distort the shape of the electron distribution 

obtained during the measured spectra deconvolution. The number of electrons in the spectrum with 

energies > 5 MeV could be overestimated by a factor of 2–3. 

To reduce the contribution of scattered quanta in the measured HXR spectrum and improve the 

reconstructions of RE distributions, a second spectrometer was installed behind the biological 

shielding of the ASDEX Upgrade tokamak. The spectrometer was named REGARDS (Runaway 

Electron GAmma-Ray Detection System) [34]. The detector module of the spectrometer consists 

of a LaBr3(Ce) crystal with dimensions Ø25mm×25mm coupled to a Hamamatsu R9420-100-10 

photomultiplier tube. The detector is placed in an external cylindrical magnetic shield made of soft 

iron. The detector views the tokamak chamber through a hole in the biological shield with a 

diameter of 70 mm. A 10 cm long lead collimator with a Ø10 mm is inserted into the hole. 

 
Figure 1 - Location of the HXR spectrometers near the tokamak chamber 

 

The hardware of the data acquisition system of the REGARDS spectrometer includes an NI PXIe-

1082 chassis, into which an NI PXIe-8840 controller, and an NI5772 (-02) ADC board with an NI 

PXIe-7966 FlexRIO module are inserted. The ADC board firmware developed using LabView 

tools provides operation with one channel at 800 MHz, 400 MHz, 200 MHz, 100 MHz sampling 

rate. Operation with two channels is possible at 400 MHz, 200 MHz and 100 MHz. Writing one 

ADC sample takes 2 bytes. For the purposes of collecting data from the LaBr3(Ce) detector, the 

mode of operation with one channel at the maximum frequency 400 MHz, providing data 

collection without loss, was chosen.  
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The signal is transferred to the control computer PXIe-8840 embedded into the chassis, which 

records data to a solid-state drive (SSD). Signal recording initiated at the start signal and is 

performed for 10 or 20 seconds. For the entire AUG discharge, 8 GB or 16 GB of data is 

accumulated, respectively. Lossless compression of a digital signal before recording in real time 

using a two-pass coding algorithm was implemented using a software method. For storage, the 

signal is divided into successive blocks that are processed independently. The first pass uses double 

differential coding, which reduces the amount of stored data by about 2 times. For further 

compression, the Deflate (Huffman) algorithm applied to every second data block was used. This 

compression made it possible to further reduce the amount of data recorded to the disk by 

additional 15%. Thus, use of a NI PXIe-8840 control computer allows recording the detector signal 

for the entire discharge of the ASDEX Upgrade tokamak for 20 seconds at a data stream of 800 

MB/s. The detector gain is monitored during the plasma discharge using a gain control system, 

which consists of an electrical pulse generator, a blue LED and an optical fiber. The pulse 

generator is used to run LED at a constant rate of 10 kHz. The light emitted by the LED and guided 

by an optical fiber to the photocathode of the PMT. During off-line analysis, the gain stability of 

the detector can be assessed by retrieving the LED pulses by pulse shape discrimination techniques 

and monitoring their relative magnitude. This system can be also used to correct small gain shifts. 

 

3. Reconstruction of RE distribution functions  

 The RE distributions were reconstructed by deconvolution of the measured spectra using the 

DeGaSum [11, 27] code. The maximum likelihood estimation using expectation maximization 

(ML-EM) method [36-38] was implemented in the code. Application of the DeGaSum code based 

on the ML-EM for gamma-ray spectrum reconstructions is described in [27, 39]. During the 

deconvolution procedure, hard X-ray spectrum y(ε) measured by the detector is represented in the 

convolution form 

𝑦(ɛ) = ∫ 𝑑𝜀
∞

0

′
ℎ𝑑(ɛ, ɛ′) ∫ 𝑑ɛ′′∞

0
ℎ𝑒(ɛ′, ɛ′′)𝑓(ɛ′′) + 𝑛(ɛ),                   (1) 

 

 

where ε, ε’, ε” – energies; n(ε) – statistical noise; f - a runaway electron distribution function; hd - 

a gamma-ray detector response function; he is  HXR generation function, i.e. an energy-dependent 

density of probability for a bremsstrahlung emission produced by mono-energetic runaway 

electrons in the plasma volume of the detector field of view.  

To reconstruct the RE energy distributions in the ASDEX Upgrade tokamak plasmas, 

Monte Carlo calculations of the detector response functions, bremsstrahlung generation in the 

tokamak chamber, and HXR transport toward towards the detector were carried out for both 

detectors. The calculations were conducted with MCNP6 code for what corresponding models 

have been developed. For the detector installed in the bunker behind the Bragg X-ray spectrometer 

the MCNP model included a detailed description of the detector with LaBr3(Ce) Ø25mm ×17 mm 

crystal, photomultiplier tube and magnetic shield installed on the wooden shelf mounted on the 

wall behind the Bragg spectrometer. To verify the model conformity, the spectra of gamma-ray 

calibration sources Co-60 and Cs-137 have been reconstructed. For this purpose, a point gamma-

ray source, located at 5.5 cm from the side surface of the crystal, was described in the model of 

the detector. Application of the DeGaSum code based on the ML-EM for gamma-ray spectrum 
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reconstructions is described in [39]. Gamma-ray spectrum y (ε) measured by a detector is 

represented as follows 

 

 𝑦(𝜀) = ∫ 𝑥(𝜀′)ℎ𝑑(𝜀, 𝜀′)𝑑𝜀′ + 𝑛(𝜀),
+∞

0
               (2) 

 

where x is the initial gamma spectrum, hd is the detector’s instrumental response function, n is 

Poisson noise, i.e.  Poisson distributed deviations, and  - gamma-ray energy.  Calculations of the 

detector response functions hd were performed in the range of 0.1-2 MeV with the energy bin of 

20 keV. Figure 2 shows the spectrum recorded by the spectrometer (after subtracting the natural 

gamma-ray background) and the original spectrum of the Co-60 source (1.173 and 1.332 MeV) 

reconstructed by the DeGaSum code. 

 

 
Figure 2 – Spectrum of Co-60 source recorded by the LaBr3(Ce) spectrometer (black dots, left 

axis) and the result of the original spectrum deconvoluted by the DeGaSum code using the 

calculated response functions of the detector (red line, right axis). Blue line - convolution of 

the reconstructed spectrum with the detector response functions 

 

The integral value of artifacts in the 0.35-1.1 MeV range is about 5%. These artifacts can be 

explained by the inaccuracy of the description of the source location in the model. To calculate 

transport of hard X-rays from the AUG chamber towards the detector detailed model of the Bragg 

spectrometer collimator has been developed.   

For the REGARDS spectrometer the MCNP model includes the lead collimator of 10 cm in length 

and with Ø10 mm aperture placed in a hole in the of the AUG bioshield wall. The detector with 

Ø25mm ×25 mm crystal, PMT and the magnetic shield has its axis perpendicular to the collimator 

axis. Additional collimator made of polyethylene and lead blocks is installed in the AUG 

experimental hall [40]. For deconvolution of HXR spectra from AUG plasmas, response functions 
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hd to the mono-energy gamma-rays were calculated in the range of 0.1–30 MeV with a step of 0.1 

MeV for both detectors. 

To obtain he functions, a few physical processes have been modelled in the MCNP considering the 

AUG vacuum vessel geometry and detector location. These processes are namely the interaction 

of mono-energetic RE electrons with Argon gaseous target of density 1×1020 m-3, production 

bremsstrahlung emission and transport of the emission to the detector location including collimator 

and intervening materials.  Since the bremsstrahlung generation cross-section is proportional to Z2 

of a target, the injected argon impurity makes the main contribution to the HXR emission and the 

presence of deuterium in the plasmas was ignored. In these calculations, a beam of monoenergetic 

electrons was simulated passing through a gas target in the volume of the tokamak chamber visible 

to the detector. Since the direction of motion of electrons in the beam is quasi-perpendicular to the 

direction of the plasma view, the calculations did not consider the pitch-angle distribution relative 

to the toroidal magnetic axis. The MCNP code was used to calculate the HXR distribution at the 

location of the crystals of both detectors in the energy range 0.1-30 MeV with a step of 0.1 MeV. 

Figure 3 shows examples of the response functions of the REGARDS spectrometer to 

monoenergetic gamma radiation and the bremsstrahlung distributions at the location of the detector 

crystal calculated for monoenergetic electrons. 
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Figure 3 – Results of MCNP calculations: a) LaBr3(Ce) detector response functions for 3, 6, 9, 

15 and 20 MeV gamma-rays; b) bremsstrahlung distributions in the place of REGARDS 

installation corresponding to the interaction of mono-energetic 3, 6, 9, 15 and 20 MeV electrons 

with Argon 

 

Figure 3a shows that the detector response function is continuous. The full energy peak and the 

peaks of annihilation quanta emission at high energies are weak. The bremsstrahlung functions in 

Figure 3b have a continuously decreasing form. 
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Figure 4 - Reconstruction of REDF from HXR spectra measured by AUG-HXR and REGARDS 

spectrometers during 1.03-1.06 s of the AUG discharge #36431:  a) HXR spectrum measured 

by the AUG-HXR spectrometer (black dots); b) HXR spectrum measured by the REGARDS 

spectrometer (black dots); c) REDF reconstructed by the DeGaSum code from the AUG-HXR 

spectrum (4a); d) REDF reconstructed by the DeGaSum code from the REGARDS spectrum 

(4b) 

 

In Figure 4, the HXR spectra recorded by the AUG-HXR (4a) and REGARDS (4b) spectrometers 

on 1.03-1.06 s of the AUG discharge #36431 are shown by black dots. In this discharge, RE beam 

was generated by argon injection on 1 s. Figures 4c and 4d show runaway electron distribution 

functions (REDF) reconstructed by the DeGaSum code from spectra 4a and 4b, respectively. The 

red dashed lines in Figures 4a and 4b show the results of convolution of the obtained REDFs with 

the detector response and RE generation functions according to formula (1). 

 

4. Argon density evaluation 

Runaway electrons were generated in AUG by injecting between 3×1020 and 4.8 ×1021 atoms of 

argon into low-density plasmas. The target plasmas had Ip = 0.7-0.8 MA, a low density (line 

averaged ne = 2-4×1019 m-3), a toroidal magnetic field Bt = 2.5 T and ~ 2.3 MW of ECRH input 

power; the plasma equilibrium was kept the same. R0=1.61-1.63 m; a=0.55-0.56 m [32]. The 

addition of such a heavy gas as argon significantly increases accelerated electrons' energy loss due 

to scattering and radiation. To analyze RE acceleration dynamics, it is necessary to know the 

densities of the plasma components. The task is complicated because, first, the detectors observe 

a relatively small area of the plasma. The AUG-HXR detector observes approximately 10 cm of 

the plasma column in the vertical direction; for the REGARDS spectrometer, this value is about 
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15 cm. Second, at low energies ERE  < 1 MeV, spectrometers do not provide reliable data on the 

number of REs. 

To estimate the fraction of REs visible to the AUG-HXR spectrometer, the signals recorded in 

discharge #34140 (see Figure 5) was analyzed.  In this discharge, argon was re-injected for 1.07 s. 

Its assimilation, according to the analysis in [32], was 10%. Ionized argon could create an average 

density in the plasma, the volume of which on 1.07 s of the discharge was 3.5 m3, about 6.6×1020 

m-3. The neutral argon density (90% of injected), evenly distributed over the chamber volume of 

41 m3, was 5.2×1020 m-3. Thus, the argon's total density averaged over the plasma column was 

about 11.7×1020 m-3. For this density of the argon target and for this time interval, the RE current 

was calculated from AUG-HXR measurements and processed with the DeGaSum code 

IRE=e·NRE/Δt,  where e is the electron charge; Δt is the spectrum acquisition time; NRE is the number 

of electrons obtained after reconstructing the REDF fRE  with the DeGaSum code  

𝑁𝑅𝐸 =
𝑛𝐴𝑟

𝑚

𝑛𝐴𝑟
∫ 𝑓𝑅𝐸(𝜀𝑅𝐸)𝑑𝜀𝑅𝐸

𝜀𝑚𝑎𝑥

𝜀𝑚𝑖𝑛
   (3) 

 where 𝑛𝐴𝑟
𝑚  is the argon density used in the MCNP modelling, 1020 m-3; nAr  is  real argon density; 

𝜀𝑚𝑎𝑥 = 30 𝑀𝑒𝑉  -maximal energy of REs under consideration; 𝜀𝑚𝑖𝑛 = 0.5 𝑀𝑒𝑉  - minimal 

energy of REs under consideration. The repeated argon injection caused a sharp burst of hard X-
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Figure 5 - Signals of discharge #34140: a) plasma current (blue line) and loop voltage (red line) 

after argon injection on t = 1 s of the discharge; b) argon density reconstructed from HXR 

measurements at the RE beam location visible to the AUG–HXR detector; c) time trace of the 

AUG- HXR spectrometer count rate 
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ray radiation, an order of magnitude higher than the radiation level's intensity before the second 

injection. The maximum emission occurred at 1.079 s of the discharge, 9 ms after the start of 

injection. Assuming that runaway electrons carry the entire plasma current, the RE current, the 

signal from which is recorded by the spectrometer, can be described as IRE = kdet·Ip, where kdet is a 

coefficient describing the fraction of REs visible for the spectrometer, taking into account the 

detection energy threshold, which was usually set at 0.5 MeV. For the AUG-HXR detector, this 

coefficient was found as kdet = 0.37. 

The value kdet = 0.37 looks overestimated as AUG-HXR spectrometer has narrow plasma field of 

view. To correct kdet this value the discharge #34183 with series of D2 pellet injection was 

processed. Figure 6 shows the signals recorded during this discharge. After the argon injection, 

which caused a RE beam generation with an initial current of 0.25 MA, 15 cryogenic D2 pellets 

with a frequency of 70 Hz were injected into the plasma [32]. The pellets containing 5×1020 D2 

molecules each. The D2 pellets carry a total of 1.5×1022 deuterium atoms, which, if uniformly 

distributed in a chamber volume of 41 m3, gives a density of 3.7×1020 m-3. The number of argon 

atoms injected to generate the RE beam is 7.44×1020. A uniform distribution in the chamber 
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Figure 6 - Signals of the AUG discharge #34183: a) Line integrated electron density (blue 

line) and argon density assessed with HXR measurements for kdet=0.37 (red dashed line with 

dots) and for corrected kdet=0.12-0.18 (red line with dots).  Green dashed line shows the 

density of injected argon uniformly distributed over the chamber volume; b) AUG-HXR 

detector count rate (red line) and obtained ERE
max (blue line with dots); c) plasma current (blue 

line) and loop voltage (red line); d) Vertical position of plasma current relatively to the 

equatorial plane 
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volume gives a density of 1.82×1019 m-3. Using the value kdet = 0.37, the argon density evolution 

was obtained after processing the measured HXR spectra with the DeGaSum code. The nAr reaches 

a maximum at 50 ms after injection and is 0.93×1020 m-3. If we take this value as an average over 

the plasma volume ~5 m3, it corresponds to 62.5% of argon injected, which coincides with the 

estimating the argon fueling efficiency after the first injection, 60 ± 20%, provided in [32]. Then, 

during the D2 pellet injection, a fairly quick decrease in argon density occurs, after which, from 

about 1.15 s of the discharge, the density changes weakly. Simultaneously, the density of free 

electrons becomes close to zero, which indicates the neutralization of the gas mixture in the 

tokamak. By 1.3 second of the discharge, argon density reaches a minimum, 0.6×1019 m-3, which 

is noticeably lower than the assessment of the uniform distribution of argon over the tokamak 

chamber 1.82×1019 m-3 shown in figure 6a by green dashed line. The incorrect value of kdet could 

cause such a discrepancy. The value of kdet must be less by a factor of 3: ~0.12, for the obtained 

argon density at the end of the discharge to be equal to the uniformly distributed neutral argon 

concentration. 

To correct the kdet value and study the influence of the RE beam size and position on the HXR flux 

coming to the detectors, MCNP simulations were conducted. The RE beam in the MCNP model 

had a circular cross-section with a Gaussian distribution of particles. Three distribution variants 

were considered: with the full width on half maximum (FWHM) of the electron flux 10, 15 and 

20 cm. Realistic RE distribution obtained in one of AUG discharges with a maximum energy of ~ 

19 MeV was used in the model. In the simulation, the HXR flux incident in the detectors was 

calculated at the position of the beam distribution center on the line of sight (displacement 0 cm) 

and vertical shifts of 2.5, 5, 7.5, 10, 12.5, 15, and 20 cm. The calculation results are shown in 

Figure 7. The HXR fluxes at the location of the spectrometer crystals were normalized to the flux 

from the RE beam with FWHM = 10 cm taken without displacement from LoS. 
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Figure 7 - Dependence of the HXR flux entering the detectors on the displacement of the 

electron beam with FWHM = 10, 15 and 20 cm relative to LoS of (a) AUG-HXR and (b) 

REGARDS 

 

As can be seen in Figure 7, spectrometers are more sensitive to shifts of narrow beams. In general, 

the beam shifts relative to the equatorial plane were within 5-7 cm in the series of discharges with 

RE generation. In [25], the size and position of the RE beam in the AUG tokamak were analyzed 

by synchrotron radiation recorded by the camera in the visible light range. The diameter of the 

FWHM luminosity spot was approximately equal to 0.30·a ~ 15 cm at 1.029 s of a discharge with 
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RE generation. The figure shows the evolution of the equilibrium of the electron beam during the 

discharge #34183 disruption. 

 
Figure 8 - Evolution of the RE beam magnetic equilibrium for AUG discharge #34183 

 

Overall, the RE beam demonstrated a stable position. However, the maximum current-centroid 

shift relative to the position at the disruption beginning was ~ 3 cm at ~1.3 seconds of the discharge 

(see figure 6d). Considering the initial displacement of the beam relative to the observation axis 

of the spectrometer by 4 cm (AUG-HXR line of sight is by ~10 cm higher than the AUG equatorial 

plane), this could lead to a decrease in the number of electrons visible to the detector (coefficient 

kdet) by a factor of 1.5 at a beam size FWHM ~ 15 cm. Thus, the IR or VIS cameras registering 

synchrotron radiation and providing the size and position of the RE beam can supplement and 

correct the data supplied by HXR diagnostics on the magnitude of the RE current. Using the 

information on the RE beam position and size, we obtained the corrected value of kdet, which 

decreased from 0.18 at t=1.05 s to 0.12 at t=1.3 s due to the RE beam displacement. The resulted 

argon density evolution is shown in figure 6a by a solid red line with triangled dots. 

The maximum value reached by argon to 1.05 s of the discharge is 1.87×1020 m-3, which is by a 

factor of 2 higher than obtained previously 0.93 ×1020 m-3. This discrepancy is explained by the 

fact that we assumed that in discharge #34140, ionized argon is uniformly distributed over the 

plasma volume; we did not know the exact value of the argon quantity but only assumed that it 

was ~ 10% of the amount injected the second time and did not consider the effect of the RE beam 

displacement on the HXR flux measured by the detector. As a result, we obtained a grossly 

overestimated kdet value.  It is reasonable to assume that ionized argon is confined in the region of 

maximum RE current density. In this case, the average value of the argon density in the plasma 

volume keeps satisfying the ionization efficiency value of 60 ± 20%, provided in [32]. It should 

be noted that the plasma volume, as seen in Fig. 8, noticeably decreases during the RE current 

ramp down. It is also possible to change the size of the RE beam, which will affect the value of 

kdet. For a more accurate determination of the size and position of REs in future experiments, it is 

necessary to simultaneously measure HXR and synchrotron radiation in the IR/VIS range. 
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Figure 9 - AUG-HXR count rate (a) and argon density (b) evolution in the discharges with 

different amount of argon injected 

Figure 9b shows the evolution of the density of argon interacting with the electron beam, 

reconstructed from the HXR flux measurements shown in Figure 9a. The density reconstruction 

was carried out starting from 10 ms after the argon injection. One can see that with an increase in 

the amount of injected argon, the HXR count rate increases proportionally and achieve a maximum 

more quickly, which indicates a more rapid increase in the density of the gas target. At 5-9 ms, 

HXR bursts are observed, which signals the release of electrons to the chamber wall, 

accompanying the MHD event. It is described in [42] that this MHD event seems to cause the 

accelerated penetration of argon into the central regions of the plasma column. Our observations 

confirm this: after the bursts, the HXR intensity rises rapidly and reaches a maximum at 35-55 ms 

after argon injection. At 10 ms after the injection of 0.72 bar of argon in discharge #34147, the 

observed argon density in the plasma center is ~ 5·1019 m-3, which is consistent with the modelling 

of argon penetration in discharge #33108 with a similar amount of injected gas conducted in [42]. 
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HXR signals of 19 discharges with different amounts of injected argon were analysed. It was found 

that the maximum density of argon interacting with the RE beam is directly proportional to the 

amount of injected gas (Figure 10). This indicates a low contribution of radiation from the wall in 

the measured HXR spectra. 

 

5. Evolution of RE maximum energy 

An analysis of the RE acceleration in discharges with different values of injected argon was 

conducted. The evolution of Emax in discharge #34183, described above, is shown in Figure 6c 

by the red line. A series of injected pellets caused rapid recombination of argon, which resulted in 

a drop in the electron and argon densities in the place of the RE beam localization (Figure 6a).  

A decrease in the gas density in the #34183 discharge should reduce the energy losses of 

accelerated electrons for collisions and bremsstrahlung, increasing the RE energy. However, from 

the moment the pellet injection began, the loop voltage dropped almost zero, which prevented 

further acceleration of electrons. In the discharge, the energy maximum was reached at 1.02–1.1 

s, after which ERE
max gradually decreases. 

The experimental observations were investigated with numerical calculations performed to 

estimate RE energy dynamics using a simple 0-D code PREDICT [43, 44]. The code employs the 

relativistic test particle equations that govern RE energy dynamics in momentum space, including 

collisional and synchrotron-radiation induced losses [44-47]. It also considers different RE-

generation mechanisms such as the secondary avalanche and primary RE-generation mechanisms, 

namely Dreicer, hot-tail, tritium decay and Compton scattering (from γ-rays emitted from activated 

walls) [46]. In the present simulation work, the following test particle equations utilized where the 
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Figure 10 - Dependence of the maximum Ar density estimated using DeGaSum calculations vs 

injected argon value  
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effect of impurities are taken into account considering collisions of REs with free and bound 

electrons and scattering from the full and partially-shielded nuclear charge [46, 47]:  

𝑑𝑝∥

𝑑𝑡
= 𝑒𝐸∥ −

𝑒4𝑚𝑒𝛼𝑒(𝛾)

4𝜋𝜀0
2 𝛾(𝑍𝑐𝑜𝑙𝑙(𝛾) + 1 + 𝛾)

𝑝∥

𝑝3 − (𝐹gc + 𝐹gy
𝑝⊥

2

𝑝4) 𝛾4𝛽3 𝑝∥

𝑝
   (4) 

𝑑𝑝

𝑑𝑡
= 𝑒𝐸∥

𝑝∥

𝑝
−

𝑒4𝑚𝑒𝛼𝑒(𝛾)

4𝜋𝜀0
2

𝛾2

𝑝2
 − (𝐹gc + 𝐹gy

𝑝⊥
2

𝑝4
) 𝛾4𝛽3,      (5) 

where p||, p⊥ and p are, respectively, the parallel, perpendicular and total electron momentum, E|| 

is the toroidal electric field, γ is the relativistic gamma factor, β = vRE/c, vRE is the velocity of RE, 

and c is the speed of light. Here 𝐹𝑔𝑐 = 𝐹𝑔𝑦(𝑚𝑒𝑐 𝑒𝐵𝑇𝑅0⁄ )2, and 𝐹𝑔𝑦 = 2𝜖0𝐵𝑇
2 3𝑛𝑒⁄ 𝑚𝑒𝑙𝑛Λ, are 

parameters describing the two contributions to the synchrotron radiation losses (the guiding center 

motion, Fgc, and the electron gyromotion, Fgy, respectively) [45]. me is the mass of an electron, ε0 

is the permittivity of free space. The parameters 𝛼𝑒(𝛾) and 𝑍𝑐𝑜𝑙𝑙(𝛾) are correctional factors that 

take into account the collisions of REs with free and bound electrons as well as scattering from 

full and partially-shielded nuclear charge as calculated and described in [47]. In these simulations, 

all temporal evolution of plasma parameters has been taken as an input and the only free parameter 

is a temporal evolution of injected argon atoms density profile. 
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Figure 11 -  Effect of different forces acting on the REs dynamics FE (force due to electric field), 

FColl is force due to collisions of REs with plasma and impurity, ions and electrons, Fsyn is 

synchrotron radiation loss 

 

Figure 11 shows effect of different forces acting on the REs dynamics. For the early-born, high 

energy fraction of REs, the increase in perpendicular momentum enhances synchrotron losses 

significantly as compared to collisional losses. Hence, the presence of impurities has a two-fold 

effect on RE energy dissipation: the higher number of collisions decrease the RE energy and pitch-

angle scattering of REs in presence of impurities also enhances synchrotron losses, especially for 

high energy REs.      
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The signals of the #36426 discharge with RE generation caused by the injection of 9.6×1020 argon 

atoms are shown in Figure 12. Figure 12d represents the argon density evolution at the RE beam 

localization place in the AUG-HXR (red dots with a line) and REGARDS (blue dots with a line) 

spectrometer. Considering the correction for the shift of the RE beam from the detector's line of 

sight, the coefficient kdet varied in the range of 0.1-0.154. Whereas the REGARDS spectrometer 

sees ~ 15 cm of plasma column vs. ~ 10 cm for AUG-HXR, coefficient kdet for REGARDS varied 

in the range of 0.15-0.23. A slight difference in the found argon density for the detectors, in 

addition to possible unaccounted for errors, can be explained by a different volume of visible 

plasma. Similar time dependences of the detector counting rate shown in Figure 12e indicate a 

stable vertical position of the electron beam. 

Analysis of the REDFs obtained from the deconvolution of the measured spectra using the 

DeGaSum code yielded the time dependence of the maximum RE energy shown in Figure 12f for 

both spectrometers. REs reach a maximum energy of 20 MeV 40-60 ms after argon injection, after 

which the electron energy gradually decreases to ~ 12.4 MeV due to collisions dissipation of 

energy with the background plasma. However, calculations carried out using the PREDICT code 

for this argon density gave significantly lower ERE
max values (Figure 12f, black line). According to 

 

Figure 12 - Signals of discharge #36426: a) plasma current; b) linearly integrated electron 

density; c) loop voltage; d) argon density at the site of the RE beam localization, measured 

from the readings of the  AUG-HXR spectrometers (red dots with a line) and REGARDS (blue 

dots with a line); e) count rate of the  AUG-HXR spectrometers (red line) and REGARDS (blue 

line); f) ERE
max obtained after signal processing of spectrometers (dots with lines) and the results 

of modeling the test particle method using nAr represented in Figure 9d (signal PREDICT, black 

line)  
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these simulations, at a given argon density, the RE beam should disappear by 1.07 s of the 

discharge. Calculations with the PREDICT code showed that for the evolution of ERE
max to 

correspond to the measured values, the argon density must be by order of magnitude lower than 

the values provided by HXR measurements. The possible reason behind the requirement of low 

Ar-density to explain the experimentally observed ERE
max is attributed to several factors, namely a 

possible underestimation of NRE in low energy range <0.5 MeV, contribution of pitch-angle that 

can enhance the bremsstrahlung radiation emission in the radial direction, interaction of REs with 

plasma walls, scattered photons registered by the spectrometers and faults in the test particle model 

corrected for RE interaction with impurity ions is exerting more drag force on REs that causing 

faster RE-energy dissipation. These possible reasons are under further investigation. Nevertheless, 

the present simulation results provide qualitative insight into RE-dynamics in the presence of 

impurity injection. 

We analyzed the maximum RE energy dependence on the amount of injected argon in the range 

from 0.14 to 0.75 bar. ERE
max was measured in 18 discharges in the time interval of 80–120 ms 

after argon injection. The resulting dependence is shown in Figure 13. In general, we cannot say 

that the amount of argon introduced in this density range significantly affects ERE
max: its value 

decreases from about 18 to 16 MeV. We can also note the similarity in the ERE
max evolution 

dynamics for discharges with different amounts of injected argon (Figure 13b). These observations 

require theoretical interpretations and the scope of our future study. 
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Figure 13 - ERE
max observations at different Ar injections: a)  ERE

max dependence on the amount 

of injected argon. The red dashed line is the linear fit; b) ERE
max evolution in discharges with 

different argon injections 

It should be noted, that in recent measurements of synchrotron radiation carried out at AUG 

[25] using a fast visible camera Phantom V711 (having a narrow bend filter at 708.9 nm with 

FWHM of 8.6 nm), the presence of seed electrons with energies above 25 MeV was observed, 

while The HXR spectrometer for the same time interval gave a maximum energy of 16 MeV. 

The camera was configured in the runaway electron approach direction (tangential view) and 

utilized for the observation of the synchrotron emission and should start receiving the sufficient 

synchrotron emission signal once the REs gain energy more than 25 MeV with pitch angle 0.2 

radian. The reasons for this discrepancy can probably be explained by the small number of 



18 
 

6. Conclusions 

Two hard X-ray spectrometers based on small-size scintillation crystals LaBr3(Ce) were developed 

and put into operation at the ASDEX Upgrade tokamak. The spectrometers were used in 

experiments with the generation of REs in discharges with a low plasma density by injection of a 

small amount of argon. During the entire AUG discharge, the signal was recorded with a sampling 

rate of 400 MHz. For the pulse-height analysis of the recorded signal under conditions of a high 

spectrometer load with many piled-up pulses, the fitting method was used, making it possible to 

achieve a spectrometer count rate of 107 s-1 with a relatively low number of unresolved pulses. 

Analysis of the REDFs obtained from the deconvolution of the measured spectra using the 

DeGaSum code yielded the RE maximum energy time dependence. REs reach a maximum energy 

of 20 MeV 40-60 ms after argon injection followed with electron energy gradually decreases to ~ 

12.4 MeV.  

The obtained runaway electron distributions provided the assessments of the gas target's density 

and the RE beam fraction visible for spectrometers. The argon density coincides with argon fueling 

efficiency after the first injection, 60±20%, provided in [32] and the model of impurity ion 

transport into the central plasma considered in [42]. The RE maximum energy dependence on the 

amount of argon injected into the plasma was obtained, which was not significant: ERE
max decreased 

by about 10% with an increase of injected argon from 0.14 to 0.73 bar. Test particle calculations 

carried out using the PREDICT code showed that for the evolution of ERE
max to correspond to the 

measured values, the argon density must be by order of magnitude lower than the values provided 

by HXR measurements. The possible reasons behind the requirement of low Ar-density to explain 

the experimentally observed ERE
max are under further investigation. Nevertheless, the present 

simulation results provide qualitative insight into RE-dynamics in the presence of impurity 

injection. 

Performed measurement demonstrated the possibility of using small-sized spectrometers for 

diagnostics of runaway electrons in larger facilities such as ITER, where an HXR monitor system 

with crystals with similar characteristics is being developed. In the present study, the entire plasma 

current after argon injection was carried by runaway electrons, making it possible to estimate the 

argon density at the center of the plasma. In future experiments at ITER, it will be possible to solve 

the inverse problem of finding the RE current from the measured HXR signal, provided that the 

impurity distributions are known. For adequate estimation of the RE current, a spectrometric 

system with at least two plasma views in the field of observation of which the entire cross-section 

of the plasma column is located must be used. Measurement of synchrotron radiation in the IR/VIS 

ranges can supplement information about the size and position of the RE beam, as well as the 

presence of electrons with energies above 10 MeV. 
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