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Abstract 
The measurement of the electron energy distribution (EED) of electrons escaping axially from a 

minimum-B electron cyclotron resonance ion source (ECRIS) is reported. The experimental data were 

recorded with a room-temperature 14 GHz ECRIS at the JYFL accelerator laboratory. The electrons 

escaping through the extraction mirror of the ion source were detected with a secondary electron 

amplifier placed downstream from a dipole magnet serving as an electron spectrometer with 500 eV 

resolution. It was discovered that the EED in the range of 5 - 250 keV is strongly non-Maxwellian and 

exhibits several local maxima below 20 keV energy. It was observed that the most influential ion 

source operating parameter on the EED is the magnetic field strength, which affected the EED 

predominantly at energies less than 100 keV. The effects of the microwave power and frequency, 

ranging from 100 to 600 W and 11 to 14 GHz respectively, on the EED were found to be less 

significant. The presented technique and experiments enable the comparison between direct 

measurement of the EED and results derived from bremsstrahlung diagnostics, the latter being 

severely complicated by the non-Maxwellian nature of the EED reported here. The role of RF pitch 

angle scattering on electron losses and the relation between the EED of the axially escaping electrons 

and the EED of the confined electrons are discussed. 

Introduction 
Microwave discharges are widely used as sources of positive and negative ions and ion beams as well 

as in plasma technology, including thin-film deposition, plasma etching, surface ion treatment and 

sputtering . A significant fraction of  these discharges operate at low gas pressure with the electrons 

confined magnetically and being heated by microwaves under the electron cyclotron resonance (ECR) 

condition where the electron gyrofrequency equals the microwave frequency, therefore enabling an 

efficient electron heating and subsequent production of high charge state ions in ionizing collisions 

between the electrons and neutrals / ions. ECR ion sources (ECRIS) have been essential in accelerator 

based nuclear physics research and applications over the past 40 years. They are extensively used in a 

wide range of large-scale accelerator facilities for the production of highly charged ion beams of 

stable and radioactive elements, from Hydrogen up to Uranium.  

One of the main peculiarities of ECR heating is that electrons gain mainly (depending on their energy 

[1-3]) transverse energy when interacting with the microwave electric field, thus making the electron 

velocity distribution function (EVDF) of ECRIS plasmas strongly anisotropic. The resulting electron 

energy distribution function (EEDF) is believed to consist of (at least) three main components: cold 

electrons with an average energy <Ee,cold> of 10–100 eV, warm electrons with <Ee,warm> of 1–10 keV 

and hot electrons with <Ee,hot>  from 10 keV up to 1 MeV [4-6]. Together with particle densities the 

EEDF defines the volumetric reaction rates in ECRIS plasmas and affects the growth and damping 

rates of non-linear processes. In particular, it has been shown that kinetic instabilities originating from 

the anisotropy of the EVDF and non-equilibrium EEDF cause unacceptable periodic oscillations of 

the extracted ion beam due to a loss of the ion confinement at periodic intervals [7]. Thus, knowledge 

on the EEDF and its control is crucial for optimization of ECRIS performances and benchmarking 

PIC simulation codes. 

In the case of rarefied plasma, electrons are gaining mostly transverse energy, which then becomes 

higher than the ionization potential and longitudinal kinetic energy [8]. Under such condition, the 
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interaction with the microwaves determines both the acceleration of the electrons produced as a result 

of the stepwise ionization and their scattering to the loss cone (i.e. RF-scattering [1,2]). When 

electrons interact with a monochromatic electromagnetic wave in the ECR region, they are heated 

stochastically (the Fermi acceleration regime) as follows. The bounce-oscillating electrons 

periodically encounter the cyclotron resonance regions. The change in their energy, averaged over 

several bounce oscillations, is largely determined by the shift of the cyclotron interaction phase (the 

difference between the EM-wave and particle motion phases), being accumulated between two 

consecutive passes through the electron cyclotron resonance region. As was explained thoroughly in 

Ref. 8, the phase shift can be regarded as randomly changing (stochastic) over a bounce period if its 

variation due to the change of the magnetic moment in the resonance is greater than π. Under such 

condition the change of the electron energy in consecutive resonance crossings can be regarded as a 

diffusive process. As the energy increases, the time between cyclotron interactions decreases and, thus 

the phase shift becomes small. This leads to the collapse of the Fermi acceleration regime, and the 

particle energy begins to oscillate around a certain cut-off value, and the electron motion becomes 

superadiabatic. Under such condition, the EEDF forms a "quasilinear plateau" [8, 1, 2] in the 

resonance region of the momentum space. In this case, the electrons can not gain energies exceeding a 

certain value and, thus, at this stage of the discharge the ability of the plasma to absorb the microwave 

energy is limited as the energy is being absorbed only by the growth of the plasma density, not by 

changing the shape of the EEDF. Such conditions are usually realized at the initial stage of the 

discharge, which explains the high reflection coefficient associated with the plasma breakdown as 

observed e.g. in [9]. The EEDF with the quasilinear plateau formed at the beginning of the ECR 

discharge is also responsible for the Preglow effect [10-12]. When collisions are introduced at higher 

plasma density and/or the wave is not strictly monochromatic, the superadiabatic EEDF partly 

collapses since the phase of the electron-wave interaction remains random for a part of electrons, 

which enables “overheating” of the electrons up to 1 MeV energies as detected through 

bremsstrahlung diagnostic [13]. Furthermore, collisions and collision-like processes alter the electron 

diffusion lines in momentum space and, thus, affect the EEDF through complex interactions. The 

resulting energy distribution is considered to have a sophisticated shape, being strongly non-

Maxwellian. 

Indirect characterization of the EEDF based on plasma bremsstrahlung spectroscopy is a simple, well-

known and widely used method of probing the effect of different ion source operational parameters on 

the high-energy photon emission spectrum at energies above 1 keV (for a recent study see e.g. [14] 

and references therein). However, the technique does not give neither qualitative nor quantitative 

information on EEDF without complicated deconvolution of the spectrum, often compromised by the 

experimental geometry (plasma vs. wall bremsstrahlung) and the inherent sensitivity to assumptions 

[15]. Measurement of the plasma bremsstrahlung is therefore mostly used for determining a “spectral 

temperature”, which has little value for precise analysis of the EEDF and nonlinear plasma-wave 

interactions, but can be considered as a qualitative indicator of the plasma energy content as a 

function of operational parameters. Also, the maximum energy of the electrons can be derived from 

the “endpoint energy” of the bremsstrahlung spectrum. Besides, the EEDF can be measured directly. 

One of the simplest method is applying Langmuir probe diagnostics and subsequent analysis of the I-

V characteristics with Druyvesteyn theory [16]. However, even the modified theory, being successful 

for measuring EEDF in a low-temperature microwave-heated plasmas [17] of singly charged ions, is 

inapplicable for ECRIS of multicharged ions. This is due to the invasive nature of the probe, which 

perturbs the plasma equilibrium and distorts the EEDF. Furthermore, the Langmuir probe techniques 

is inapplicable for measuring electron energies in keV - MeV range especially in strong, spatially 

varying magnetic fields. 
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The present work reports the first (to our knowledge) direct measurements of the energy distribution 

function of electrons escaping the magnetic confinement of conventional minimum-B ECRIS in stable 

CW operation i.e. in the absence of kinetic instabilities. It is emphasized that the EEDF of the 

confined electrons in the magnetic trap and the EEDF of the escaping electrons might be different. 

However, the following considerations allow to argue that the EEDF of the escaping electrons reflects 

the EEDF of the confined electrons (at least in terms of parametric dependencies). 

A resonant interaction between an electron and the microwave increases both transversal and 

longitudinal momentum [1, 2]. The increment of the longitudinal momentum increases with the 

electron energy, thus energetic electrons diffuse to the loss cone in the momentum space and leave the 

magnetic trap in a process referred as RF-scattering. This model makes it possible to qualitatively 

explain how energetic electrons leave the trap. Unfortunately even the relativistic model cannot 

explain all peculiarities of the EEDF found so far in the experiments. Measurements reported in [1, 2, 

18] and in the present paper (see section “Experimental results”) have demonstrated that the energy 

distribution of the electrons leaving the trap spans over a wide range of energies. On the contrary the 

simplified relativistic model [1, 2] predicts that electrons leave the trap with a fixed energy, 

determined by the ratio between the microwave frequency and the electron cyclotron frequency at the 

mirror point. This result is related to the simplifying assumptions of the model, stating that the plane 

electromagnetic wave interacting with the electrons propagates along the magnetic field and has 

relatively weak amplitude and small vacuum wave number. In practice the observed spread of the 

electron energy can be caused by collisions, perturbations and damping of the incident 

electromagnetic wave, and by the fact that the heating wave is  not monochromatic. RF-induced 

scattering of electrons in ECR-heated plasmas has been reported e.g. in Refs. [1, 2]. Recent 

observations have demonstrated  that the RF-scattering contributes significantly to electron losses in 

the range of 20 - 570 keV [18, 19]. This enables characterizing the EEDF inside the trap by measuring 

the EEDF of the electrons escaping the confinement, yet the relative importance of this mechanism on 

the total electron losses and the energy-dependence of its efficiency remains unknown. 

 

Experimental setup 
The experimental data were taken with the JYFL 14 GHz ECRIS. The source uses an Nd-Fe-B 

permanent magnet sextupole arrangement and two solenoid coils. The superposition of the solenoid 

and sextupole fields forms a minimum-B structure for confinement of the plasma. The strength of the 

permanent magnet sextupole is 1.09 T on the magnetic poles and 0.70 T between the poles, both 

values given at the chamber wall. The axial field strength can be varied by adjusting the solenoid 

currents, which affects the injection and extraction mirror ratios as well as the Bmin/BECR ratio 

(BECR=0.5 T at 14 GHz). The solenoid field configuration is best described by the values at injection 

(Binj), minimum (Bmin), and extraction (Bext). For the settings corresponding to a typically used 

Bmin/BECR = 0.75 the values are Binj=0.913 T, Bmin=0.375 T and Bext=1.976 T. Bmin/BECR ratio is given 

later for each experiment being the most convenient for describing the magnetic field strength. Both 

solenoids were adjusted simultaneously which has been the common practice when studying the effect 

of Bmin/BECR ratio on the plasma parameters of the JYFL ECRIS. This allows a comparison to earlier 

data probing the appearance of plasma instabilities and bremsstrahlung [7,  20]. 

Plasma electrons are typically heated by 100–600 W of microwave power at 14 GHz. The source is 

equipped with a secondary waveguide port connected to a 10.75 - 13.75 GHz TWT amplifier with 350 

- 400 W maximum power.  Typical operating neutral gas pressures are in the 10-7 mbar range.  

The electrons escaping the confinement were detected with a secondary electron amplifier placed in 

the beamline downstream from the 90 degree bending magnet used as an energy dispersive separator. 

The electron flux was limited by two ɸ = 5 mm collimators placed between the ion source and the 

bending magnet and yet another ɸ = 5 mm entrance collimator in front of the secondary electron 
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amplifier, all collimators are made of aluminium and grounded. The experimental setup is shown 

schematically in Fig. 1. The polarity of the bending magnet power supply was changed from the 

normal operation where the magnet is used for m/q-separation of high charge state positive ions. The 

magnetic field deflecting the electrons was measured with a calibrated Hall-probe. The energy 

distribution of the electrons escaping from the confinement was then determined by ramping the field 

of the bending magnet and detecting the electron current from the amplifier with a picoammeter. At 

the given field strength of the bending magnet the apparatus detects electrons with relativistic 

momentum 𝑝 = 𝛾𝑚0𝑉 = 𝑅|𝑒|𝐵, where 𝛾 is the Lorentz factor, 𝑚0 - electron rest mass,  𝑉 - 

transverse speed of electrons, 𝑅 - radius of curvature of particle trajectories inside the bending 

magnet, and 𝐵 - the magnetic field strength. Then, 𝛾 = √1 + (
𝑝

𝑚0𝑐
)
2
, and the electron kinetic energy 

𝜀 = 𝑚𝑜𝑐
2(𝛾 − 1), where 𝑐 is the speed of light (all in SI). Field ramping speed was kept constant 

over all experiments at the value of 15 μT/s. The energy resolution of the setup provided by the set of 

collimators is estimated to be better than 500 eV. The energy dependent transmission efficiency of the 

electrons leaking from the ion source through the beamline sections and the bending magnet was 

calculated assuming that the electron distribution at the extraction aperture is independent of energy 

and has a KV-distribution [21]. The first two collimators sample a fraction of the beam, which is 

directly proportional to the energy of the electron beam as long as the beam completely illuminates 

the collimators (electron energy <100 MeV). Furthermore, the energy dependent yield [22] of the 

secondary electrons released from the amplifier cathode was taken into account during the data 

analysis together with electron backscattering coefficient [23]. The power supply used for operating 

the bending magnet coil had a high precision and small current step (the corresponding electron 

energy step was <100 eV), but it was limited in maximum current, which prohibited the detection of 

electrons with energies of >250 keV. 

The amplifier (see Fig. 1) functions by emitting secondary electrons from biased aluminum cathode 

and amplifying the signal by a chain of subsequent meshes before measuring the current from the 

grounded anode.  The cathode of the secondary electron amplifier was biased negatively to -4 kV with 

respect to the laboratory ground, thus prohibiting the detection of electrons with energies below 4 

keV.  

 

  

Figure 1. A schematic view of the experimental setup. From left to right: The JYFL 14 GHz ECRIS, low energy beamline 

with 5 mm collimators placed between the solenoid (blue) and dipole magnets, the 90 degree dipole magnet used as an 

electron spectrometer and the secondary electron amplifier placed at the end of the displayed beamline section following the 

dipole magnet. The insulating cover (white) and ɸ = 5 mm entrance collimator of the amplifier have been removed for 

illustration purposes to expose the amplifier chain.   

 

The energy distribution of the escaping electrons (EED) was measured as a function of the ion source 

parameters e.g. microwave power, microwave frequency and (axial) magnetic field strength. The 

plasma chamber of the ion source and all focusing electrodes were connected to the laboratory ground 
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throughout the experiment. This means that the detected electron flux consists of the electrons leaking 

from the plasma through the extraction aperture retarded only by the plasma potential of 

approximately 20 V [24]. 

Experimental results 
An example of EED obtained with the procedure described above is shown in Fig. 2. The ion source 

parameters were the following: 600 W of 14 GHz microwave power, Bmin/BECR=0.79 and 3.5∙10-7 

mbar of oxygen (hereinafter the given value was measured without plasma). The plot is normalized to 

the total number of electrons i.e. the integrated signal is equal to unity. The EED has a distinct 

maximum at 7 keV surrounded by several subpeaks; at 15 keV the EED exhibits a noticeable drop 

with a transition to a Maxwellian-like1 tail. Yet another maximum starts to appear at ~100 keV 

peaking above 250 keV, which was the maximum energy in our experiment, limited by the bending 

magnet power supply. It is emphasized that the EED shown in Fig. 2 differs from a Maxwellian one, 

which is often used as an assumption for the warm electron population in 1 - 100 keV range [4-6]. 

Furthermore, the deviation from a Maxwellian distribution questions the use of the concept of electron 

temperature to characterize the whole warm electron population at least when the escaping electrons 

are concerned. 

 

 
Figure 2. An example of the EED obtained with 600 W microwave power at 14 GHz, 3.5∙10-7 mbar oxygen pressure and 

Bmin/BECR=0.79. 

 

Dependence of the EED on microwave power 
The evolution of the EED at fixed Bmin/BECR=0.79 as a function of the microwave power at 14 GHz is 

shown in Fig. 3a. The distributions are plotted in “absolute” units, i.e. the integrated signal is 

proportional to the total number of detected electrons, to emphasize the dependence of the total 

electron flux on the injected power. Increasing the power hardly affects the position of the maxima, 

but rather influences only the total number of lost electrons. The distribution peaks at 7 keV despite of 

 
1   See the discussion section 
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the heating power. Fig. 3b shows the (normalized) total number of registered electrons as a function 

of the microwave power. 

 
Figure 3. The EED (a) and total number of electrons (b) as a function of microwave power at 14 GHz, 

Bmin/BECR=0.79 and oxygen pressure of 3.5∙10-7 mbar. 

 

The increase in longitudinal electron flux escaping the magnetic confinement with increasing 

microwave power shown in Figures 3a and 3b  indicates that the plasma density and/or RF scattering 

rate increase with the injected power. 

 

Dependence of the EED on microwave frequency 
It was observed that the microwave frequency did not have a pronounced influence on the shape of 

the EED either. The effect of the microwave frequency was probed with the TWT amplifier operating 

in the range of 11.0-12.4 GHz with 50 MHz step with constant power of 50 W. The operating gas was 

oxygen at 3.5∙10-7 mbar pressure and the magnetic field was kept constant at Bmin/BECR=0.77. Figure 4 

shows the EEDs acquired at different frequencies plotted in absolute “units” - they all have a similar 

shape and differ only in total number of electrons. The dependence of the total number of detected 

electrons on the microwave frequency is plotted in Fig. 5. The obvious irregularity is consistent with 

the frequency dependence of the ion source performance [25] and is presumably explained by the 

efficiency of microwave coupling including losses in the waveguide components (vacuum window, 

high-voltage break etc.). 
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Figure 4. The effect of the microwave frequency on the EED. TWTA frequency: 11.0 - 12.4 GHz with 50 MHz step, 

constant power of 50 W. Oxygen, 3.5∙10-7 mbar, Bmin/BECR=0.77. 
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Figure 5. The total number of electrons (normalized) as a function of the microwave frequency. TWTA frequency: 11.0 - 

12.4 GHz with 50 MHz step, constant power of 50 W. Oxygen, 3.5∙10-7 mbar, Bmin/BECR=0.77. 

 

The effect of two-frequency heating on the EED 
Studies performed in the case of two-frequency heating, which is widely used method of improving 

ECRIS performance [26] (yet the exact mechanism remains unclear), did not reveal a significant 

change of the EED in comparison to single frequency heating discussed above.  Figure 6 illustrates 

this by showing EEDs observed in the following combinations of microwave power / frequency: 

30 W at 11.56 GHz, 400 W at 14 GHz, 370 W at 14 GHz with additional 30 W at 11.56 GHz, and 430 

W at 14 GHz only. Here the Bmin/BECR ratio was set to 0.77 (for 14 GHz) and the oxygen pressure to 

3.5∙10-7 mbar. The only difference in the EEDs in Fig. 6 is the ratio between peaks and the total 

number of lost electrons (EEDs are not normalized), which is consistent with the aforementioned 

observations for single-frequency heating regime, whereas the position of the peaks in energy remains 

unaffected by the power / frequency combinations. 
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Figure 6. EEDs with the following combinations of microwave power / frequency: 30 W at 11.56 GHz, 400 W at 14 GHz, 

370 W at 14 GHz + 30 W at 11.56 GHz, and 430 W at 14 GHz only. Bmin/BECR=0.77 and the oxygen pressure 3.5∙10-7 mbar. 

 

Dependence of the EED on the magnetic field strength 
The only parameter which was observed to noticeably affect the EED is the magnetic field strength. 

Figure 7 shows the (unnormalized) recorded EEDs at fixed power (400 W at 14 GHz) and pressure 

(oxygen, 3.5∙10-7 mbar) but different Bmin/BECR ratios. The local maxima of the EED shift towards 

higher energies with increasing magnetic field strength i.e. from 5.5 keV at Bmin/BECR=0.77 to 7 keV 

at Bmin/BECR=0.81. 
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Figure 7. Dependence of the EED on the magnetic field strength at constant power (400 W at 14 GHz) and 

pressure (oxygen, 3.5∙10-7 mbar). 

 

Appearance of plasma instabilities [27] restricted observing the shift of the EED towards higher 

energies at strong magnetic fields i.e. above the threshold Bmin/BECR of 0.82, in oxygen plasma. A 

detailed study of the EED dependence on the magnetic field strength was thus carried out with 

krypton plasma which is stable over a wider range of magnetic field values especially at low 

microwave powers. This is presumably due to increased rate of inelastic collisions which leads to a 

higher instability damping rate in comparison to oxygen as discussed thoroughly in Ref. [28]. Figure 8 

shows a density plot of the EED at logarithmic scale as a function of the magnetic field strength with 

100 W of 14 GHz microwave power at krypton pressure of 3.5∙10-7 mbar. The scan was realized by 

stepping the Bmin/BECR ratio with 0.005 step and acquiring the EED at each setting. The obtained 

EEDs are normalized to unity and accumulated onto the density plot i.e. each horizontal line 

represents a single scan at given field strength. The trend of increasing energy at the peak of the 

distribution with the increase of magnetic field strength is clearly visible. 

 

Page 10 of 14AUTHOR SUBMITTED MANUSCRIPT - PSST-101996.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



 
Figure 8. A density plot of the EED at logarithmic scale as a function of the magnetic field strength with 100 W 

of 14 GHz microwave power at krypton pressure of 3.5∙10-7 mbar. 

 

Further analysis of the data in Fig. 8 yields (normalized) total number of (escaped) electrons as a 

function of the axial magnetic field strength, shown in Figure 9a. The increase of the magnetic field 

strength leads to a noticeable drop of the number of energetic electrons escaping the confinement 

through the extraction mirror. That might be judged as an enhancement of the electron confinement 

though one should keep in mind that the change of Bmin/BECR ratio may also change the spatial 

distribution of electron losses between the axial and radial mirrors. Figure 9b shows the dependence 

of the integral mean energy (average energy) calculated for each Bmin/BECR ratio. The average energy 

grows with the magnetic field up to Bmin/BECR ~ 0.8 and then saturates. It is of note that the value of 

Bmin/BECR ~ 0.8 is often found optimal for high charge state ion production [29]. 
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Figure 9. Total number of escaped electrons (normalized) (a) and averaged over EED electron energy (b) as a function of 

Bmin/BECR. Heating power 100 W at 14 GHz, 3.5∙10-7 mbar of krypton. 

 

Discussion 
Bremsstrahlung experiments with ECR ion sources have shown that the x-ray spectrum is most 

sensitive to the magnetic field, whereas other parameters (heating power and frequency, gas pressure) 

are less influential [14, 30]. The most recent investigation on bremsstrahlung dependence on the 

magnetic field strength in ECRIS has been reported in [14], showing that Bmin is basically the only 

parameter which affects the spectral temperature in the very similar way as it affects the average 

energy of lost electrons reported here (see Fig. 9b). The consistency of previous results on 

bremsstrahlung measurements with those presented here together with hypotheses and experimental 

results on RF scattering allows the use of described method for qualitative estimation of electron 

energy distribution function in ECRIS plasmas. 

The abrupt decrease of the EEDF observed at the energies 12-18 keV for almost all experimental 

conditions might be correlated with a superadiabacity cut-off [8]. The electric field of the heating 

wave must be on the order of 50 V/cm to match with the experimental observations, which seems to 

be quite a low value keeping in mind the plasma chamber is a cavity with high Q-factor [31], and for 

an empty cavity the field value on the ECR surface was simulated to be on the order of 1 kV/cm 

(RMS with 400 W of input power) [32]. However, a consideration of intense field damping by highly 

absorbing plasma might be able to remove the contradiction [33]. Further studies on this topic are 

required. 

All of the EEDs have a linear tail at log scale (20 - 50 keV range, sometimes 30 - 100 keV), which 

might be mistakenly associated with a Maxwellian one. Linear fit of the described part of EEDs yields 

the temperature being too high for the fitting region (for some EEDs even higher than the upper fitting 

limit), implying that Maxwellian fit is inapplicable. Thus, it is emphasized that the EED is hardly 

Maxwellian. 

Presented results give new insight into the process of the EEDF formation in the minimum-B 

confinement under ECR condition. Although the method of deconvoluting the energy distribution of 

lost electrons back to the energy distribution of confined electrons is a topic of future research, the 

suggested experimental procedure seems to be much more relevant than bremsstrahlung diagnostics in 

terms of estimating the efficiency of ECR heating and electron confinement in modern ECRISs, as it 

gives not only the “spectral temperature”, but rather a fine structure of the energy distribution function 

(of lost electrons). Despite the fact that it is impossible to measure the EED and e.g. ion beam 

parameters simultaneously in contrast to bremsstrahlung, the described method is non-invasive unlike 

Langmuir probe diagnostics. So, it is possible to correlate plasma and /or ion beam parameters 

measurements with EED if the reproducibility is proven to be high, which is usually the case with 

modern ECRISs. However, it should be noted that the EED in case of ion beam extraction might 

differ from reported above, that is to be studied. In the end, it is emphasized that direct measurements 

of electron energies might be of interest for fundamental research in the field of ECR heating process 

as well as for open mirror fusion machines [34-37]. 
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