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ABSTRACT

We present the results of an experimental investigation of quasi-periodical kinetic instabilities exhibited by magnetically confined electron
cyclotron resonance heated plasmas. The instabilities were detected by measuring plasma microwave emission, electron losses, and wall
bremsstrahlung. The instabilities were found to be grouped into fast sequences of periodic plasma losses, separated by ~100 us between the
bursts, followed by 1-10 ms quiescent periods before the next event. Increasing the plasma energy content by adjusting the plasma heating
parameters, in particular the magnetic field strength, makes the instabilities more chaotic in the time domain. Statistical analysis reveals that
the energy released in a single instability event depends on the magnetic field strength and microwave power but not on the neutral gas
pressure. The effects of these ion source parameters on the instability characteristics are explained qualitatively by considering their influence
on the electron energy distribution. A correlation is found between the energy dissipated in an instability event and the recovery time of the
periodic bursts, i.e., a large amplitude instability leads to a long recovery time of the electron energy distribution.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0070824

I. INTRODUCTION Systematic studies of the cyclotron maser instabilities, fun-
damentals of which are described in Ref. 12, in the continu-
ous operation mode of the ECRIS have revealed several stabil-
ity regimes. The transition between them can be controlled by
adjusting the source parameters,” most notably the magnetic field
strength at the minimum-B (Buin), which is known to influence
the electron energy distribution (EED)”"" and the x-ray emission
of minimum-B ECRISs.""'"” These regimes can be broadly catego-
rized as (i) stable plasma with no detectable microwave emission
above the background electron cyclotron emission (ECE), (ii) pulse-

Cyclotron maser instabilities caused by the resonant interac-
tion between high energy electrons and electromagnetic waves are a
fundamental feature of electron cyclotron resonance (ECR)-heated
open plasma traps and minimum-B configurations with strongly
anisotropic electron velocity distribution.” In the past, experimen-
tal studies of such instabilities have been conducted with magnetic
mirror traps intended for thermonuclear fusion experiments’ and
simple mirror plasma generators dedicated for fundamental plasma
physics studies. In the pulse-periodic instability regime of the
minimum-B confined plasma, the plasma—electromagnetic wave periodic regirlne with abrupt bursts of microwave emission at specific
interaction results in abrupt bursts of microwave emission”® and ~ frequencies” * and electron precipitation,” both observed at the
electrons escaping the confinement,” which in turn results in strong 0.1-1 kHz order of the magnitude repetition rate,”"" (iii) pulsed
spikes of (thick target) bremsstrahlung emission (x ray) from the regime characterized by very strong instabilities (referred to as “giant
plasma chamber walls.® The instability-induced electron losses result pulses” by some authors”) occurring at irregular intervals and corre-
in fast fluctuations of the plasma potential and subsequent ion losses sponding to a rich frequency spectrum of the microwave emission,”

including the extracted ion beam current,” significantly decreasing
the average charge state of the ions both in the plasma and in the
time-averaged extracted beam.'*"’

and (iv) continuous maser emission regime.m'l ’
All cyclotron maser instabilities observed in the various regimes
of ECRIS plasmas are caused by the temporal modulation of the
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electron distribution function due to the excitation of unstable
kinetic modes." This is because distributions of fast electrons formed
under electron cyclotron heating are usually unstable with respect to
the excitation of electromagnetic waves in the same frequency range,
as described thoroughly elsewhere.”””" Different dynamic regimes
of the cyclotron maser instability represent different sets of steady-

of
state solutions for the electron energy distribution ( 5 t) and energy

content ( ) balance equations. The solutions described in Ref. 20
include a contlnuous wave (cw) maser emission corresponding to a
certain electromagnetic mode, i.e., regime (iv) mentioned above, as
well as temporally modulated maser emission consisting of intense
bursts of electromagnetic radiation (and subsequent electron precip-
itation) separated by long periods of small amplitude emission, i.e.,
regimes (ii) and (iii). The stable regime can be expanded notably in
terms of magnetic field strength and microwave power by applying
two-frequency heating.””

In the pulse-periodic solutions, the energy content of the EED
oscillates between a minimum value following each instability burst
and a maximum corresponding to the trigger level of the instabil-
ity, at which the growth rate (y) of the amplified electromagnetic
(EM)-wave exceeds its damping rate (9), i.e., ddi; ~ (y—0)E, > 0.
The (volumetric) growth rate is proportional to the ratio of hot
and cold electron densities, whereas the damping rate is determined
by volumetric absorption of the wave energy by the background
plasma and external (wall) losses (the reader is referred to the lit-
erature for the parametric dependencies of the growth and damping
rates”” 25). Between these extremes, the energy content of the EED
builds up at a rate, which depends on the source (electron heat-
ing), $(t), and loss, L(t), and terms of hot electrons (rf-scattering,
collisional losses, and energy damping by inelastic processes). The
balance equationmlh for the hot electron (number) density N, j,,; can

be written as % & —KN,potEy + S(t) — L(t), where « is a coeffi-
cient”” describing the amplification of the electromagnetic wave and
the corresponding decrease of the hot electron number density due
to direct energy loss. Thus, it can be hypothesized that the repetition
rate of the instabilities is correlated with the source and loss terms
during the quiescent period between instabilities, which are affected
by the source parameters,”** and with the energy loss associated with
the instability. The latter implies that the energy accumulation time
to reach the instability threshold should depend on the energy loss
associated with the preceding instability event. In this scenario (a),
the time between instability bursts depends on their magnitude, a
large amplitude burst leading to long recovery time until the next
event. Alternatively, the plasma parameters may be perturbed by the
instability in such a manner that the threshold plasma energy con-
tent to trigger the instability shifts between consecutive bursts. In
this scenario (b), a long accumulation time is followed by a large
magnitude burst, releasing the energy stored in the hot tail of the
EED.

Since both scenarios (a) and (b) are feasible and studies of
magnetospheric plasmas have revealed that dynamics of the insta-
bilities could depend on the magnitude of the energy dissipation in
an instability event,” we have carried out an experimental campaign
measuring the correlation between the instability signal amplitudes
and the recovery/accumulation times (see the definitions below)
in a controlled laboratory experiment with a minimum-B ECRIS.
In particular, we focus on parametric dependencies of the energy
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dissipation by the instability and the dependence of recovery and
accumulation times of the dissipated energy. This is done to demon-
strate that one of the above scenarios appears to be a fundamental
feature of the minimum-B trap, independent of control parameters
(magnetic field strength, microwave power, and neutral gas pres-
sure). By recovery time, we refer to the time following an instability
event required to restore the unstable EED, whereas by accumula-
tion time, we refer to the time preceding the instability event, i.e.,
the recovery time of instability event i is the accumulation time of
event i + 1. One can also define the period of the instability event
i as the sum of the event time i (time during which one or several
bursts are observed) and the recovery time i. The main purpose of
this experimental study is to support the development of the prac-
tical cyclotron maser theory’' applicable for ECR-heated laboratory
plasmas serving as a proxy for a range ¢ of naturally occurring plasmas
where such phenomena can exist.” * This is achieved by carry-
ing out a phenomenological investigation of the instability energy
dissipation and recovery/accumulation times as a function of ECRIS
tuning parameters, namely, the strength of the solenoid magnetic
field, microwave heating power, and neutral gas density. Based on
previous studies, these parameters are believed to affect the plasma
parameters as follows: the magnetic field strength affects the elec-
tron energy distribution and average energy, while the microwave
power and neutral gas density affect the plasma density (for detailed
discussion, see, e.g., Ref. 15 and references therein).

Il. EXPERIMENTAL SETUP AND PROCEDURE

The experimental data were taken with the A-ECR type JYFL 14
GHz ECR ion source™ at the Accelerator Laboratory of the Univer-
sity of Jyvaskyld. The source is a room-temperature ECRIS operated
at the 14.055 GHz plasma heating frequency. The minimum-B mag-
netic field structure for plasma confinement is produced with two
solenoid coils (axial mirror fields) and a NdFeB permanent magnet
hexapole (radial mirror field). The nominal on-axis magnetic field
maxima are 1.93 T in the injection side of the plasma chamber (Biy;)
and 0.90 T in the extraction side (Bext). The nominal minimum field
(Bmin) inside the chamber is 0.35 T and the radial maximum at the
chamber wall is B,g = 1.09 T when the solenoids are not energized.
The axial magnetic field can be varied by adjusting the solenoid
currents, which also affects the strength of the radial field in those
locations where the plasma flux meets the chamber wall.

In our experiment, the plasma density in the core plasma can be
expected to range from 10" to 2.5 x 10'* cm™, where the lower limit
has been defined experimentally on a similar device’* and the upper
limit corresponds to the cutoff frequency of 14 GHz microwaves.
The spatial variation of the plasma density can be expected to be
very strong, with the core plasma surrounded by the closed ECR
zone reaching the aforementioned densities,”*® whereas the periph-
eral plasma density is 1-2 orders of magnitude lower. It has been
estimated that each instability onset expels ~0.1-1 uC of negative
charge, with the upper limit corresponding to ~10% of the con-
fined electron population.” ECRIS plasmas are strongly anisotropic
and are considered to consist of cold electrons (created by ionizing
electron-ion collisions and plasma-wall interaction) with an aver-
age energy E. 4 of 10-100 eV, warm electrons responsible for the
stepwise ionization with an Eeyarm of 1-10 keV, and hot electrons
with an Eepo of 10-100 keV.”””® It has been shown previously'”
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FIG. 1. A schematic presentation of the experimental setup. For simplicity, the different connections for the two measurement modes, high voltage (HV) on and HV off,
have been presented with two switches, both of which are simultaneously toggled either to the A (HV on) or B (HV off) position. In order to ensure that the ion source was
functioning properly during the experiments, the extracted ion beam currents and the source HV platform voltage were also monitored. These signals are not part of the
reported instability analysis but are presented in the schematic (in gray) for the sake of completeness.

that in our setup, the EED (of axially escaping electrons) is strongly
non-Maxwellian with a maximum electron energy of ~500 keV.
Figure 1 presents the experimental setup and the different diag-
nostics used in the measurements. Two waveguides can be used to
transmit microwaves into the plasma chamber. The main (WR62)
waveguide was used for plasma heating, connecting the plasma
chamber to a klystron amplifier driven by an oscillator providing
the 14.055 GHz heating frequency. The secondary (WR75) wave-
guide was used for microwave diagnostics. The microwave emission
from the plasma was measured with a microwave-sensitive Schottky
diode. A WR75-to-coax adapter was used to connect the diode to the
waveguide. In addition, a 20 dB (20 W) attenuator and a microwave
signal limiter were placed in the coaxial line between the ion source
and the diode to protect it from the potentially very strong signals
that can occur during the instability events. The microwave emis-
sion was also detected with a spectrum analyzer (Keysight FieldFox
Microwave Analyzer N9918B). This was done because distributions
of fast electrons formed under strong electron cyclotron heating are
usually unstable with respect to excitation of electromagnetic waves
in the same frequency range.”’ Thus, we use the microwave emis-
sion spectrum to confirm that the above condition for maser-type
kinetic instabilities is met in our experiment. An example of the
emission spectrum recorded with 7.8 s sweep time across the pre-
sented frequency range is shown in Fig. 2. It is emphasized that
the spectrum analyzer cannot measure individual bursts but rather
the overall emission spectrum consisting of frequencies emitted in
multiple instability onsets, as thoroughly explained elsewhere.” The
data are presented to make the point that the microwave radia-
tion frequencies emitted by the instabilities are characteristic to our

experimental setup and are predominantly lower than the plasma

heating frequency (with their harmonics found above 20 GHz).”*
The 21 mm diameter circular biased disk located at the injec-

tion end of the plasma chamber was used to probe the electron
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FIG. 2. Microwave emission spectrum measured with a spectrum analyzer during
unstable plasma conditions. The emission frequencies are discrete. The emission
peak corresponding to the plasma heating frequency (14.055 GHz) is indicated
with an arrow. The WR75 waveguide cutoff frequency (7.87 GHz) is also indicated
with a vertical dashed line. In the stable regime, the only detectable emission is at
the heating frequency.
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and ion losses during the instabilities. As demonstrated earlier,” the
electron and ion signals recorded with the biased disk provide quan-
titative information on the negative and positive charge expelled
from the plasma through the injection end mirror at each instability
burst.

The bursts of thick target x-ray emission from the plasma
chamber walls, caused by the electron losses during the instability
events, were recorded with a bismuth germanate (BGO) scintillator
coupled with a Na-doped CsI photocathode and a photo-multiplier
tube (PMT). The detector was operating in the DC (or current)
mode, allowing the detection of both the instability-induced x-ray
bursts and the continuous background signal. The scintillator was
placed outside the ion source plasma chamber and the hexapole.
Axially the scintillator was located at the center of the plasma cham-
ber between the iron yokes of the solenoid coils and azimuthally at
one of the poles of the hexapole magnet structure. A =700 V bias was
supplied to the PMT from a separate power supply. The bias volt-
age sets the gain and detection threshold of the PMT and, thus, the
bias voltage was kept constant throughout the experimental cam-
paign. The PMT output was amplified and converted to a voltage
signal with a transimpedance amplifier (Stanford Research Systems
SR570).*’ In such a configuration, the detector signal is proportional
to the x-ray power flux but cannot be used for quantitative measure-
ments of electron losses as the efficiency of the scintillator depends
on the photon energy and the photon energy spectrum depends on
the EED causing x-ray emission from the wall.

All the diagnostic signals were recorded with a picoscope
(model 5444B).*! The signals were routed through a diode based
signal level limiter with a £25 V limiting threshold to protect the
picoscope from input signal overload, which could potentially occur
in the pulsed instability regime with the strongest instability events,
i.e., regime (iii) mentioned previously.

The microwave power, magnetic field, and gas feed were varied
to produce a range of unstable plasma conditions within regimes (ii)
and (iii). Each of these parameters was varied independently, while
the others were kept constant during the parameter sweeps: The
microwave power was varied between 400 and 600 W, while keeping
both coil currents at 540 A (Bmin/Brcr = 0.774) and the plasma-
off gas pressure at 3.5 - 1077 mbar, recorded with an ionization
gauge connected to one of the radial ports of the plasma chamber.
The coils were varied between 535 and 575 A (Bmin/Becr between
0.765 and 0.837) with 400 W microwave power and 3.5 - 10”7 mbar
pressure. The chamber pressure was varied between 3.0 - 1077 and
4.5 - 1077 mbar (plasma off values) with 300 W microwave power
and 575 A coil currents (Bmin/Bgcr = 0.837). In order to confirm
the reproducibility of the data, the data acquisition for the magnetic
field sweep was conducted twice. The reproducibility of the data is
discussed and illustrated in the supplementary material (Fig. S6),
showing a very good agreement between the two datasets (with a
relative discrepancy <3.5%), which strengthens the conclusions of
the study. All measurements were performed with oxygen plasmas
as the majority of the published experiments (see Refs. 1, 5, 8-10, 22,
and 42-49) investigating the instabilities in our setup have been con-
ducted with oxygen. The characteristics of the instabilities are found
to be similar with other gases, e.g., helium, argon, or xenon, whereas
the gas affects the exact magnetic field threshold of the transition
between stable and unstable regimes,'' presumably due to different
inelastic collision rates affecting the instability damping rate.

ARTICLE scitation.org/journall/adv

In order to allow simultaneous recording of the biased disk
signal with the other diagnostics using the same measurement earth-
ing, the experiments were performed both with and without the ion
source high voltage. In the measurements with the high voltage, the
source potential was set to 10 kV and the biased disk was connected
to a —1 kV/10 mA power supply set to =70 V (a typical value for
operation). The biased disk power supply was floating on the source
potential. In this configuration, the microwave and x-ray signals
were recorded concurrently. For the instability-induced biased disk
electron/ion flux measurements, the plasma chamber was earthed
and the disk power supply was disconnected. The current of the
biased disk was monitored by measuring the voltage across a 1 kQ
series resistor, which was added between the disk and the laboratory
earthing. A 12 dB attenuator was used to reduce the biased disk sig-
nal during the instabilities to a suitable level for the data acquisition.
In this configuration, the microwave, biased disk, and x-ray signals
were recorded simultaneously.

The operation with the high voltage on is the modus operandi
of the ECR ion source, and it has been shown that applying the
source potential affects the plasma parameters’””’ and the insta-
bility threshold.® On the other hand, the x-ray signal is affected by
the escaping electron energy distribution, attenuation of the photon
flux in the structure of the ion source, and location of the scin-
tillator and its efficiency, whereas the microwave emission signal
strength depends on the coupling of the microwave radiation to the
(diagnostics) waveguide and its attenuation in the waveguide, i.e.,
the amplitude of the detected signal is strongly affected by the fre-
quency of the emitted microwaves. Hence, the instability-induced
biased disk current transient (recorded with HV off) can be con-
sidered to be the most primitive diagnostics, directly measuring the
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FIG. 3. An example of simultaneous detection of instability-induced signals with
different diagnostic methods. Here, the instability events are separated by ~2 ms
and consist of two bursts (referred to as mode n = 2 later). The two stage zoom
on the right illustrates the characteristic time scale between the bursts within an
instability event, separated by ~100 us, and that of a single burst. The microwave
and electron bursts of the biased disk (negative signal) last ~0.2 us, the latter
being followed by a burst of ions (positive signal), restoring the quasi-neutrality of
the plasma. The decay time of the x-ray signal is defined by the RC-constant of
the transimpedance amplifier.
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FIG. 4. The effect of the B-field on the total negative charge expelled by the insta-
bilities measured from the biased disk and the measured total x-ray energy. The
observables are integrated, i.e., individual burst signals are summed, over the 10 s
data acquisition time at each magnetic field setting. The methodology to calculate
the normalized plasma energy loss from the measured x-ray signal is described in
the supplementary material. The pressure was kept constant at 3.5 x 10~7 mbar
and the RF power at 600 W.

charge (negative and positive) expelled by each burst to the ion
source injection end. Figure 3 shows an example of the diagnostic
signals exhibiting abrupt bursts characteristic to the pulse-periodic
maser instability. For each ion source setting, a total of 10 s of data
were recorded to accumulate a sufficient amount of statistics. The
data were recorded in 1 s segments with a temporal resolution of 16
ns used for all diagnostic signals.

In Secs. I1I and IV, we will use the x-ray signal for the majority
of the data analysis and presentation. This is because under cer-
tain ion source parameters and instability sequences, no microwave
emission bursts corresponding to instability-induced x-ray bursts
were registered. Due to the physical nature of the instabilities,
microwave emission can always be expected to correlate with the x-
ray signal, and thus, the “missing” microwave bursts are associated
with the emission at (low) frequencies® being suppressed or cut off
by the diagnostic waveguide (an example is shown in Fig. S5 of the
supplementary material). On the other hand, the energy dissipated
via x-ray emission correlates well with the total electron charge Q
expelled from the plasma by the instabilities and recorded from the
biased disk (Q = [ I spdt, where I is negative), with an example from
the magnetic field sweep shown in Fig. 4. This serves as a further jus-
tification to treat the x-ray signal as a more reliable diagnostic (over
microwave emission) with the high voltage on.

Ill. DATA ANALYSIS

A. Peak detection and classification of periodic
instability regimes

The data analysis was divided in two parts. Before the statis-
tical analysis of correlation between accumulation/recovery times
and instability signal amplitudes, it was necessary to classify dif-
ferent periodic instability regimes. In order to process the data, an
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inbuilt MATLAB peak detection function was used, which returns
the timestamp (T) and full-width half-maximum (FWHM) corre-
sponding to each peak of the recorded signals. For each ion source
fixed set of parameters, ten measured cases of 1 s segments of data
were merged together to form one 10 s dataset, after taking care of
cleaning the incomplete first and last events of each 1 s data file.
The peak identification revealed the existence of several
“modes” in the pulse-periodic instability regime. These are charac-
terized by instability events at longer intervals, which can include a
train of bursts at shorter time scales, i.e., a group of individual sig-
nal peaks within the event. These “modes” are defined here based
on the number of individual bursts within the instability event with
mode index 7 so that, for example, an instability event that includes
three distinct separate bursts in quick succession is classified as
n = 3. Figure 5 shows representative examples of different instability
modes (n = 1, 2, 3, and 5) with single, double, triple and quintuple
bursts in each event of instabilities. Furthermore, an index number
m is defined here to indicate each separate burst within an event
starting from the first one observed, so for each event of mode n, the
index m runs from m = 1, ..., n. It is emphasized that these instabil-
ity events, which for the given ion source settings are separated by
milliseconds between them and in the order of 10-100 ys between
each burst within the event, are different from the sequential insta-
bilities occurring in us time scale, exhibiting a falling tone of the
emission microwave frequency, which have been reported in Ref. 5.
The grouping of instability events to the “n-modes” discussed here
resembles the patterns for a high-power gasdynamic mirror trap.”’
The signal peak height (amplitude) of each burst was calcu-
lated from a baseline determined by the average background signal
strength preceding an instability event, as illustrated in Fig. S1 of
the supplementary material. It was then established with a dataset
consisting of isolated (n = 1 mode) instability events that there is a
linear correlation between the x-ray signal amplitude and area, as
shown in Fig. S2 of the supplementary material. The integrated area
of the x-ray peak, which is proportional to the plasma energy loss per
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FIG. 5. An example of x-ray signals observed in different modes n = 1, 2, 3, and 5.
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burst, was then calculated from this linear fit, allowing the code to
automatically tabulate the timing, amplitude, and area of each peak.

B. Analysis of accumulation and recovery times

The occurrence of such “grouped” instabilities in event modes
n=1,...,10 complicates the analysis of the recovery and accumula-
tion times as the instabilities do not appear at well-defined repetition
rate but instead the time between individual instability bursts and
events varies by an order of magnitude. Thus, the next step of the
data analysis algorithm was set up to classify each burst (m) of
each event (n). This was achieved by choosing an appropriate time
threshold and comparing the time difference between a burst and
its neighbors in both forward and backward directions in time, up
to ten diagnostic signal peaks. The choice is based on the maximum
number of bursts observed in a single grouped instability event. The
time threshold was chosen by plotting the recovery time of insta-
bilities for every burst, which typically results in two well-separated
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maxima of the distribution corresponding to different events n and
bursts m (see Fig. S3 in the supplementary material for an exam-
ple). The indexing of each peak with (n,m) allows studying the
instability amplitudes and recovery/accumulation times between the
events, i.e., as a function of #, as well as within each group, i.e., as
a function of m. An example illustrating the n and m indexing of
an event/bursts, as well as the definition of the accumulation and
recovery times referring to events, is presented in Fig. 6.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Occurrence of instability events n and instability
strength as a function of the ion source parameters

As a first step to interpret the data, we studied the prevalence
of each instability event (n) as a function of the three main parame-
ters of the ECRIS, i.e., magnetic field, microwave power, and neutral
gas pressure. Figure 7 shows the fraction of each instability event
mode n (out of all events) and the average of n for each setting. For
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FIG. 6. An example of the determination of the burst numbers m, event (mode) number n and the accumulation time, event time, recovery time, and instability event period.
The instability event is defined to be the group of bursts withm =1, .. ., 5, i.e., n = 5 in the example. The time from one burst to the next one within an event is denoted as

post-emission time, presented here as an example for the m = 2 burst.
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the magnetic field sweep, the results are shown as a function of the
Bmin/Becr ratio, which has been found to be a good measure of the
instability threshold® and energy content of the EED."*

It is seen that at low field strength, there are no isolated (n
= 1) instabilities, but they become the prevalent event mode at the
strongest field setting. Overall, the number of observable modes (dif-
ferent n) increases and the average number of bursts per instability
event (average n) decreases with increasing magnetic field strength.
At the same time, the total energy (power) dissipated via instabilities
increases with the magnetic field strength, as seen in Fig. 8 show-
ing the integrated area of the x-ray signals, which is proportional
to total energy dissipation by the expelled electrons, as a function
of the source parameters. With increasing microwave power, the
number of existing modes (1) and the average number of bursts per
instability event were observed to increase. At the same time, the
total energy dissipated via the instabilities increases linearly with the
power.

The total dissipated energy increases with the magnetic field
and microwave power, as shown in Fig. 8. This can be explained with
these parameters affecting the electron heating rate, i.e., the decrease
of the magnetic field gradient at the resonance and the increase of
the direct power input to the plasma volume. Consequently, the
threshold plasma energy content to trigger the plasma instability is
reached faster, which is seen as the decrease of the instability event
period and thus, the total energy expelled by the instabilities in a
given time increases. It is also seen in Fig. 8 that the magnetic field
has a stronger impact on the total emitted energy when compared to
the effect of the microwave power. This is explained by the greater
influence of the magnetic field on the high energy tail of the EED
compared to the effect of the microwave power observed either indi-
rectly through bremsstrahlung spectrum'*"” or directly through the
measurement of the energy distribution of electrons escaping from
the minimum-B confinement.”'” Furthermore, it has been shown
that in the ECRIS plasmas, the magnetic field strength, especially the
value at the center of the trap (Bmin), affects the threshold between
the transition from the stable to the unstable regime® and further
into the continuous maser emission regime'® more than the applied
microwave heating power or neutral gas density. It is worth noting
that the relation between the heating regime (including the magnetic
field) and the related instability dynamics was first considered by

Effect of B-field on total energy

Effect of RF power on total energy
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Demekhov and Trakhtengerts.”” The present data provide further
input for theoretical considerations.

The neutral gas pressure has an insignificant effect on the dis-
tribution of the event modes #. In the case of the neutral gas sweep,
the prevailing mode was n = 1, whereas the number of #-modes was
observed to increase with decreasing neutral gas pressure with n up
to nine, detected with the lowest pressure. The prevalence of n = 1
is most likely due to the magnetic field strength (Bmin/Becr = 0.83)
being more important in determining the instability dynamics than
the neutral gas pressure. The total energy dissipated by the insta-
bilities was observed to be almost constant across the range of the
neutral gas pressure sweep despite the plasma density being higher
for high gas pressure (indicated by the concomitant increase of the
total extracted current). This implies that the strength of the insta-
bility is independent of the plasma density but rather depends on
the electron heating affected by the B-field'””””* and microwave
power.””

The parametric dependencies can be explained by the effect of
the magnetic field, microwave power, and neutral gas pressure on
the EED. When By is increased, the hot (>100 keV part) tail of the
EED is affected, which causes the instability induced bremsstrahlung
power emission to increase drastically. The change in the microwave
power has a weaker effect on the burst of bremsstrahlung power
associated with the instabilities as it does not affect the shape of
the EED but the electron density and electron flux instead. The
change in the neutral gas pressure has an insignificant effect on
the (hot) electron population, relevant for the instabilities, which
explains the insensitivity to this parameter. All these parametric
effects on the EED have been confirmed experimentally by measur-
ing the EED of the electron flux escaping the confinement axially
through the extraction aperture.'”"” It is worth noting that the EED
of the escaping electron flux could be different from the EED of the
confined electrons. The effect of each parameter (B-field, microwave
power, and neutral gas pressure) on the instabilities strengthens the
argument that the parametric dependencies of the EED of escap-
ing and confined electrons are similar. In summary, the parametric
sweeps presented here revealed that the distribution of the instabil-
ity modes # is affected most by the magnetic field strength, followed
by the microwave power, and least affected by the neutral gas
pressure.

Effect of pressure on total energy
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B. Energy dissipation and characteristic times
as a function of the instability event mode n

Next, we studied the average energy dissipated in an instabil-
ity event as a function of n. It was observed that the energy tends
to increase with n. This is shown in Fig. 9, displaying the average
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FIG. 10. The average energy emitted per event vs the accumulation (a) and recov-
ery times (b) for @ Byin/Becr value of 0.83, neutral gas pressure of 3.5 x 107
mbar, and RF power of 400 W.

integrated area of x-ray emission peaks per event (normalized) as
a function of n for two B-field, power, and pressure values, chosen
as representative examples. The integration is carried out over all
bursts m in each event n. The error bars correspond to the stan-
dard deviation of the total energy histograms, specifically selecting
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instability events with a certain n. The energy dissipated by the insta-
bilities increases monotonically with # at each source setting, which
means that not all instability events dissipate the same energy but
rather that there is a correlation between the dissipated energy and
the number of bursts associated with each event. It is worth not-
ing that the RF power or neutral gas pressure has only a small effect
on the energy dissipated by the instabilities, whereas the emitted
energy per instability event increases strongly with the magnetic
field strength. At a Buin/Becr 0f 0.83, the n = 1 mode dissipates more
energy than any of the higher n modes (up to n = 8 detected) with
a Bmin/Beer Of 0.76. This observation fortifies the notion that the

magnetic field strength is the most influential ECRIS parameter in
terms of the instabilities.

Figure 10 shows a representative plot with the average recov-
ery and accumulation times vs the average energy released in each
instability event for different #n. An example of the scatter plots from
which the average energy and the average recovery and accumula-
tion times are calculated is presented in the supplementary material
(Fig. S4). Figure 10 reveals that the recovery time following each
instability event increases with #, the dependence being weak though
while the accumulation time is practically independent on n. The
independence of the accumulation time on the released energy has
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been reported earlier in the context of magnetospheric plasmas,
namely, the formation of pulsating auroras,” ie., it seems to be
a natural property of oscillatory regimes with low duty cycles, for
which the energy release occurs in a much faster time scale than the
accumulation of the energy.

Since the energy dissipated in each instability event increases
monotonically with n, this implies that the time between instabil-
ity events depends on their magnitude, a large amplitude emission
leading to a longer recovery time until the next event, i.e., scenario
(a) presented in the introduction is more likely than scenario (b).
Our observation is similar to that made for magnetospheric plas-
mas where large amplitude quasi-periodic emissions lead to a long
recovery time at high duty cycle regimes, i.e., when the on and off
periods of the instabilities are nearly equal.”””® Tt is worth noting
that at low duty cycles with randomly spaced instability bursts, the
opposite, i.e., our scenario (b), was found for the magnetospheric
plasma. The relevance of the recovery time over the accumulation
time in our experiment is further highlighted in Fig. 11, showing
an example of the (normalized) energy per event as a function of
these characteristic times calculated from the scatter plots summing
all event modes #n = 1,...,10. There is a clear correlation between
the released energy per event and the recovery time, whereas the
accumulation time does not show much dependence on the released
energy.

C. The effect of ion source parameters on the
instability recovery time

After establishing that the time between instability events
(recovery time) depends on the total energy of an instability event,
i.e., a larger amplitude event leading to a longer recovery time until
the next one, we studied the dependence of the instability recov-
ery time on the ion source settings. The results are shown in Fig.
12. It was observed that the recovery time decreases with increasing
Bmmin/Becr and microwave power, while varying the neutral gas pres-
sure shows no prominent effect. This observation is attributed to the
decrease in the instability event period (see Fig. 8), which is domi-
nated by the recovery time. The recovery time itself is affected by the
electron heating properties, namely, the magnetic field gradient and
electric field strength. At the same time, the increased rate of inelas-
tic collisions damping the cold and warm electron energy (<10 keV
order of magnitude) at higher gas density has an insignificant effect
on the development of the EED toward the instability threshold.
This is attributed to the fact that the instabilities are driven by the
high energy electrons for which the inelastic collision cross section
is small.

D. Preliminary burst mode m analysis

In order to illustrate the temporal distribution of the m-mode
bursts at a sub-millisecond time scale (within each n-mode event),
a new parameter, post-emission time, is defined as shown in Fig. 6.
It is defined as the time between two emission bursts () within an
event (n) ie., the post-emission time corresponding to burst m = i
is the time difference between bursts m = i and m = i + 1. Figure 13
shows an example of the m-mode analysis, where the dependence
of the post-emission time on the energy emitted per burst is pre-
sented as heat maps for m =1,...,5. It is seen that the burst m
emissions populate discrete regions when the (normalized) energy

ARTICLE scitation.org/journall/adv

of the x-ray signal is plotted as a function of the post-emission time.
This suggests that close to the instability threshold, the plasma self-
organizes to release the excess energy, restoring stable conditions
in a deterministic way, with quasi-periodic microwave and particle
bursts.

When the rate of change of the plasma energy content and
anisotropy (electron heating) is increased by making the Bmin/Becr
ratio higher and the average field gradient on the resonance surface
lower, the quantized behavior becomes less evident. This is demon-
strated in Fig. 14, showing the heat map distribution of bursts m
in x-ray energy vs post-emission time phase space for two Bmin / Beor
values. In the case of higher Bmin, the x-ray emissions occupy a
wider range of energies, yet most of them are found at the same
level as with the lower Bmin. At the same time, the distribution of
post-emission times approaches a continuum. On the other hand,
as shown in Fig. 15, the average event time increases almost linearly
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with n but is not strongly affected by the field strength, whereas its
standard deviation becomes larger at high Buin. This follows from
the fact that the instability bursts within each event become more
sporadic as the plasma energy content and anisotropy of the EED
increase.

In qualitative terms, the data in Fig. 14 can be interpreted as
a transition of the non-linear system (quasi-periodic maser-type
cyclotron instability) from an organized chaotic system to an unor-
ganized one with the increase of the energy content and anisotropy
of the EED. This behavior is analogous to the famous dripping faucet
experiment;”””* the expulsion of energy from the plasma can be
compared to the behavior of the droplet formation interval. The
development of chaos is well described by a Poincaré map, which
consists of plotting the time lapse before vs after the occurrence of
several consecutive instability events.

The Poincaré maps shown in Fig. 16 represent the data col-
lected at Bin/Becr values of 0.76 and 0.83. The plots compile all
successive instability bursts measured during the 10 s data acqui-
sition, i.e., neither n or m mode dichotomy is considered. At a
Bmin/Ber of 0.76 the Poincaré map consists of separate regions
populated by data points. Increasing the By results in a (semi-
)continuous distribution of instability bursts in the time domain,
which, following the literature,”””® is interpreted as a transition
toward a more chaotic instability regime, where the energy release
and its periodicity become erratic.

V. CONCLUSION

In this paper, we have presented the main findings of a phe-
nomenological investigation of the occurrence of cyclotron maser
instabilities in a minimum-B magnetic device (ECR ion source).
These can be summarized as follows:

e The quasi-periodic plasma instabilities are often grouped
into bursts of microwaves and electrons from the magnetic
confinement. Such grouping has been observed previously in
a minimum-B ECRIS as a by-product of experiments focus-
ing on the suppression of the instabilities,”” but it has not
been discussed at all in the literature. The occurrence of
grouped instability bursts implies that there is a fundamen-
tal limit of the energy dissipated by a single burst, i.e., the
release of the stored energy carried by the hot tail of the EED
requires several instability onsets within an event. The phys-
ical reason for the grouping in the minimum-B trap is not
currently understood. It is worth noting that the oscillatory
behavior of the cyclotron instability with clearly distin-
guishable on and off phases is a key mechanism applied
for explaining quasi-periodic low frequency emissions and
related auroral pulsations in magnetospheric plasmas.”’
The relation between the characteristic times of the oscillat-
ing instability regimes has been considered for these natural
phenomena both theoretically and experimentally.”””® Our
work demonstrates that controllable minimum-B laboratory
plasmas could be used as a proxy for naturally occurring
large-scale plasmas and invites further theoretical studies to
explain the observations.

o The instability event period and recovery time decrease with
an increase in Buin/Becr ratio and RF power and not with
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pressure, which can be attributed to the increase in plasma
energy density.®’

e The quiescent time between instability events depends on
the energy dissipated by the instabilities, i.e., a sequence of
bursts dissipating a larger amount of energy leads to a longer
recovery time until the next event than the bursts dissipating
less energy. In other words, there is a correlation between the
instability recovery time and the dissipated energy, whereas
there is no correlation between the instability accumulation
time and the dissipated energy. We explain this (qualita-
tively) as follows: Instabilities dissipating a large amount of
energy restore a stable EED with a lower energy content than
small amplitude instabilities. The energy content of the EED
is then accumulating at the rate defined by the electron heat-
ing affected by magnetic field and microwave power (indi-
cated by the decreasing instability event period/increasing
repetition rate with these parameters shown in Fig. 8) until
the instability threshold level of EED anisotropy is reached
again.

o Plasma energy losses associated with each instability burst
appear to be self-organized near the instability threshold (at
1ow Bmin/Becr and RF power), i.e., the bursts are periodic and
are associated with quantized energy (particle) losses. How-
ever, as the energy content of the plasma increases with the
magnetic field strength, the energy release associated with
the instability shifts from deterministic to chaotic with trains
of randomly spaced (in time) energy and particle bursts of
varying amplitude.

We invite the plasma theory community to explain our exper-
imental findings, especially the grouping of events and discrete
timing of the instability bursts within the events.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details of the
instability signal treatment, data analysis, selection of diagnostic
signals for analysis, and reproducibility of the results.
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