This is a copy of the published version, or version of record, available on the publisher’s website. This version
does not track changes, errata, or withdrawals on the publisher’s site.

Influence of axial mirror ratios on the kinetic instability
threshold in electron cyclotron resonance ion source
plasm

V. Toivanen, B. S. Bhaskar, H. Koivisto, L. Maunoury, O.
Tarvainen, and T. Thuillier

Published version information

Citation: V Toivanen et al. Influence of axial mirror ratios on the kinetic instability
threshold in electron cyclotron resonance ion source plasma. Phys Plasmas 29, no. 1
(2022): 013501

DOI: 10.1063/5.0069638

This article may be downloaded for personal use only. Any other use requires prior
permission of the author and AIP Publishing.

This version is made available in accordance with publisher policies. Please cite only
the published version using the reference above. This is the citation assigned by the
publisher at the time of issuing the APV. Please check the publisher’s website for
any updates.

This item was retrieved from ePubs, the Open Access archive of the Science and Technology
Facilities Council, UK. Please contact epublications@stfc.ac.uk or go to http://epubs.stfc.ac.uk/ for

further information and policies.



https://doi.org/10.1063/5.0069638
mailto:epublications@stfc.ac.uk
http://epubs.stfc.ac.uk/

%)
0
£
7
L
o
G
O
7]
=
7
>
L
ol

Influence of axial mirror ratios on the kinetic
instability threshold in electron cyclotron
resonance ion source plasma @

Cite as: Phys. Plasmas 29, 013501 (2022); https://doi.org/10.1063/5.0069638
Submitted: 01 September 2021 « Accepted: 08 December 2021 - Published Online: 03 January 2022

V. Toivanen, B. S. Bhaskar, H. Koivisto, et al.

COLLECTIONS

@ This paper was selected as an Editor’s Pick

/RN

) &S @

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Diagnostic techniques of minimum-B ECR ion source plasma instabilities
Review of Scientific Instruments 93, 013302 (2022); https://doi.org/10.1063/5.0075443

Measuring magnetic flux suppression in high-power laser-plasma interactions
Physics of Plasmas 29, 012701 (2022); https://doi.org/10.1063/5.0062717

Accelerated steady-state electrostatic particle-in-cell simulation of Langmuir probes
Physics of Plasmas 29, 013502 (2022); https://doi.org/10.1063/5.0072994

Physics of Plasmas Read now!

Papers from 62nd Annual Meeting of the\
APS Division of Plasma Physics

Phys. Plasmas 29, 013501 (2022); https://doi.org/10.1063/5.0069638 29, 013501

© 2022 Authorf(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1650557&setID=377252&channelID=0&CID=601062&banID=520541066&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=dbfa8be07b118451e51be8792a6c6154e48e7ddf&location=
https://doi.org/10.1063/5.0069638
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=php
https://doi.org/10.1063/5.0069638
https://orcid.org/0000-0002-7614-0304
https://aip.scitation.org/author/Toivanen%2C+V
https://orcid.org/0000-0003-1353-4370
https://aip.scitation.org/author/Bhaskar%2C+B+S
https://orcid.org/0000-0002-7127-6077
https://aip.scitation.org/author/Koivisto%2C+H
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=php
https://doi.org/10.1063/5.0069638
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0069638
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0069638&domain=aip.scitation.org&date_stamp=2022-01-03
https://aip.scitation.org/doi/10.1063/5.0075443
https://doi.org/10.1063/5.0075443
https://aip.scitation.org/doi/10.1063/5.0062717
https://doi.org/10.1063/5.0062717
https://aip.scitation.org/doi/10.1063/5.0072994
https://doi.org/10.1063/5.0072994

Physics of Plasmas ARTICLE

scitation.org/journal/php

Influence of axial mirror ratios on the kinetic
instability threshold in electron cyclotron
resonance ion source plasma @

Cite as: Phys. Plasmas 29, 013501 (2022); doi: 10.1063/5.0069638
Submitted: 1 September 2021 - Accepted: 8 December 2021 -
Published Online: 3 January 2022

©

View Online

®

Export Citation CrossMark

V. Toivanen,"® ) B. S. Bhaskar,"? () H. Koivisto,' (%) L. Maunoury,” (%) O. Tarvainen,"* (%) and T. Thuillier

AFFILIATIONS

'Department of Physics, University of Jyvaskyla (JYFL), 40500 Jyvaskyla, Finland

2Univ. Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3, 38000 Grenoble, France

*Grand Accélérateur National d'lons Lourds (GANIL), 14076 Caen Cedex 5, France

“STFC ISIS Pulsed Spallation Neutron and Muon Facility, Rutherford Appleton Laboratory, Harwell OX11 0QX, United Kingdom

2 Author to whom correspondence should be addressed: ville.a.toivanen@jyu.fi

ABSTRACT

Electron Cyclotron Resonance (ECR) ion source plasmas are prone to kinetic instabilities. The onset of the instabilities manifests as emission
of microwaves, bursts of electrons expelled from the plasma volume, and the collapse of the extracted highly charged ion (HCI) currents.
Consequently, the instabilities limit the HCI performance of ECR ion sources by limiting the parameter space available for ion source
optimization. Previous studies have shown that the transition from stable to unstable plasma regime is strongly influenced by the magnetic
field structure, especially the minimum field value inside the magnetic trap (Bmin). This work focuses to study the role of the magnetic
confinement on the onset of the kinetic instabilities by probing the influence of the injection and extraction mirror field variation on the
instability threshold. The experiments have been performed with a room-temperature 14.5 GHz ECR ion source with an axially movable
middle coil that provides flexible control over the axial field profile and especially the By, which was used to quantify the variation in the
instability threshold. The experimental results show that variation of the extraction field Bey, which defines the weakest magnetic mirror, cor-
relates systematically with the variation of the instability threshold; decreasing the Bey allows higher threshold Byi,. The result demonstrates
the importance of electron confinement and losses on the plasma stability. The connection between the weakest mirror field and the onset of
instabilities is discussed taking into account the variation of magnetic field gradient and resonance plasma volume.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0069638

I. INTRODUCTION

Kinetic instabilities are found in various types of space and labo-
ratory plasmas' "' characterized by anisotropic electron energy distri-
bution (EED) and run-away hot electron population. It has been

confining magnetic field) and a (local) positive slope of the EED, i.e.,
% > 0. The threshold between stable and unstable plasma regimes
is affected by electron heating and electron losses implying that the

transition into the unstable maser regime is determined by the micro-

shown experimentally that such non-linear phenomena affect the
plasma confinement in minimum-B quadrupole mirror machines'*"*
and electron cyclotron resonance ion sources (ECRIS)'* with com-
bined solenoid and sextupole fields. In the case of ECRIS, the appear-
ance of the instabilities is accompanied by reduced currents of
extracted high charge state ion beams,"” which is explained by the
periodic particle losses shortening the cumulative ion confinement
time, thus disturbing the production of high charge state ions through
stepwise ionization.

The instability is triggered by the stored electron energy accumu-
lated'® into the anisotropic EED with v, >> v (with respect to the

wave power, neutral gas density and most importantly the magnetic
field. It has been experimentally shown that in terms of the instability
threshold the most influential magnetic field parameter of an ECRIS,
operated with a single frequency i.e., constant Bgcg, is the value of the
magnetic field minimum Boin.' " When the ratio By, /Brcr, where
Bgcr is the cold electron resonance field satisfying the resonance con-
dition with the plasma heating microwave frequency wgpp = Eljnﬂ,
exceeds a certain value, kinetic instabilities emerge. Hence, it has been
argued'” that the transition from stable to unstable plasma regime
could explain the rule-of-thumb in ECRIS design, derived from the
semi-empirical scaling laws™ (see also references therein), stating that
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Buin/Brcr < 0.8. Furthermore, it has been shown that the absolute
value of B, correlates with the spectral temperature of plasma
bremsstrahlung emission,”’ which indicates that it is the most influen-
tial parameter affecting the plasma energy content . (E,).

In the pulse-periodic instability regime, the build-up and sudden
release of the plasma energy content alternate in periodic cycle leading
to burst of microwaves, electrons, and ions from the plasmal’l whereas
it has been recently demonstrated™ that the turbulent regime can be
controlled by carefully tuning the ECRIS into a continuous plasma
maser mode characterized by quasi-CW emission of microwaves and
enhanced fluxes of electrons and highly charged ions. In other words,
it has been demonstrated that the magnitude and repetition rate of
individual instability events is affected by the particle loss rate, not
only the electron heating rate. This leads to the hypothesis that the
instability threshold, ie., the transition from stable to pulse-periodic
instability regime, can be controlled by adjusting the fluxes of hot elec-
trons determined by the RF scattering rate and mirror ratios of the
axial and radial loss cones as discussed by Li et al.'” The magnetic field
of modern ECR ion sources is designed on the basis of semi-empirical
scaling laws setting desired values for the injection, radial, and extrac-
tion fields, ie., Binj > 4BgcRr, Brad > 2Bgcr and By & 0'9Brad'2()
Therefore, the scaling laws imply that the weakest magnetic mirror
defining the global loss cone in (vj, v, )-phase space is the extraction
field. It has been shown that the electron flux escaping through the
extraction aperture (mirror) of an ECRIS can be increased by more
than a factor of two by decreasing the extraction field Bey by 15%,
which suggests that the total electron loss rate and/or the distribution
of electron losses can be controlled by adjusting the weakest mirror.
Based on the field topology and experimental evidence on electron
losses it is argued that the extraction field could presumably affect the
instability threshold, i.e., the exact B, /Brcr-ratio at which instabil-
ities appear. This paper describes experiments, conducted with a
room-temperature 14.5GHz ECRIS, probing the influence of the
injection and extraction fields on the By, threshold of the instabilities.
Following the previous arguments, it is expected that the impact of the
injection field variation on the instability threshold is much weaker
than the variation of the extraction field, arising from the high
Binj/Bex ratio and how the axial losses are consequently directed
mainly toward the extraction.

It is noted here that the condition that the extraction field is the
weakest mirror is not necessary fulfilled for every ECR ion source, as it
depends on the details of the ion source magnetic design, especially
the hexapole magnet structure and the solenoid coils which provide
the radial and axial confinement, respectively. In a minimum-B struc-
ture, the radial magnetic field at the chamber wall B4 is not a con-
stant set only by the hexapole; the axial coils generate a radial
magnetic field component which can locally oppose the hexapole
radial field along the poles of the hexapole. Depending on the ECRIS
design, the local field at wall can be reduced by 10 — 20 % by this
effect.”” Hence, even with the condition Bey &~ 0.9Byq seemingly ful-
filled when only the hexapole field is considered, in some cases the
weakest magnetic mirror can still be at the radial wall.

The paper is organized as follows: the experimental setup and
procedure are described in detail in Sec. II. The experimental results
targeting to determine the relation between the axial mirror fields and
the onset of plasma instabilities are presented in Sec. 111, followed by a
discussion in Sec. IV where we also present an outlook on how the
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experimental findings accompanied by earlier results could guide the
ECRIS design in the future.

Il. EXPERIMENTAL SETUP AND PROCEDURE

The effect of various magnetic field parameters on the maser-
type instability could be best studied with superconducting ECR ion
sources where the field strength and topology can be adjusted more
than with room-temperature ion sources. On the other hand, the
power density (microwave power/volume enclosed by the cold elec-
tron ECR zone) is typically higher in room-temperature sources and
varies less with the magnetic field adjustments, which alleviates the
trouble of multiple source parameters affecting the data. In both
source types the instability experiments, where the magnetic mirrors
are adjusted, are complicated by the fact that changing the currents of
the large bore solenoid coils not only affects the mirror field, e.g., Bext,
but also the distribution of magnetic field gradient on the resonance
surface, plasma volume enclosed by the resonance zone and distance
between the resonance zone and magnetic mirror, all of them poten-
tially acting on the EED.

The GTS (Grenoble Test Source) ECRIS® was chosen for the
study of comparing the importance of injection and extraction fields
on the By,-threshold of the instability as it is one of the most flexible
room-temperature ECRISs in terms of adjusting the field profile. This
is largely owing to the construction of three solenoid coils with the
middle coil being axially movable. In addition, the GTS Halbach-style
hexapole provides a relatively high radial field of B =1.2 T at
the poles on the plasma chamber wall, which helps to ensure that the
weakest magnetic mirror is located at the source extraction (see the
discussion at the end of this section). GTS was originally developed by
CEA Grenoble and it has been operated at GANIL (Grand
Accélérateur National d’Ions Lourds) since 2009. The source, currently
working with 14.5GHz plasma heating frequency, delivers multiply
charged heavy ion beams for the low energy physics experiments of
the ARIBE (Accélérateurs pour les Recherches Interdisciplinaires avec
les Tons de Basse Energie) facility. The mechanical configuration of
GTS at the time of the experiments discussed in this paper is presented
in Fig. 1.

During 2016-2018 a number of refurbishments and upgrades
were implemented to GTS in order to improve its performance.”
Among these a new middle coil was installed between the main injec-
tion and extraction coils to provide more flexibility and control for
adjusting the magnetic confinement of the ion source plasma. The
middle coil axial location can be varied 28.5 mm from the geometric
center position between the main coils toward the injection or
26.5mm toward the extraction side of the source (see Fig. 2). The
movement is limited by the mechanical construction of the middle
coil support and the iron yokes of the injection and extraction coils.
Three middle coil positions were used in the experiments; (1) the geo-
metric axial center between the injection and the extraction coils (coin-
ciding with the hexapole mid-plane, called later center position), (2)
the coil set all the way toward the injection (injection position) and (3)
the coil set all the way toward the extraction (extraction position).
During this campaign, the middle coil polarity was set to be the same
as the injection and extraction coils. In this configuration increase in
the middle coil current increases the Byi,. An example of the resulting
axial magnetic field profiles with the three different middle coil posi-
tions is presented in Fig. 3. In all the presented cases the injection,
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FIG. 1. A schematic of the GTS ECR ion
source. The main components of the
source include the injection system for
microwave and gas delivery (1), the
plasma chamber (2) and the beam extrac-
tion system comprising of a puller elec-
trode and an einzel lens (3). The magnetic
. structure consists of a hexapole magnet
(4) and the injection, the middle and the
1 extraction coils (5, 6, and 7). The injection
and extraction coils are divided into two
separate pancake structures with different
inner and outer radii. The section marked
with (a) is shown in Fig. 2 to present the
different positions of the middle coil.

middle and extraction coil currents are kept at 950, 330, and 950 A,
respectively. As is seen in the figure, moving the middle coil between
the two extreme positions (injection and extraction) shifts the axial
location of Byin about 5mm (approximately 4% of the axial length of
the ECR surface for cold electrons). Varying the middle coil position
has also a minor effect on the extraction and injection mirror fields;
moving the coil from the center position to the extraction or the injec-
tion positions causes a variation of about =0.6% to Bey and about
+0.3% to Biy; with these coil currents.
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FIG. 2. The axial movement range of the GTS middle coil. The shown section is
marked with (a) in Fig. 1. The coil can be moved from the geometric center position
(i.e., hexapole mid-plane) 28.5 mm toward the injection (a) or 26.5mm toward the
extraction (b). In the injection position the coil is 22 mm from the iron yoke (c). In
the extraction position the distance is 24 mm (d). The middle coil axial length is
57 mm. The extraction aperture and the biased disk are also indicated.

The experiments were performed with neon plasma. For the base
tuning in stable plasma regime GTS was operated with 400 W microwave
power, —100 V bias disk voltage and 10kV extraction voltage. In order to
allow flexibility for the magnetic field variation, the ion source coils were
not optimized for the production of any specific ion charge state, i.e., the
device was operated in a “plasma trap” rather than ion source mode.
In the initial stable plasma tuning the middle coil was set to zero and
both the injection and the extraction coil currents were set to 950 A,
which corresponds to By = 1.97 T, Bexy = 0.97 T, and By, = 0.33 T.
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FIG. 3. Axial magnetic field profiles with the three different middle coil positions
with the injection, middle and extraction coil currents set to 950, 330, and 950 A,
respectively. The field profiles have been calculated with RADIA software”®*® using
a 3D magnetic model of the GTS ECRIS. The axial location z=0mm is the sur-
face of the biased disk at the injection end of the plasma chamber. The location of
the extraction aperture, which defines the Bey: mirror field value for plasma confine-
ment, is also indicated. The dashed vertical lines in the subplot indicate the axial
locations of the middle coil mid-plane for the different coil positions.
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The axial location for the By, is defined by the surface of the biased disk
at the injection end of the plasma chamber and the Bey location is defined
by the extraction aperture (see Fig. 2). With the baseline settings the
source produced a stable 10 uA beam of **Ne’", which, being a high
charge state, suffers notably when the plasma transitions into the unstable
regime.

The occurrence of plasma instabilities was monitored with two
BGO (bismuth germanate) x-ray detectors placed inside the axial radi-
ation cones on the injection and the extraction sides of the ion source.
In addition, the time evolution of the extracted beam current of
*Ne’™ was monitored with an oscilloscope through a Keithley
picoammeter connected to a Faraday cup downstream from the g/m
analyzing magnet. The onset of the plasma instabilities was deter-
mined from the appearance of periodic x-ray bursts which correlate
with the time structure of the extracted beam current, as discussed in
the Introduction section. Examples of instability-induced x-ray and
beam current signals, similar to those used here to detect the transition
into unstable regime, can be found e.g., in Ref. 14.

Three sets of measurements were performed for each of the three
middle coil positions. First, the injection coil current was varied in dis-
crete steps from 950 to 1200 A (corresponding to Bjy variation from
1.97 to 2.17 T) while keeping the extraction coil constant at 950 A. For
each injection coil current the By, was increased by adjusting the
middle coil current until the instability threshold was reached. Next,
the injection coil current was kept constant at 950 A and the extraction
coil current was varied from 950 to 1100 A (Bey from 0.97 to 1.09 T),
again finding the instability threshold By, by changing the middle
coil current. Finally, both the injection and the extraction coil currents
were varied simultaneously from 950 to 1100 A, corresponding to
Biyj : 1.97T — 2.11T and By : 0.97T — 1.09T, yet again finding
the instability threshold By, with the middle coil. In all the cases the
injection and extraction coil currents were varied with fixed 25A
increments, resulting to data sets with linearly increasing B-field for
the varied axial mirrors (Biyj, Bex Or both). The maximum coil cur-
rents were determined by the maximum output of the coil power
supplies.

As discussed before, the radial component of the magnetic field
generated by the injection, extraction and middle coils influences the
total radial field on the plasma chamber walls, which causes a variation
to the radial confinement when the coil currents and the middle coil
position is varied. To quantify this effect, the total magnetic field on
the plasma chamber wall was calculated for all the measured cases.
The minimum total field on the poles of the hexapole magnet, which
defines the radial mirror for the plasma confinement, was 10 — 22 %
higher than By in all the measured cases. This means that Bey is
always globally the weakest mirror.

I1l. EXPERIMENTAL RESULTS

The experimental results are presented in Figs. 4-6 for the three
different middle coil positions. Each figure presents the threshold Bpin
for the plasma instability, above which the plasma is unstable, when
either the injection, the extraction, or both of the coil currents are var-
ied. The Bjy and By range values presented in the figures correspond
to the lowest and highest coil current values for each coil(s) sweep
with the middle coil set at the By, threshold value. The errors in the
figures for the By, threshold values are based on the size of the
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FIG. 4. By, at the instability threshold with the middle coil at the injection position.
Injection (blue), extraction (red) and both (green) coils were varied in steps in the
different data series resulting to linear increase in the varied mirror fields over the
ranges presented in the legend. The varied mirror field is indicated with an arrow in
the legend between the first and the last field value of the sweep, while the range
of field variation of the unaltered mirror (constant coil current) at the instability
threshold B, is presented in brackets. Trend lines of the instability threshold varia-
tion for the injection and the extraction coil sweeps are presented with dashed
lines.

Middle coil at the center position
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FIG. 5. By, at the instability threshold with the middle coil at the center position.
Injection (blue), extraction (red), and both (green) coils were varied in steps in the
different data series resulting to linear increase in the varied mirror fields over the
ranges presented in the legend. The varied mirror field is indicated with an arrow in
the legend between the first and the last field value of the sweep, while the range
of field variation of the unaltered mirror (constant coil current) at the instability
threshold By, is presented in brackets. Trend lines of the instability threshold varia-
tion for the injection and the extraction coil sweeps are presented with dashed
lines.
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Middle coil at the extraction position
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FIG. 6. By, at the instability threshold with the middle coil at the extraction position.
Injection (blue), extraction (red), and both (green) coils were varied in steps in the
different data series resulting to linear increase in the varied mirror fields over the
ranges presented in the legend. The varied mirror field is indicated with an arrow in
the legend between the first and the last field value of the sweep, while the range
of field variation of the unaltered mirror (constant coil current) at the instability
threshold B, is presented in brackets. Trend lines of the instability threshold varia-
tion for the injection and the extraction coil sweeps are presented with dashed
lines.

current step in the middle coil (typically a few amperes) during which
a clear transition from stable to unstable plasma regime was observed.

When the middle coil is set to injection position, see Fig. 4, vary-
ing the injection and extraction mirror fields has a relatively weak
effect on the instability threshold value of By,. In all cases (either
sweeping the injection, extraction, or both coils) a slight decrease in
the Byn threshold value is observed with increasing field values.

Figure 5 presents the results with the middle coil at the center
location. Varying the injection field has practically no effect on the
instability threshold B,-value, whereas increasing the extraction field
results in a clear decrease in the B, threshold. A decrease in the
threshold value is also observed when both the injection and the
extraction fields are increased simultaneously.

Results with the middle coil at the extraction position are pre-
sented in Fig. 6. Like in the center position case, no systematic change
of the Bp,;, threshold for the instabilities is observed with the variation
of the injection field. When the extraction field or both the injection
and the extraction fields are increased, a clear decrease in the instabil-
ity threshold By, is found.

IV. DISCUSSION

The experimental results show that increasing the extraction mir-
ror field strength leads to the instability threshold to occur at lower
Bin values, whereas the variation of the injection mirror has no or
only a weak effect on the threshold. The observation implies that the
EED of the confined electrons is affected more by the extraction than
the injection field, which could be either due to the B-field acting on
the electron confinement or on the ECR heating (e.g., by affecting the
field gradient at the resonance). We argue that changing electron
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confinement by the adjustment of the weakest magnetic mirror is the
most likely explanation for the observed effect. It is emphasized that
transition between stable and unstable regimes is dominated by B,
which appears to be the most influential magnetic field parameter act-
ing on the anisotropy and hot tail of the EED, thus determining the
instability threshold, whereas the control of electron losses and/or
heating through the adjustment of the weakest mirror is a secondary
effect offering the possibility to fine-tune the transition.

Distributions of fast electrons gaining their energy through ECR
heating are usually unstable with respect to excitation of electromag-
netic waves in the same frequency range.”’ The amplification of the
excited EM-wave (observed as a burst of microwave emission) is deter-
mined by the balance between the instability growth and damping
rates, which are defined by the electron energy and velocity distribu-
tions. These are in turn affected by the plasma density, power absorp-
tion and electron confinement in an inherently complex manner. It
has been shown experimentally”””* that adjusting Bex by 10% (similar
to the experiment reported here) has a significant impact on the elec-
tron flux escaping the ion source through the extraction aperture.

This is arguably due to the mirror ratio R = ';:‘:;‘ of the magnetic con-

figuration affecting the escape probability p of electrons as

p=a(l-
velocity distribution (a=1 for perfectly isotropic EVD and a<1
when v, > v)). The above proportionality implies that if Bey is
increased from 1.0 to 1.1 T with By, of 0.4 T, the probability for elec-
trons to escape through the extraction mirror decreases by approxi-
mately 10%, i.e., more energy is accumulated in the EED, which makes
the instabilities more likely to appear. The stability can be restored by
lowering Bin, which is the most influential magnetic field parameter
affecting the appearance of the instabilities. The fact that lowering Bey
allows higher B, at the instability threshold could make it possible to
optimize the high charge state beam currents, which tend to increase
with By, until the transition from stable to unstable regime occurs."’

Thus far, we have only discussed how the extraction mirror (Bey)
presumably affects the instability threshold By, through electron con-
finement. However, since the EED is affected not only by the electron
confinement but also by the electron heating characteristics, both
aspects discussed from experimental standpoint e.g., in Ref. 18, we
need to consider how the magnetic field adjustment in our experiment
is likely to affect the electron heating and plasma energy content.

The volumetric power absorption (Pyy) by the electrons in the
absence of collisions is inversely proportional to the difference between
the resonance field Bpcr and the local magnetic field B to the square as
(Pabs) o 1/(Bgcr — B)2 as discussed in Ref. 31. Therefore, the elec-
tron energy gain in each resonance crossing depends strongly on the
parallel magnetic field gradient at the resonance, ‘%‘ - VB, as discussed
by many authors.”’ > We have calculated the average parallel gradient
(VBgcr) | on the (cold electron) ECR surface with the coil currents at
the observed instability threshold. Figure 7 shows the average gradient
as a function of By, at the instability threshold with various mid-coil
positions when the extraction coil current is swept causing the extrac-
tion field (Bex) to change from 1.0 to 1.1 T with the injection field
remaining constant. It is seen that the average gradient increases with
increasing Bey with all mid-coil positions. Thus, following the argu-
ment that the electron heating rate decreases with increasing gradient,
it could be expected that increasing Bey would result in higher By, at

1 — ), where a is the isotropy factor of the electron
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FIG. 7. The average magnetic field gradient parallel to the magnetic field on the
(cold electron) resonance as a function of By, at the instability threshold with differ-
ent middle coil position when the extraction coil current (Bex) is varied keeping the
injection coil current (By;) constant.

the instability threshold. The trend in Fig. 7 is exactly the opposite sug-
gesting that the electron confinement (defined by the strength of the
weakest mirror field, Be, in this case) overpowers the effect of the gra-
dient determining the By, threshold value.

The spatial distribution of hot electrons in ECRIS plasmas has
been studied both numerically and experimentally”* *® and it has been
concluded that the majority of the plasma energy content is carried by
the electron population in the dense plasmoid surrounded by the ECR
surface. As the instabilities are driven by the local EED, it could be
argued that the volume enclosed by the resonance zone therefore
affects the By at the instability threshold. Figure 8 shows the volume
enclosed by the (cold electron) resonance as a function of By, at the
instability threshold with various mid-coil positions when the extrac-
tion coil current is swept similar to Fig. 7. The volume increases with
increasing Bey with all mid-coil positions. If the instability threshold
was to be determined by the volumetric effect, an opposite trend, i.e.,
increased energy density leading to lower By, threshold value, would
be expected.
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FIG. 8. The volume enclosed by the (cold electron) resonance zone as a function

of Bnin at the instability threshold with different middle coil position when the extrac-
tion coil current (Bey) is varied keeping the injection coil current (Bjy;) constant.
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Considering both, the gradient and volume effects, and conclud-
ing that neither one of them matches the experimental observation
strengthens the argument that the electron confinement plays an
important role in determining the transition between stable and unsta-
ble discharge regimes.

Previous studies'* have shown that the source potential (extrac-
tion voltage) also influences the instability threshold, and applying the
potential shifts the threshold to lower By, /Bgcr values. This effect is
not yet completely understood, but the source potential does also
influence the axial electron confinement, as it creates an electrostatic
barrier at the extraction which suppresses the axial electron losses
toward this direction for electron energies below the limit set by the
potential. For example, in the experiments presented here the source
potential was set to 10kV, which consequently stops the axial electron
losses toward the extraction for electrons with energies below 10keV.
As a result, the electron losses are drastically reduced, impacting the
properties of the confined electron population. This then affects the
ion population in plasma, as has been shown with optical measure-
ments of ECR plasma.””

The connection between the electron confinement and the onset
of the instabilities opens up the prospect of a more active control over
the electron losses during ECRIS operation to suppress the plasma
instabilities and optimize the source performance. In a typical ECRIS
the adjustment of the magnetic system with the currents of large-bore
coils impacts globally the field structure inside the plasma chamber,
influencing both the plasma confinement and the plasma heating
through the variation of the magnetic gradient and the plasma volume,
as discussed above. However, because the instability transition can be
argued to be especially sensitive to the strength of the weakest mirror,
as the results presented here imply, a local modification of the B-field
near this position with an additional localized magnetic system could
be used to control the electron losses from the plasma without signifi-
cantly disturbing the global magnetic field properties. Additionally,
this would also enhance the ion flux from the plasma toward extrac-
tion and beam formation. In effect, this approach could provide an
additional “tuning knob” for the instabilities without restricting the
parameter space for magnetic field optimization in terms of ion pro-
duction. One option to realize this local control could be to install an
additional compact coil close to the extraction mirror. Studies with
plasma electrode collar structures””” have shown that inside an
ECRIS plasma chamber there exists an amount of space around the
extraction aperture which can be utilized without negatively impacting
the source performance. A compact coil structure fixed in this location
would be well positioned to provide a localized and adjustable modifi-
cation to the extraction mirror field to control the electron losses. It is
acknowledged that for practical reasons designing such a compact coil
to operate continuously in vacuum with sufficiently high currents to
provide significant impact on the magnetic field could be challenging.
However, such a structure could provide benefits also when operated
in pulsed mode, which simplifies the design. In this mode it could be
used also to enhance extracted high charge state ion currents in after-
glow operation. The PUMAEX (Pulsed Magnetic Extraction) experi-
ments"”*" have shown that a pulsed magnetic coil structure located
at the extraction end of an ECRIS plasma chamber can be used to
direct the plasma flux toward the beam extraction by temporarily
decreasing the magnetic confinement in that region. Combining this
approach with pulsed afterglow operation, the local control over the
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magnetic confinement would make it possible to keep the mirror fields
high during the steady state of the plasma heating cycle to accumulate
a large population of highly charged ions in the plasma by mitigating
the ion losses during this phase. At the cutoff of the microwaves the
magnetic trap could then be emptied more efficiently by simulta-
neously “opening” the trap toward the extraction by a local modifica-
tion of the magnetic field, providing a further enhancement of the
highly charged ion currents during the afterglow burst.

Instead of a coil, the local modification of the magnetic confinement
could also be realized with movable permanent magnet (or soft iron)
structures to allow local adjustment of the electron losses. Although poten-
tially simpler than the coil method, careful magnetic design would still be
required to optimize the design. The main downside of these approaches
is that unlike a coil, once the modifications are installed, their magnetic
influence can not be easily switched off completely.
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