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ABSTRACT

To ensure further progress in the development of electron cyclotron resonance ion sources (ECRISs), deeper understanding of the underlying
physics is required. The electron energy distribution (EED), which is crucial for the performance of an ECRIS, still remains obscure. The
present paper focuses on the details of a well-developed technique of measuring the EED of electrons escaping axially from the magnetically
confined plasma of an ECRIS. The method allows for better than 500 eV energy resolution over a range of electron energies from 4 keV to
over 1 MeV. We present detailed explanation of the experimental procedure and the following data processing peculiarities with examples
and discuss possible reasons of energetic electron losses from the magnetic trap, in particular the role of RF pitch angle scattering. Finally, an
experimental method of approximating the confined EED based on the measurement of escaping electrons is described.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0075464

. INTRODUCTION

Electron cyclotron resonance ion sources, pioneered by
Geller' and Herbert and Wiesemann,” are widely used in
accelerator-based nuclear physics research and applications owing
to their capability to produce high charge state ions from a large
number of elements. Furthermore, these versatile plasma ion sources
produce ion beams of not only stable but also radioactive elements
and intense beams of light ions, e.g., hydrogen and helium. A char-
acteristic feature of the electron heating in the ECRIS plasma is that
the electrons gain mostly (unless they are highly relativistic) trans-
verse energy when interacting with the microwave electric field,””
resulting in the electron velocity distribution (EVD) being strongly
anisotropic. The electron energy distribution (EED) defines volu-
metric reaction rates and, most importantly, ionization and affects
the growth and damping rates of nonlinear processes present in
ECRIS plasmas. In particular, it has been shown that ECRIS plas-
mas are prone to kinetic instabilities stemming from the anisotropy
of the EVD and non-equilibrium EED. The inevitable outcome of
such instabilities is the periodic oscillation of the extracted ion beam
current as a consequence to the loss of the ion confinement at each
instability onset.

Direct measurement of the EED in ECRIS plasmas is virtu-
ally impossible as all invasive diagnostic methods would disturb
the system. Based on indirect measurements, reported, e.g., by
Melin et al.” and Barue et al.,* the EED can be argued to consist
of three main components: cold electrons with an average energy
(€ecola) Of 10-100 eV, i.e., on the order of the plasma potential;
warm electrons with (&ewarm) of 1-10 keV (most relevant for high
charge state ionization); and hot electrons with (&) from 10
keV up to 1 MeV. In reality, the functional shape of the EED is
likely more complex. Thus, further knowledge on the EED and,
more importantly, the ability to control it through the operational
parameters of the ion source are crucial for optimization of ECRIS
performance and bench-marking particle-in-cell (PIC) simulation
codes.

In the rarefied (i.e., microwave-transparent) plasma, both the
acceleration of electrons produced in ionization of the neutral gas
and their scattering rate to the loss cone (ie., RF—scattering’g"“))
are determined by the electron-wave interaction. When electrons
interact with a monochromatic electromagnetic wave in the ECR
region, they are heated stochastically until their energy is high
enough to render the difference between the wave and particle
motion phases deterministic.'’ This leads to the collapse of the
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Fermi acceleration regime, which implies that the electron ener-
gies are limited to a certain upper bound value, the EED forms a
“quasilinear plateau”"'" in the resonance region of the momen-
tum space, and the ability of the plasma to absorb the microwave
energy is limited to the density growth only, while the shape of
the EED remains unchanged. Such conditions are usually met at
the initial breakdown stage of the ECR discharge, which explains
some observations, e.g., the high microwave reflection associated
with the plasma ignition'! and the preglow effect."”" When col-
lisions are introduced at higher plasma density and/or the wave is
not strictly monochromatic, the plateau-like EED collapses partially
as the phase of the electron-wave interaction remains random for a
certain fraction of the electrons, which enables their “overheating”
up to MeV energies witnessed through a Bremsstrahlung diagnos-
tic (e.g., paper by Gammino et al.'”). Furthermore, collisions and
collision-like processes alter the electron diffusion lines in momen-
tum space and, thus, affect the EED through complex interac-
tions. The resulting energy distribution has a sophisticated strongly
non-Maxwellian shape, which prohibits invasive diagnostics and
complicates indirect diagnostics of the EED due to deconvolution
problems.

Information on the average energy of the cold electron pop-
ulation of an ECRIS can be attained through optical emission
spectroscopy, as described by Kronholm et al.'®"” The method is
based on the comparison of the measured emission line intensi-
ties from two or more electronic states being populated by electron
impact excitation from the same lower energy state (most often
the ground state). The observed emission intensities can be con-
nected to the (g, 14)-dependent rate coefficients, calculated from the
known cross sections, assuming a certain EED, e.g., Maxwellian or
Druyvesteyn, yielding values of 30-60 eV. Unfortunately, the line
ratio method in the visible light emission range is not suitable for
the detection of the warm or hot electron EED due to diminish-
ing excitation cross sections to emitting states at higher electron
energies.

When collisions are introduced at higher plasma density and/or
the wave is not strictly monochromatic, the plateau-like EED partly
collapses since the phase of electron-wave interaction remains ran-
dom for a part of electrons, which enables “overheating” of the latter
up to MeV energies as often detected through the Bremsstrahlung
diagnostic (e.g., paper by Gammino et al.'”). Furthermore, colli-
sions and collision-like processes alter the electron diffusion lines
in momentum space and, thus, affect the EEDF through complex
interactions. The resulting energy distribution has a sophisticated
shape, being strongly non-Maxwellian, which prohibits invasive
diagnostics and complicates indirect diagnostics of the EED.

The parametric dependencies of the warm electron popula-
tion can be measured through the detection of characteristic x-ray
emission of a noble gas plasma.'® The method could be improved
by measuring the characteristic x-ray emission of multiple species
simultaneously, which would, in principle, provide rudimentary
information on the warm electron EED similar to the ratio of escap-
ing and confined warm electron as described elsewhere.'” Further-
more, characteristic x-ray emission (and plasma bremsstrahlung)
can be detected with spatially resolving CCD-camera to obtain the
distribution of warm electrons in the ECRIS plasma.”’

Although it could be argued that the electrons with energies on
the order of hundreds of keV play a minor role in ionization (which
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is the most relevant process for the application of an ECRIS) due to
a small electron impact ionization cross section at relativistic ener-
gies, their energy distribution is still of great interest from practical
and fundamental plasma physics point of view. In particular, high-
energy electrons are considered to be responsible for the onset of
cyclotron instabilities, which are widely recognized as a factor lim-
iting the ECRIS performance.””* Accumulation and losses of such
energetic electrons are relevant for the local structure of the plasma
potential and are believed to influence the overall plasma confine-
ment, including electrostatic trapping of the high charge state ions.”*
Therefore, investigation of a high-energy tail of EEDF is considered
to be of fundamental interest.

The above-mentioned characterization of a high energy part
of the EED, based on plasma Bremsstrahlung spectroscopy, is a
fairly simple and widely used method of tuning the ion source
operational parameters (see, e.g., the paper by Benitez et al.”® and
references therein). However, the technique does not allow for
unambiguous reconstruction of the EED, as the deconvolution is
often compromised by the geometry of experiment and requires
certain assumptions on the EEDF shape.”* Plasma bremsstrahlung
spectroscopy is therefore mostly used for estimation of a qualitative
indicator of the plasma energy content, i.e., “spectral temperature,”
and the maximum energy of electrons. Unfortunately, the spectral
temperature has little value for precise analysis of EED and nonlinear
plasma-wave interactions. However, recent developments in spa-
tially resolved plasma x-ray imaging”® and self-consistent numerical
modeling of ECRIS plasma’® resulted in a very promising technique
of evaluating the EED by a trial-and-error fitting method”’ in the
2-20 keV range, being the most influential on the highly charged
ions formation.

Evidently, the EED can be measured directly, though in quite
a narrow energy range. One of the simplest methods is Langmuir
probe diagnostics and subsequent analysis of the I-V characteristics
within the frame of Druyvesteyn theory.”® However, even the mod-
ified Arslanbekov’s theory, being successful for measuring the EED
in low-temperature microwave-heated plasmas® of singly charged
ions, is inapplicable for ECRIS of multicharged ions. This is due
to the invasive nature of the probe, which in the case of rarefied
ECRIS plasma perturbs the equilibrium and distorts the EED both
locally and globally. Furthermore, the Langmuir probe technique is
inapplicable for measuring electron energies in the keV-MeV range,
especially in strong and spatially varying magnetic fields.

The present work focuses on the details of yet another fairly
new method of EED evaluation based on the direct measurement
of lost electron energy distribution (LEED), i.e., the energy distribu-
tion of electrons escaping the magnetic confinement axially, in the
range of 4-1000 keV. We describe in detail all the peculiarities of
the method, review the most recent examples of measurements, and
discuss the possible correlation between the EED of confined and
axially escaping electrons.

Il. LEED MEASUREMENT TECHNIQUE

The essence of measuring electrons lost axially from the mag-
netic confinement (reasons of such losses are discussed further)
through the magnetic mirror is to employ the bending magnet,
which is normally present in the vast majority of ECR (and other)
ion sources for m/g-separation of the extracted ion beams. With its
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polarity reversed, electrons are allowed to travel along the path of
the beamline, whereas positive particles are deflected toward the vac-
uum chamber walls. At the given field strength of the magnet, B, the
apparatus deflects electrons with relativistic momentum p = ym,V
= Rle|B, where y is the Lorentz factor, my is the electron rest mass, V
is the transverse speed of electrons, R is the curvature radius of par-
ticle trajectories inside the bending magnet, and |e| is the elementary

2
charge. Then, y=+/1+ (m%z) , and the electron kinetic energy is

given as

1+(W)2—1 W

e=moc’(y—1) = moc®
moc

where c is the speed of light (all units in SI).

Nominally, not only electrons but also negative ions may pass
through the apparatus, whether the B-field strength matches its m/q
ratio. For example, the H™ ion with 1 eV energy would have the
same bending radius as the electron with an energy of 2 keV. How-
ever, negative ions may be easily filtered in the vicinity of the particle
(current) detector.

In our experiments, the electrons escaping the magnetic con-
finement were detected with a secondary electron amplifier placed
in the beamline downstream from the bending magnet used as an
energy dispersive separator, as described above. To achieve good
energy resolution, it is essential to collimate the electron flux. Nor-
mally, two 5 mm collimators placed between the ion source and
the bending magnet and yet another 5 mm entrance collimator in
front of the current detector were used. The plasma electrode itself
also acts as a collimator. The use of the secondary electron ampli-
fier as a current sensor yields two benefits: (a) current gain may
be as high as 10° and (b) the amplifier cathode is biased with —4
kV usually, which ensures the apparatus detects only electrons, as
the existence of negative ions with energies above 4 keV is highly
unlikely. The drawback is inherently related to the latter benefit, i.e.,
the apparatus cannot detect electrons with energies below the (abso-
lute value of the) bias potential. Most LEED measurements were
performed at the 14 GHz ECR ion source,” located at the Jyvaskyla

JYFL 14 GHz ECRIS

Beamline

5 mm collimators

Dipole magnet
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University, Finland. A schematic view of the experimental setup is
shown in Fig. 1.

For the precise measurement of electron energy, the mag-
netic field deflecting the electrons should be measured with a cal-
ibrated high-resolution Hall-probe. It is possible to perform the
measurements without the probe by estimating the bending field
value out of the magnet current and its known geometry. How-
ever, this may lead to poor energy resolution. Furthermore, the
hysteresis of the bending magnet yoke material would affect the
measurement.

The power supply used for operating the bending magnet coil
must have a high precision and small current step. Analog type
power supply is highly preferable, enabling continuous ramp of
the current. The plasma chamber of the ion source and all focus-
ing electrodes should be grounded throughout the experiment. This
ensures that the detected electron flux consists of the electrons leak-
ing from the plasma through the extraction aperture retarded only
by the plasma potential, which usually is in the range of several
volts—several tens of volts.”! It is worth noting that experiments
with a biased plasma chamber seem to be possible, given that the
transport function (explained further) is precisely calculated with all
electric fields considered.

I1l. DATA PROCESSING

The data processing of the measured raw signals is a crucial
step, as the shape of the measured LEED is strongly affected by sev-
eral factors. The most fundamental one is the probability P(e) of
reaching the detector for an electron with certain energy, referred
to as “transport function” hereinafter. In the case of a conven-
tional ECRIS, such as the JYFL 14 GHz ECRIS, and with all active
beam optics (solenoids and xy-correction magnets) turned off and
grounded (einzel lenses), the magnetic field downstream the plasma
electrode is decreasing monotonically, and the transport function
would normally be close to P(¢) ~ e. This result was numerically
obtained by means of particle tracking, assuming that the electron
distribution at the extraction aperture is independent of energy and
has a KV-distribution.’” In the case of more complex trap field and
beamline optics, the transport function may become sophisticated.

Secondary electron amplifier

FIG. 1. A schematic view of the experimental setup (left) and a photograph of the secondary electron amplifier (right). The JYFL 14 GHz ECRIS has an 8 mm plasma
electrode aperture, and the low energy beamline is equipped with 5 mm collimators placed between the solenoid (blue) and the 90° dipole magnet, which is used as an
electron spectrometer. The secondary electron amplifier is placed at the end of the displayed beamline section. In the photograph, the insulating cover (white) and d = 5 mm
entrance collimator of the amplifier have been removed and placed to the background to reveal the amplifier chain.
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9.350e-001 : 1.020e+000
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7.650e-001 : 8.500e-001
6.800e-001 : 7.650e-001

5.950e-001 : 6.800e-001
5.100e-001 : 5.950e-001
4.250e-001 : 5.100e-001
3.400e-001 : 4.250e-001
2.550e-001 : 3.400e-001
1.700e-001 : 2.550e-001

8.500e-002 : 1.700e-001
<0.000e+000 : 8.500e-002

Censity Plot: |B|, Tesla

y

FIG. 2. Magnetic field distribution at the GISMO facility. The extraction region is on the left.

For example, at the GISMO (Gasdynamic Ion Source for Multi-
purpose Operation) facility,” which is a gasdynamic high current
ECRIS at IAP RAS, Nizhny Novgorod, Russia, the magnetic trap is
all a permanent magnet. This leads to variations of the magnetic field
in the extraction and beam propagation region. The magnetic field
heat map of the GISMO facility is shown in Fig. 2. The zero-field area
in the beamline and the adjacent downstream field maximum greatly
affect the transport function, making it non-monotonic. In the case
of GISMO, the transport function was also simulated with a particle
tracking code. As an example, the transport function (assuming ini-
tial KV distribution) is shown in Fig. 3 for both JYFL and GISMO
facilities.

The influence of the transport function on the post-processed
LEED is shown in Fig. 4, where an example of the measured LEED
is plotted with and without the correction applied as f(€)orrected
= F(©)ra[P(e).

Besides the electron transport, the current sensor may have its
own peculiarities. The secondary electron amplifier (see Fig. 1) func-
tions by emitting secondary electrons from the biased aluminum

3 x1073 ‘ ‘
—JYFL
—GISMO

25K
=
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=2k
o
2
2
.U
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(<)
=
8
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2
H
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Electron energy, keV

FIG. 3. Electron transport efficiency vs electron energy.

cathode and amplifying the signal by a chain of subsequent meshes
(dynodes) before measuring the current from the grounded anode.
The energy dependent yield of the secondary electrons® released
from the amplifier cathode must be taken into account during the
data analysis. The electron backscattering coefficient™ also slightly
affects measurements.

We have established two common procedures for LEED mea-
surement, i.e., “continuous scan” and “pulsed scan.” The former one
is applicable for a stable operation mode of the ion source, whereas
the latter one is suitable in circumstances where the plasma parame-
ters are changing rapidly, e.g., in the unstable mode. The continuous
scan, as the phrase implies, utilizes slow ramping of the bending
magnet current and, thus, the magnetic field. Both the magnetic
field and the electron current are measured simultaneously, yield-
ing an I. vs B plot. Then, the B-field value is converted to electron
energy according to Eq. (1). The energy resolution of such a scan
is determined, besides the electron optics, by the current measure-
ment scheme self-capacitance and inductance compared to the ramp
speed. In our experiments, we succeeded to achieve a resolution

107 T =
—Raw LEED
—Corrected LEED
102 9
g
<
=
=
2]
= 1073E 4
1074 L =

| |
10! 10
Electron energy, keV

FIG. 4. An example of the measured LEED with and without the transport function
applied. The data were obtained at the JYFL ECRIS facility.
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better than 500 eV,” i.e., AE/E of better than 0.005 for 100 keV
electrons, which is the relevant order of magnitude here. The afore-
mentioned resolution was estimated by means of the same particle
tracking procedure used for transport function evaluation, and the
result of 0.005 is the FWHM (full width at half maximum) of the
(numerically) “detected” peak while (numerically) “ramping” the
bending magnet field, whereas initial particles had the energy of 100
keV and K-V phase space distribution at the plasma electrode. The
energy resolution may be improved even more by reducing collima-
tors diameter; however, this would naturally lead to the degradation
of the signal. Therefore, higher gain would be required. The real
energy resolution might be also measured by extracting electrons
from the plasma with known energy; however, the extraction volt-
age must be much higher than plasma potential, i.e., on the order
of several tens of kV to achieve a reliable result. This has been
done recently at the GISMO facility, and the experiment confirmed
numerical estimation of the energy resolution.

The other procedure, i.e., “pulsed scan,” is applicable when
the time-resolved LEED is of interest. In this case, the measure-
ment should be triggered by an event of some sort, e.g., the onset
of a kinetic instability or the leading edge of the microwave heating
pulse. Then, the measurement is performed during a pre-established
time span, within which the bending field value remains con-
stant. After the single acquisition is finished (and often averaged
over multiple triggers), the bending field value is changed, and
the system is initialized for the next trigger event. The described
procedure allows us to construct a 3D plot of LEED dynamics.
It is of note that for the “pulsed” scan mode, the reproducibility
of all signals must be high in order to obtain fine details; other-
wise, the LEED fine details would be blurred. In our experiments,
we kept the source parameters in the range where kinetic insta-
bilities are not very pronounced, thus ensuring excellent signal
reproducibility.

The example of data from the “continuous scan” is shown in
Fig. 4, and the example of data from the “pulsed” scan is shown in
Fig. 5. A distinct feature of the LEED is the high energy hump at
150-300 keV, which we discuss in detail below.

.
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—Total losses (not to scale)
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FIG. 5. Example of the LEED measured in the “pulsed mode,” showing the transi-
tion between unstable and stable plasmas. Source settings: single frequency heat-
ing at 12 GHz, 15 W (1000 ms)/50 W (1000 ms), Buyin/Becr = 0.98, 3.5 - 1077
mbar oxygen pressure. A microwave pulse was used as a trigger source. The data
were taken at JYFL ECRIS.
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IV. QUASILINEAR DIFFUSION AND RF-SCATTERING

The electron transverse and longitudinal momentum is
increased in the resonant interaction between an electron and the
microwave electromagnetic field.”* The increment of the longitudi-
nal momentum change increases with the electron energy, causing
high energy electrons to diffuse to the loss cone in the momen-
tum space, thus exiting the magnetic trap in a process called “RF
scattering.” This model allows for a qualitative explanation for
high energy electron losses. Unfortunately, even the relativistic
model cannot explain all features of the experimentally observed
LEED,""""" ie., the energy distribution of the electrons escap-
ing the trap through the magnetic mirror covers a wide range of
energies. In contrast, the simplified relativistic model " predicts that
electrons escape with a fixed energy determined by the ratio between
the microwave frequency and the electron cyclotron frequency at the
mirror point. This result follows from the simplifying assumptions
of the model stating that the plane electromagnetic wave interact-
ing with the electrons propagates along the magnetic field and has a
relatively weak amplitude and small vacuum wave number. In real-
ity, the energy distribution of the escaping electrons can be affected
by collisions, disturbances, and attenuation of the incident electro-
magnetic wave and the fact that the heating wave is never strictly
monochromatic. Recent experiments have revealed that the RF-
scattering contributes significantly to electron losses in the range of
20-570 keV.”"” The measurement of the LEED allows for charac-
terizing the EED inside the trap, but the relative importance of this
mechanism for total electron losses and the energy dependence of its
efficiency remain elusive.

To find an alternative mechanism to explain the wide energy
dispersion of LEED, we discuss the evolution of the electron distri-
bution function within a quasi-linear theory.” "’ Our application
of the aforementioned theory to an open magnetic trap follows the
considered methodology described in Refs. 41 and 42.

The quasi-linear approximation is plausible when electrons
need many passes through the ECR zone to obtain significant energy,
and there is no phase correlation between subsequent passes (in an
open trap, it also implies that the bounce oscillation time of the elec-
tron is much longer than the time of one pass of the ECR zone).
For a conventional ECR ion source, these assumptions are usually
valid. Then, in the interaction of a monochromatic wave with a
collisionless electron, the following value is an invariant:

K =¢e— w], = const, (2)

where ¢ is the kinetic energy of the electron and J, = m.y*v2 [2wg(z)
is the transverse adiabatic invariant. Here, we assume that electrons
confined in the magnetic trap are bouncing along magnetic field
lines, and their longitudinal and perpendicular velocities change so
that y and J, remain constant; wp(z) denotes the change in the
gyrofrequency along the magnetic field line. # = const are quasi-
linear diffusion lines in momentum space. The cyclotron interaction
reduces to an alignment of the electron distribution function along
these lines. Such a process is usually limited either by the entry of the
particle into a loss cone or by reaching values of energy and adiabatic
invariant at which the ECR condition is no longer satisfied anywhere
in the inhomogeneous magnetic field. Another possible mechanism
of limitation of quasilinear diffusion is the so-called superadiabatic
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effect,'’ which we do not consider because stationary plasma density
in the ECR ion source is believed to be too high for the effect to exist.

A confined electron bounces along the magnetic field between
two mirror points where v = 0. Conservation of J, and y or, equiv-
alently, of v} /wg and v} + vﬁ allows us to determine the value of the
gyrofrequency wp at the mirror point as

. V2 40} 2 1) mc
wB(]L» V) = T” wB(Z) = ()}2% (3)
1

Thus, for the particle with a given (J,,y), the range of magnetic field
magnitude would be

Wi < wp(z) < wp(JL,y)s (4)
where wj§™ is the minimum gyrofrequency at the center of the
trap. The ECR condition at the fundamental harmonic (1) can be
reformulated as

wf;es/w—y=:tn”\/(yz—l)(l—a);fs/wg). (5)

Because of the strong slowing down of right-hand polarized waves
near the cold resonance, i.e., n > 1 for wp ~ w, condition (5) is ful-
filled for any electron that can reach the “cold” ECR wp = w during
its movement along the magnetic field line. Compared with (4), it is
found to be possible when

WPt < w< wp(Ji,7)- (6)

This condition is valid if the following holds:

e The plasma is not too rarefied, a)lz, / w2 +\/T. [mec?, with T,
being the characteristic temperature of the bulk electrons
so that the whistler-like dispersion relation is valid (this
condition is fulfilled in reported experiments).

o The heating frequency is higher than the minimum gyrofre-
quency in the trap.

o The heating electric field is non-zero in the entire volume of
the plasma, rather than being focused into a spot.

Then, condition (6) ensures that an electron with a given
(J.,y) meets the real “hot” cyclotron resonance somewhere along
the magnetic field line.

A similar condition can be written for the entry of an elec-
tron into a loss cone, characterized by the maximum value of the
magnetic field along the field line,

max

wpR < w; (]J.) Y)’ (7)
where wg™ is the maximum value of gyrofrequency achieved in the
magnetic mirror. This condition enables a simple physical interpre-
tation: when the turning point wg corresponds to the value of the
magnetic fleld above the maximum one along the trajectory, the elec-
tron is able to leave the trap (the ambipolar potential is much less
than kinetic energies considered here).

It is convenient to introduce a new variable,

K= wp " fwp o< JL/(y' - 1), ®)
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and use it instead of J, . Physically, k = sin*9, where 9 is the angle
between the electron velocity and the magnetic field at the center of
the trap; therefore, ¥ = 0 and x = 1 correspond, respectively, to elec-
trons moving freely along the B-field without cyclotron gyration and
gyrating in the B-field minimum without longitudinal motion. Then,
conditions (6) and (7) are translated to simple vertical boundaries in
(, y)-space: k < w§™ /w for the ECR presence (6) and « < wj™ /wF™
for the loss cone (7). To summarize, in a sufficiently dense plasma,
effective heating and confinement are possible when

W™ wp™ < K < w?in/w <1, 9)

and this condition is independent of the kinetic energy of the
electron y.

An example of diffusion lines is shown in Fig. 6 in (x, y)-space.
The group of diffusion curves for the 14 GHz and Bmin = 0.372 T
and Bmax = Bext = 0.908 T (typical JYFL operation mode) is shown
in black. The x range defined in (9) for these parameters is 0.41
< k < 0.74. The diffusion curves differ only in the value of % in (2),
which effectively are different initial conditions (spread of veloci-
ties) for accelerated electrons. A quasi-one-dimensional distribution
function localized along the £ = 0 curve, shown in a bold black line,
is formed from electrons with initially low energy. This diffusion
asymptote lies entirely in the region where the inequality (6) is true
and intersects the loss cone at

Y =205 Jw - 1. (10)

This equation follows from (2) with & =0 and (3) at the
boundary of the loss-cone wj = wg™, ie, y—1= a)]l/mec2 and
y* — 1 = 205*™J, /m.c*. Following calculations above and very sim-
ilar to the simplified model,”* LEED should consist of a sharp and
pronounced peak with central energy at y* = 2wz*/w — 1 (which
gives € = 736 keV for nominal experimental conditions at JYFL ion
source) with some background signal arising from rare collisions
and electrons, which are born in the loss-cone region. However,
experimental observations strongly contradict this conclusion. Thus,
the measured LEED cannot be explained exclusively by quasi-linear

10

—14 GHz

—8.00 GHz
—Loss cone

0.1F

FIG. 6. The group of quasi-linear diffusion lines at 14 GHz (black) and 8 GHz (blue)
and the loss cone (red) calculated for magnetic configuration: By, = 0.372 T,
Brax = Bext = 0.908 T. The minimum and maximum cyclotron frequencies are,
accordingly, 10.4 and 25.4 GHz.
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diffusion resulting from the interaction with a monochromatic
heating wave at 14 GHz.

In order to explain the experimental data, we have to develop
a model. This idea together with detailed calculations was first pro-
posed to explain the high energy hump often observed in LEED.’
Suppose that there is a secondary electromagnetic wave with a fre-
quency below the minimum cyclotron frequency. A non-resonant
wave with @ < @§™ cannot be substantially slowed down by the
plasma, so the dense plasma argument is inapplicable. The reso-
nance condition (5) must be treated differently. Indeed, for con-
strained s there is a minimal energy of the electron at which
interaction with the monochromatic wave is possible with a Doppler
shift of the relativistic cyclotron resonance. When a secondary elec-
tromagnetic wave is excited, a quasi-one-dimensional distribution
function propagates along diffusion curves corresponding to an
extra frequency (shown in blue in Fig. 6). In this case, there are
two mechanisms of electron loss: first, direct diffusion along blue
curves in interaction with the second frequency and second, diffu-
sion along blue curves can “carry” particles to black diffusion curves
corresponding to the main heating frequency, and these diffusion
lines can then lead to a loss cone. Thus, addition of a secondary fre-
quency not only introduces extra losses of energetic electrons but
also transforms a quasi-one-dimensional distribution function into
fully two-dimensional one. Depending on the frequency wr of the
secondary wave, additional electron losses can be introduced over
the whole range of energies when wyy > W™ or when wy < wi", be
more pronounced only at energies above some threshold y,, defined
as the point where the diffusion line tangent to x = 1 intersects the
loss cone « = W™ /wF™.

The above approach explains some features of the LEED shape
and its dependence on parameters,’ although the origin of the sec-
ondary electromagnetic wave remains unclear. According to the
experimental data, this supposed wave is switched on and off
together with the heating radiation, although its frequency is inde-
pendent of the primary heating frequency. The simplest explanation
seems to be a plasma-filled cavity mode, excited by a strongly heated
unstable plasma inside, but this requires experimental verification,
presenting a clear need for diagnostics.

V. RECONSTRUCTION OF THE EED

Regardless of the processes responsible for the loss of energetic
electrons from the magnetic trap, there appears to be a straight-
forward technique to reconstruct or at least approximate the EED
by measuring the LEED in the aforementioned “pulsed” mode.
The technique is based on the following approach. First, plasma is
allowed to reach a steady-state and then the microwave radiation is
switched off, and the current of the electrons escaping through the
extraction mirror during the plasma decay is measured. Thus, the
following dataset is obtained:

I = L(t,¢), (11)

where I.(t) is the waveform of electron current at a fixed bending
magnetic field or, the same, electron energy e.

The microwave pulse duration must ensure a saturation of rel-
evant plasma parameters. The best way to determine the minimum
pulse duration, in our opinion, would be to measure the ion beam
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spectrum with different pulse lengths and then define the pulse dura-
tion at which the average ion charge saturates. The saturation of the
ion charge state distribution very likely means the saturation of EED
and plasma density. The total recorded time period for each heat-
ing pulse should be long enough to ensure that the electron signal
dissipates during the plasma decay.

In the absence of RF pitch angle scattering (and afterglow insta-
bilities), collisional scattering is the main process pushing electrons
into the loss cone. Assuming that the majority of the collisions are
elastic (the validity of such assumption needs further investigations)
and not changing the electron energy, electron losses integrated
over the plasma decay can be argued to represent the information
on the EED prevailing inside the plasma at the moment when the
microwaves are switched off,

[ T(t,€) dt

_— 12
ftfzfslee(t,e) dt de (12)

f(e) =

where t; and ¢, are the microwave pulse trailing edge and the time
when the electron signal reaches zero, respectively, and ¢; and ¢, are
the lower and upper limit of the measured electron energies.

An example of such evaluation acquired at JYFL 14 GHz ECRIS
is represented in Fig. 7 (red curve) together with LEED measured
before the trailing edge of the heating pulse (blue curve). Both curves
are normalized to the unity square, i.e., they are the distribution
functions. The source settings were the following: single-frequency
heating at 14 GHz with 260 W, pulse length: 624 ms, and repetition
rate: 1 Hz; Bmin/BECR =0.73,35 - 10~ mbar oxygen pressure.

The two distributions are similar. The main difference is
the absence of the high-energy hump in the reconstructed EED
(which complies with the presumable origin of the hump being RF-
scattering”) and a more gentle slope of the reconstructed EED in the
energy range of 20-200 keV when compared to the LEED. It is of
note that the method might be affected by afterglow instabilities,
which are inevitably developing during the plasma decay.”* More
experimental studies and, most likely, a comparison to PIC simu-
lations are required to further confirm the validity of the proposed
method.

— Reconstruction|
—LEED
1072 4
<
e
=
=107° 4
10°* ! !

100 500
Electron energy, keV

FIG. 7. Comparison of the LEED and EED reconstructed from the plasma decay.
Source settings: single-frequency heating at 14 GHz, 260 W, Brjn/Becr = 0.73,
and oxygen pressure: 3.5 - 10~ mbar. The data were taken at JYFL 14 GHz
ECRIS.
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VI. CONCLUSION

All the LEEDs we have detected thus far have a linear (high
energy) tail on logarithmic scale, which must not be mistakenly asso-
ciated with a Maxwellian EED: A linear fit yields too high electron
temperature for the fitting region, implying that a Maxwellian fit
is inapplicable. This emphasizes the fact that the LEED and, there-
fore, the EED are strictly non-Maxwellian. The described technique
of the LEED measurement yields information on the process of
the EED formation in the ECR-heated plasma confined in any type
of the open magnetic system. We are actively pursuing to develop
methods to precisely and unambiguously deconvolute the energy
distribution of lost electrons back to the energy distribution of the
confined electrons. These methods are based on the Fokker-Planck
equation being solved within the balanced model of step-wise ion-
ization. Additional measurements of the LEED with different ECR
ion sources are needed for bench-marking the deconvolution pro-
cedure, especially the experiments with modern super-conducting
sources operating at a higher frequency/stronger magnetic field.

The described experimental procedure has obvious advantages
over Bremsstrahlung diagnostics in terms of estimating the effi-
ciency of ECR heating and electron confinement in modern ECRISs.
That is because the outcome of the LEED measurement is not the
qualitative “spectral temperature,” but rather a fine structure of the
energy distribution (of lost electrons). Unfortunately, it is impossible
to measure the LEED and the ion beam parameters simultaneously
in contrast to Bremsstrahlung. However, as the described method
is non-invasive, unlike Langmuir probe diagnostics, it is possible
to correlate plasma and/or ion beam parameters (measured sepa-
rately) with the EED. We have observed that the LEED measured
with the ion source grounded is different from the LEED with the
source potential applied, which underlines the importance of con-
ducting ECRIS plasma diagnostic experiments under ion source
relevant conditions, i.e., with the source potential switched on.
Finally, we note that the direct measurement of electron ener-
gies is of obvious interest for fundamental research in the field of
ECR heating and for open mirror fusion machines, not just ion
sources.
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