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ABSTRACT

The order-of-magnitude performance leaps of ECR ion sources over the past decades result from improvements to the magnetic plasma
confinement, increases in the microwave heating frequency, and techniques to stabilize the plasma at high densities. Parallel to the technical
development of the ion sources themselves, significant effort has been directed into the development of their plasma diagnostic tools. We
review the recent results of Electron Cyclotron Resonance Ion Source (ECRIS) plasma diagnostics highlighting a number of selected examples
of plasma density, electron energy distribution, and ion confinement time measurements, obtained mostly with the second-generation sources
operating at frequencies from 10 to 18 GHz. The development of minimum-B ECR ion sources based on the superposition of solenoid and
sextupole fields has long relied on semiempirical scaling laws for the strength of the magnetic field with increasing plasma heating frequency.
This approach is becoming increasingly difficult with the looming limits of superconducting technologies being able to satisfy the magnetic
field requirements at frequencies approaching 60 GHz. Thus, we discuss alternative ECRIS concepts and proposed modifications to existing
sources that are supported by the current understanding derived from the plasma diagnostics experiments.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127050

I. ECRIS GENERATIONS AND SCALING LAWS Tpeak o< fip- 6]
The frequency scaling assumes that the strength of the
The performance of Electron Cyclotron Resonance Ion Sources minimum-B magnetic field (solenoid and sextupole) is adjusted

(ECRISs)' has improved dramatically over the past decades, owing accordingly to fulfill the scaling laws,”
to improvements of the magnetic plasma confinement, increases in

the microwave heating frequency, and techniques to stabilize the Binj/Becr = 4, )

plasma at high densities. The design of modern ECR ion sources is

based on semiempirical scaling laws, suggesting most importantly Byua/Becr = 2, (3)

that the extracted current at the peak of the ion charge state dis-

tribution (CSD) scales with the microwave frequency squared,” i.e., Bext 7 0.9B,44 = 1.8Bicr, 4)
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Bin ~ 0.4B,,4 = 0.8Bgcr, (5)

where Biyj, Brad> Bext> and Bmin are the fields at the injection, radial
wall of the plasma chamber, extraction, and B-minimum, whereas
Becr[T] = f[GHz]/28 is the resonance field for cold (y = 1) elec-
trons. The scaling of the injection, extraction, and radial fields can
be explained by the plasma confinement. The upper limit of Bmin is
believed to be due to the kinetic plasma instability threshold,” which
is typically found’ at Bmin/Brcr of 0.7-0.8. Thus, high-performance
superconducting sources, such as VENUS," are typically operated
with Bmin/Bgcr in the range of 0.4-0.7.

A direct comparison of different ECRIS generations is compli-
cated as the CSD shifts toward higher charge states with increasing
frequency. More importantly, the effects of the frequency and mag-
netic field cannot be separated as frr o< B, but it is evident from the
experiments that increasing the microwave frequency and the mag-
netic field strength improves the extracted currents of high charge
state ions, implying enhanced plasma energy content n.kT,. Several
explanations for the frequency scaling have been proposed. These
include reaching the critical (cutoff) plasma density and so-called
RF pitch angle scattering presumably limiting the electron density,
both scaling with fZ.

The magnetic field scaling sets a practical limit for the 1st and
2nd generation (6.4-18 GHz) room-temperature (RT) ion sources
based on electromagnetic coils and a permanent magnet sextupole.
Thus, the 3rd generation (20-28 GHz) sources rely on supercon-
ducting technologies. Building a 4th generation ECRIS up to 56
GHz is feasible using the state-of-the-art Nb3Sn superconducting
wire,” whereas a further increase of the frequency and magnetic field
requires either accepting a substandard field strength or research and
development on innovative concepts, e.g., the ARC-ECRIS feasible
up to 100 GHz,” as well as improved microwave-plasma coupling
structures.”'’ Figure 1 shows the frequency dependence of the max-
imum solenoid field at the injection (Biy) and the sextupole field
at the chamber wall (B,,4) together with the cut-off electron den-
sity (wpe = wrr), summarizing the challenges related to the frequency
scaling.
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FIG. 1. Frequency scaling of the minimum-B ECRIS solenoid and sextupole
magnetic fields and cut-off plasma density. The dots mark commonly applied
microwave frequencies.
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It has been recently proposed'' that the power required to oper-
ate high frequency sources up to their full capacity should also scale
as frequency squared, i.e.,

Pgr <><f;§p, (6)

and that operating a 4th generation ECRIS, e.g., at 60 GHz, would
require up to 40 kW of microwave power, which poses a signifi-
cant challenge on managing the localized heat load determined by
the electron losses and limits the choice of applicable microwave
generators and microwave-plasma coupling structures.

The frequency scaling of the extracted current implies that
operation at higher frequencies will increase the total extracted cur-
rents, which in turn translates to higher extraction voltages Vex to
assure that the source and its extraction system operate in plasma
density limited mode rather than space charge limited mode, i.e.,

Vert o< Lty o< ol )
suggesting that the 4th generation sources operating at 56 GHz
or above require extraction voltages of >75 kW.'' Operating the
ion source at adequate power and extraction voltage is important
because the transverse emittance of the extracted beam scales as
€x,y o< B and, thus, the beam brightness is constant for different
generation sources only if I oc fap or I oc B2 However, there is
some experimental evidence'” suggesting that, contrary to the the-
ory, the transverse emittance decreases with increasing Bex. This
could be explained by the magnetic field strength affecting the spatial
distribution of the ions'” at the extraction aperture.

Il. HIGH CHARGE STATE ION PRODUCTION

The density of ions in the steady-state ECRIS plasma is
described by the so-called balance equation,

dnq -1 ion ion
_ q+1 cex
? - T’leﬂq <avf>q—1~>q - nel’lq<0-1}e>q4,q+1 +non (O‘Ui)qul‘)q
q \cex nl =0 8
— Non <O‘vl>q—>q—l_;_ s ( )

which describes the time-evolution of the ion densities of charge
states g =1,2, ..., gmax. The first and second terms describe the rates
of electron impact ionization from/to lower/higher charge state that
depend on the electron density and velocity, ionization cross section,
and ion densities. The third and fourth terms describe the rates of
charge exchange with neutrals populating/depopulating the charge
state q from/to a higher/lower charge state that depend on the neu-
tral density, ion densities and velocities, and charge exchange cross
section. Finally, the last term describes the ion losses (including
the extracted beam) that depend on the ion density and confine-
ment time, the latter being a complex function of the ion temper-
ature T; and the properties of the electrostatic ion confinement. This
is because the ions are trapped in a potential dip AD, caused by
the accumulation of magnetically confined (hot) electrons to the
core plasma and different loss rates of electrons and ions, result-
ing in an ambipolar potential barrier restricting the ion losses."
The CSD of the ions in the ECRIS plasma is described by the set
of coupled balance equations describing the densities of each charge
state.
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FIG. 2. The required product of net at the optimum electron temperature to pro-
duce various fully stripped ions. The minimum ion confinement times of fully
stripped C, Ne, and Ar ions displayed here correspond to the optimum electron
temperature and critical density at 6.4, 14, and 28 GHz, representing the limits of
the 1st-3rd generation sources. The data for the so-called Golovanivsky plot are
taken from Ref. 1.

In the balance equation, the extraction of ion beams is seen as
a favorable loss process, which is somewhat misleading as it implies
that minimizing the ion confinement time leads to higher extracted
current. This is not true as the cumulative confinement time of the
ions must be long enough for them to reach high charge states in
the first place, and only then can the extracted currents be optimized
by minimizing the confinement time, which implies that optimizing
the ECRIS parameters for the production of a certain charge state
is inevitably a compromise between ion confinement and escaping
ion flux. Figure 2 illustrates the requirements for fully stripped ion
production in terms of 7.7 and electron temperature T, (assum-
ing a Maxwellian electron population). The highlighted regions are
covered by different ECRIS generations as deduced from experi-
mental observations. The minimum confinement times shown for
C%, Ne!'®, and Ar'®* have been calculated assuming an optimum
electron temperature and cut-off electron density at 6.4, 14, and 28
GHz, i.e., the true confinement times of the fully stripped ions can
be expected to be longer.

Equation (8) and Fig. 2 entail that the purpose of ECRIS plasma
diagnostics should be to probe the electron density, electron energy
distribution (EED), and discharge properties affecting the ion con-
finement time, i.e., ion temperature, plasma potential, and relative
importance of each electron loss mechanism (Coulomb collisions,
RF-induced pitch angle scattering, and instabilities).

Ill. ECRIS PLASMA DIAGNOSTICS

ECRIS plasmas can be studied reliably only by measuring
plasma emission signals (radiation or particle fluxes) or the plasma
response to external probe signals (injection of radiation or parti-
cle beams) as invasive diagnostic methods such as Langmuir-probes
inherently affect the discharge properties (EED and CSD). More-
over, it is important to conduct all diagnostics experiments under
conditions relevant for the ion source operation since seemingly

ARTICLE scitation.orgljournal/rsi

irrelevant factors, e.g., switching off the high voltage of the ion
source, can change the diagnostics results dramatically'® by affect-
ing the EED and the neutral particle density. Girard'" has pub-
lished a comprehensive review of ECRIS plasma diagnostics meth-
ods and results dating back to the early 1990s and, thus, we focus
on recent achievements in this field, listing only some selected
examples, referring the reader to original research papers. A sum-
marizing table (Table I) listing different plasma diagnostics tech-
niques applicable to ECRIS plasmas is presented at the end of this
section.

A. Electron density (n¢)

Measuring the electron density in ECRIS plasmas is notori-
ously difficult. Langmuir-probes and optical emission spectroscopy
(OES), which are applicable for high-density microwave discharges
dominated by 1+ ions, are not suitable for the highly charged plas-
mas of minimum-B ECRIS either due to their invasive nature or the
pressure broadening of ion emission lines being negligible in com-
parison with Doppler and instrumental broadening.'” In the vacuum
ultraviolet (VUV)-range, the measurement of the intensity ratios of
singlet and triplet transitions of Be-like ions can yield information

TABLE I. ECRIS plasma parameters and suitable diagnostics. Most of the methods
are indirect and require simultaneous use of different diagnostics tools or knowledge
about another plasma parameter as discussed in this paper. Technical details about
each diagnostic tool can be found in the original research papers.

Interferometry
1+ beam injection
Plasma diamagnetism

Electron density

Optical emission spectroscopy
(relative intensities)

M/Q-analysis of the extracted beam
Characteristic x-ray energy

Ion density and CSD

Wall bremsstrahlung

Plasma bremsstrahlung
Escaping electron spectroscopy
Electron cyclotron emission
Plasma diamagnetism

Optical emission spectroscopy
(line-ratio method)

Electron energy distribution

Pulsed material injection
(sputtering, 1+ inj. and beam
current transient)

Ion confinement time

Optical emission spectroscopy

Ton temperature (Doppler broadening)

1+ beam injection

Retarding field analyzer
Microwave emission
Bremsstrahlung bursts

Electron and ion bursts (end-loss
analyzer or the extracted beam)

Ion collision frequency
Plasma potential
Instabilities
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on the electron density”' of the cold electron population assuming
that the excitation and de-excitation (spontaneous vs electron
impact de-excitation of metastable states) are well-understood.

Microwave interferometry, which is based on detecting the
phase shift of a probe microwave beam, has been successfully
applied'’ to measure the average electron density in a 3.75 GHz
single-solenoid ECR discharge, yielding values on the order of
10”° ¢cm™3, i.e., well above the critical density similar to high fre-
quency gasdynamic ECR ion sources.”’ In a minimum-B ECRIS,
interferometry is complicated by the low ratio of the plasma cham-
ber dimension (line-of-sight length) to the microwave beam wave-
length as well as mechanical constraints prohibiting access for the
microwave launching system and receiver. Interferometry results
obtained with high-frequency (18 GHz Quadrumafios) ECRIS yield
values of 2-5 x 10" cm™>, i, well below the critical den-
sity.”! VUV-diagnostics of the same source imply that the cold
electron population accounts for 20%-50% of the total electron
density.”’

Measurement of the captured fraction of the incident 1+ ion
beam injected into charge breeder ECRIS allows estimating the lower
limit of the electron density in the minimum-B discharge.” The
1+ probe technique has been applied on the 14.5 GHz PHOENIX
charge breeder ECRIS operating at microwave power below 500 W,
yielding 7, values in the range of 2-5 x 10'! cm™, which matches
the range reported for a conventional ECRIS.” It is assumed that
the capture of the injected 1+ ions occurs through ion-ion colli-
sions whose frequency depends on T; and, hence, the accuracy of
the plasma density estimate could be improved by measuring T in
the charge breeder plasma using OES to detect the Doppler broad-
ening of the ion emission lines."* The estimated density being on the
order of 10" cm™ can be used to estimate the minimum ion con-
finement time using Fig. 2 together with the measured performance
of the given charge breeder ECRIS producing fully stripped oxygen
ions (or equivalent charge states of Cs). The derived cumulative ion
confinement time is on the order of 10-100 ms, which matches well
with the time scale of the high charge state ion beam decay transient
observed with pulsed 1+ injection.”

The plasma density and its parametric variation could also
be derived from diamagnetic loop measurements”* detecting the
change in the plasma energy content (n.kT.) in the pulsed operation
of the ECRIS if the EED and its temporal change were simultane-
ously measured. Unfortunately, none of the techniques described
above can be used for detecting the spatial variation of the elec-
tron density, which is a severe limitation as the difference in elec-
tron and ion densities between the plasma core and peripheral
region is believed to be significant as reaffirmed by particle-in-cell
simulations.”

B. Electron energy distribution (EED)

Information about the EED in ECRIS plasmas can be acquired
indirectly by measuring the plasma and/or wall bremsstrahlung
or directly by measuring the energy distribution of the electrons
escaping the confinement.

Almost the whole range of photon energies of the plasma
and/or wall bremsstrahlung spanning from a few kilo-electron-
volts to mega-electron-volts can be measured with Nal, CdTe, or
Ge x-ray detectors, whereas a Si-detector is better suited for the

ARTICLE scitation.orgljournal/rsi

measurement of characteristic x-rays.”” ** These detectors do not
yield the spatial information of the emitted radiation contrary to
CCD-based x-ray pinhole cameras.”’ Bremsstrahlung data can also
be acquired in pulsed operation, allowing us to study how fast the
plasma energy content builds up and how fast electrons are being
lost from the confinement.”” Time-resolved measurements also help
detecting onsets of kinetic instabilities for which the best tool is a
current-mode scintillator detector measuring the integrated x-ray
power flux.”

Experiments”’ with the VENUS ion source at LBNL have
revealed that the spectral temperature of axial plasma bremsstrahlung
spectrum appears to be dependent solely on the minimum magnetic
field Byin rather than Byin/Becr or the microwave frequency frr in
the stable operation regime. At the same time, it was confirmed with
14, 18, and 28 GHz frequencies that the plasma energy content and
maximum electron energy indeed increase with the frequency at a
fixed magnetic field. Experiments in pulsed operation mode with
the first and second generation sources indicate that the saturation
time of the bremsstrahlung flux and spectrum is on the order of
10-100 ms, which matches well with the diamagnetic loop data and
measured ion confinement times.””' Finally, recent experiments”’
with two 14 GHz ion sources measuring the (absolute) volumetric
rate of characteristic x-ray emission allow us to deduce paramet-
ric dependencies of the inner shell ionization rate, which is directly
proportional to the production rate of high charge state ions, indi-
cating only a weak dependence on Bis. It is therefore concluded
that the magnetic field mostly affects the hot electron population
contributing to bremsstrahlung emission and ion confinement but
having only a weak effect on the high charge state ion production.
Furthermore, precise measurement of the characteristic x-ray emis-
sion energies that depend on the charge state of the emitting ion
allows quantifying the CSD in the core plasma and comparing it to
the extracted one.

The main challenge related to bremsstrahlung diagnostics is
the ambiguous relation between the bremsstrahlung spectrum and
the EED. The EED of the axially escaping electrons was measured
with the JYFL 14 GHz ECRIS using the bending magnet as a spec-
trometer.””’* Tt was discovered that the EED is non-Maxwellian
and depends strongly on the magnetic field together with the abso-
lute electron loss rate in the stable operation regime. These experi-
ments’* have (i) yielded direct evidence on RF-induced pitch angle
scattering causing electron losses, (ii) enabled measuring the EED
of the electrons expelled by kinetic instabilities, and (iii) allowed
detecting the change in the EED when the kinetic instabilities lim-
iting ECRIS performances, and being the most likely cause for
the Byuin = O.SBECR-scaling,: are suppressed using double frequency
heating.”” The apparent limitation of the technique is that it mea-
sures the EED of the escaping electron, whereas it is the confined
electron population that produces high charge state ions and con-
fines them electrostatically. A novel diagnostics method to evalu-
ate the EED of the confined electrons from the EED of the escap-
ing electrons, utilizing pulsed operation of the ion source, and the
comparison of the results with particle-in-cell simulations are pre-
sented elsewhere in these proceedings.” The detection method of
the escaping electron flux sets a limit for the minimum accessi-
ble electron energy. The cold electron temperature can be obtained
with OES using the line-ratio method, yielding an estimate of
20-40eV."”
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C. lon confinement time (r)

Ion confinement times have been determined experimentally
either inferring them from the escaping ion flux’® or measuring the
decay times of ion beam currents with pulsed injection of mate-
rial, i.e., sputtering”>’ or 1+ injection,” yielding strikingly different
results, i.e., 0.5-2 ms vs 10-100 ms, respectively. The difference can
be explained by the fact that the first method probes the confine-
ment of the escaping ion population, whereas the second one must
be interpreted as a cumulative confinement time measuring the total
residence time of a particle extracted at the charge state q. Two
experimental observations made with charge breeder ECRISs sup-
port using the latter definition: (i) experiments with a short pulse
injection of 1+ ions confirm that the cumulative confinement time
of ions is indeed measured in tens of milliseconds’” and (ii) there
is a strong correlation between the confinement time deduced from
the beam current decay transient and the extracted beam current,”
which directly supports the validity of the last term of Eq. (8). The
latter finding suggests that if the ion confinement time (deduced
from the beam current decay transient) is too long, the extracted
beam current intensity suffers, i.e., the produced ions cannot be effi-
ciently extracted. These measurements together allow quantifying
the expected charge breeding efficiency of the radioactive isotopes
with varying half-lives from the efficiency measured for stable iso-
topes of the same element.”” The comparison of ion confinement
times in conventional and charge breeder ECR ion sources yielding
similar results”” implies that the discharge properties are comparable
and, thus, supports the use of stable ion beams in the development
of sources for radioactive beams where optimizing the ion confine-
ment time is important to first produce the high charge state ions by
electron impact ionization and then extract them before a significant
loss of ions through radioactive decay. This is further motivated by
the similarity of the simultaneously measured charge breeding times
and cumulative confinement times.””**

The long ion confinement time is commensurate with the esti-
mate based on the electron density and ion source performance
derived from Fig. 2. Furthermore, it supports the experimentally
observed ion temperatures of 5-28 eV derived from the Doppler
broadening of ion emission lines.'” Such high ion temperatures
are presumably reached via energy exchange between the ions and
the cold electron population as the ions can escape from the elec-
trostatic confinement only if they have sufficient kinetic energy to
overcome the A® potential barrier. This qualitative model is con-
vergent with the fact that high charge state ions have the longest
confinement times”*' and temperatures.'® In addition, the electro-
static confinement model is supported by experimental evidence”
showing that the ion-ion collision frequency of high charge state
ions exceeds their gyrofrequency, prohibiting magnetic ion con-
finement. The measured ion temperatures match well with those
reported for a quadrupole mirror fusion device’ and predicted the-
oretically for minimum-B ECRIS™ but pose a problem for modeling
of ECRIS charge breeders where low T; of the buffer gas species
has to be imposed to match with experimental observations.”' The
above ion temperatures'® have been measured for discharges with
only a single element being injected as neutral gas, whereas recent
experiments™ with gas mixing show that the temperature of high
charge state argon ions can be reduced to 5-8 eV by mixing with
oxygen.
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Finally, the measurement of the ion confinement times of dif-
ferent charge states helps explain the detrimental effect of kinetic
instabilities on the beam currents of high charge state ions.” Since
the repetition rate of the periodic instabilities is typically in the range
of 0.1-1 kH, a high charge state ion must survive 1-100 instabil-
ity events, each of them leading to particle losses on the order of
1%-10% of the total population,” which translates into less than
10% probability (on average) of reaching high charge states in
comparison with the stable regime.

IV. FUTURE DIRECTIONS

Several techniques such as wall coatings,H biased disc,”’ gas
mixing, frequency tuning,” and multiple frequency heating"
increasing the ECRIS performances have been developed over the
years. These methods are undoubtedly very useful in improving
the charge state distribution of the extracted beams and the sta-
bility of the plasma. However, the collective experience gained in
operating different generation ECR ion sources still underlines the
importance of increasing the magnetic field strength and microwave
frequency as a primary direction to push the boundaries of ECRIS
capabilities.

For the practical design of the next generation sources, it is not
important to decide whether the performance scales with B* or f* as
long as the semiempirical scaling laws [Eqs. (2)-(5)] connecting the
two are supported by the experimental evidence. Thus, the design
choices of the next generation ECRISs must accommodate magnetic
field strengths that are at the limit (or above) of today’s supercon-
ducting technologies and utilize microwave coupling schemes, e.g.,
quasioptical structures applied in gasdynamic ion sources,”’ allow-
ing us to inject very high microwave powers and frequencies. Alter-
natively, the concept of the minimum-B field being a superposition
of a solenoid and sextupole fields could be revised as pioneered by
the SEISM 60 GHz prototype ECRIS" utilizing room-temperature
high magnetic field helix-technology to achieve a minimum-B cusp-
field or the ARC-ECRIS concept, derived from magnetic confine-
ment fusion experiments and prototyped™’ at 6.4 GHz. The latter
concept has been shown by simulations” to be feasible up to 100 GHz
with Nb3Sn.

Besides delivering beams for users, the Ist-3rd generation
sources can be used for testing novel concepts, e.g., different plasma
chamber geometries enabling innovative microwave coupling struc-
tures'’ and alternative field topologies, as well as for further devel-
opment of plasma diagnostics studies. Development of such proto-
types is often too venturesome to be carried out with the cutting-
edge superconducting technologies or in large-scale user facilities
inclined to rely on proven technologies, which leaves the field open
for smaller laboratories and universities to first demonstrate new
technologies and their scalability for high performance sources. Nev-
ertheless, transferring the results obtained with sources operating at
frequencies of 14 GHz and below to the next generation ones must
be done cautiously. For example, the frequency tuning method”’
that has been shown to be very effective in improving the coaxial
coupling in the 2nd generation sources yields diminishing returns
in sources using direct waveguide coupling’’ or a higher plasma
chamber dimension to wavelength-ratio.

An example of possible modifications to the plasma chamber
geometry of a conventional minimum-B ECRIS and its magnetic
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field topology, derived from plasma diagnostics experiments, has
been recently reported by Toivanen™ discussing experiments using
a cylindrical structure around the extraction aperture extruding
toward the ECRIS plasma with the “collar” exhibiting very little
evidence of interaction with plasma particles up to a length of 30-
40 mm. This indicates that the volume around the collar could
be occupied with an additional coil modifying the magnetic field
strength at the extraction mirror without affecting the field near
the resonance zone, which would be an inevitable consequence of
changing the current of the main extraction coil. Such a concept
is envisioned to improve the extracted beam currents by reducing
the plasma confinement only locally, thus directing the distribu-
tion of the escaping particle flux toward the extraction and passing
through the “extraction channel,” as witnessed in the collar exper-
iment.”” Controlling the ion losses is seen as a promising method
to improve the performances of ECR ion sources as the existence of
the well-known afterglow effect, recent OES experimen‘[s,33 and the
correlation between the confinement time and the extracted beam
current” all imply that the extracted currents in cw operation mode
could be limited by the electrostatic ion confinement and particle
losses rather than the rate of their production by electron impact
ionization.

Another, more radical, example of the development of alter-
native ECRIS concepts is the 10 GHz CUBE-ECRIS project at
JYFL. The CUBE-ECRIS is a permanent magnet version of the
ARC-ECRIS intended to further demonstrate the feasibility of the
quadrupolelike minimum-B magnetic field topology for high charge
state ion beam production and study the extraction of high charge
state ion beams through a rectangular slit matching the pattern
of the escaping ion flux intercepting with the plasma electrode.
The concept is depicted in Fig. 3, showing a schematic of the
permanent magnet array and the simulated magnetic field along
the Cartesian axes passing through the minimum-B. The detailed
design and first results of the CUBE-ECRIS will be reported else-
where. The permanent magnet design carries its own merit and has
potential applications in high charge state ion beam production,
but most importantly, it paves the way for the development of a

100
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high-frequency ARC-ECRIS being a possible breakthrough in
ECRIS technology. The permanent magnet structure allows multi-
ple lines-of-sights into (and through) the discharge which is ideal
for combining diagnostics required for simultaneous measurement
of electron density (interferometry), electron energy distribution
(energy spectrum of escaping electrons and plasma bremsstrahlung
emission), and ion confinement time and temperature (pulsed mate-
rial injection by sputtering and optical emission spectroscopy) as
well as the appearance of kinetic instabilities at various plasma
heating frequencies.

While there has been significant progress in ECRIS plasma
diagnostics in the past decades, there are still several diagnostics
needs and experiments that could assist the development of the next
generation sources:

e One of the most acute needs is the development of reli-
able, noninvasive tool to measure the plasma density, which
would help determining whether or not the I, o< f* scaling
is indeed due to the corresponding increase in the plasma
density.

e The main challenge related to the measurement of ECRIS
plasma parameters via bremsstrahlung diagnostics is the
equivocal connection between the actual EED causing the
bremsstrahlung emission and the measured spectrum of
plasma and thick-target (wall) bremsstrahlung. Further-
more, the difference between the confined and escaping elec-
tron population (EED) remains poorly understood. While
the measurement of the bremsstrahlung spectrum undoubt-
edly helps the development of the next generation sources,
for example, by allowing us to estimate the cryostat heat
load and required radiation protection, it tells very little
about the actual plasma processes eventually leading to the
emission. Thus, there is an acute need to develop meth-
ods to first connect the bremsstrahlung spectrum to the
EED of the escaping electrons and finally to the EED of the
confined population at different plasma heating frequencies
and magnetic field strengths.

1.4 T T T

J x-axis
i

12k Extraction sl
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FIG. 3. A schematic drawing of the CUBE-ECRIS permanent magnet array (left). The inner layer itself is suitable for 6.4 GHz operation, whereas the outer layer boosts the
field strength enabling to achieve a closed surface of 1.9 x Bgcg for 10 GHz. The simulated field strength along the axes passing through the minimum-B is shown on the
left. The plasma loss pattern is best suited for a slit extraction located at the yz-plane where x = 85 mm.
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e From the operational point-of-view, it is crucial to avoid
kinetic plasma instabilities and, therefore, develop diagnos-
tics methods that can be used on daily basis by the ion source
operators for the detection of the instability threshold when
setting up the source to deliver high charge state beams.
Such methods include fast measurement of the microwave
radiation emitted by the ion source, fast diagnostics of fluc-
tuations in the bremsstrahlung power flux with scintilla-
tor detectors, and the adaptation of on-line Fourier anal-
ysis of the extracted beam current.”’ At the fundamental
level, it would be necessary to understand which magnetic
field parameters, e.g., Bmin> Bmin/BECR, (%)ECR, are the
most influential ones in affecting the high-energy tail of
the EED and triggering the instabilities. Fortunately, such
experiments are underway in several laboratories (JYFL,
LPSC, NSCL-MSU, and IMP). Most importantly, it is nec-
essary to understand how to suppress the instabilities. A
well-proven method for this is multiple frequency heat-
ing,” which allows extending the parameter space avail-
able for the optimization of the high charge state ion cur-
rents and, hence, following the predicted power scaling of
Prr o< fgp in sources with large plasma chambers. How-
ever, the exact mechanism for the instability suppression by
multiple frequency heating remains unclear and is actively
investigated.””’

o The experiments probing the ion temperature,'* the discrep-
ancy between the confined ion population and the extracted
beam,’” and ion confinement time”*”' support the view that
the ions are electrostatically confined and need to acquire
a certain energy to overcome the A® potential barrier and
become extracted. Such diagnostics methods could now be
used for probing the effects of various techniques such as the
biased disc, multiple frequency heating, and, perhaps most
importantly, gas mixing on the ion temperature and con-
finement time. Such experiments could be used to determine
whether a better control of the ion flux distribution, decou-
pled from the electron heating (see the discussion on the col-
lar above), could improve the performances of the existing
and next generation sources. It is also desirable to measure
the ion temperature in a charge breeder ECRIS and compare
the results to those obtained with a conventional minimum-
B source to support further development of simulation tools
developed for the 1+ — n+ technique."’

e The understanding of the nature of microwave-plasma cou-
pling, i.e., cavity-dominated buildup of EM-fields resulting
in strong frequency dependence and spatial distribution of
electron heating™® vs single-pass absorption, is not well-
developed. The large uncertainty in the RF field strengths
in ECRIS plasma chambers could be alleviated by further
measurements with calibrated RF probes” or the detection
of optical emission line shift due to the second-order Stark
effect. These measurements would be valuable for computer
codes used for simulating the electron heating process in
ECRIS plasmas.

The ECRIS plasma diagnostics experiments themselves carry a
scientific value. However, for the development of existing and next
generation ion sources, the most important question is how do the

ARTICLE scitation.orgljournal/rsi

plasma properties affect the intensity and quality of the extracted
ion beam? This underlines the importance of carrying out all ECRIS
plasma diagnostics experiments simultaneously with the analysis of
the extracted beam (current and CSD) or under conditions relevant
for ion beam production.
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