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The impact of the magnetic field profile on the operations of plasma-based Electron Cyclotron
Resonance Ion Sources (ECRIS) has been debated and investigated for a long time, and a summary is given
by the collection of the so-called “magnetic scaling laws”, i.e., some rules-of-thumb providing the optimal
configuration of the axial and radial confining magnetic fields. Anyway, the optimal configurations have
been found just looking at the output beam currents and charge states. Only recently, more advanced
experiments have shown that the optimal performances are related to some “islands" in the parameters
space leading to a dense, energetic but stable plasma. A general, systematic characterization of plasma
density and temperature as a function of the magnetic scaling, and for different energy domains (i.e., for
cold, warm, and hot electrons) is not yet available. This paper presents a multidiagnostics characterization
of a hydrogen plasma heated by microwaves at around 6.8 GHz via Electron Cyclotron Resonance, and
confined in an axisymmetric simple mirror magnetic trap. Investigation of plasma response to solely the
axial field profile gives the unique opportunity to decouple the effect of simple mirror field from the radial
components that are, usually, provided by a hexapole. Optical emission spectroscopy, Langmuir probe, and
an x-ray silicon drift detector were simultaneously used to evaluate the plasma density and temperature in
different energy domains, thus exploring the electron energy distribution function from a few eV
to hundreds of keV. Plasma parameters have been measured as a function of the magnetic field profile
(in particular by varying the ratio By;,/Bgcr), of the microwave power and of the neutral pressure.
Furthermore, for the same scaling, the relative abundances of H atoms and H, have been estimated. Data
show smooth trends of electron density and temperatures versus microwave power and neutral pressure, but
strong and even nonlinear responses as a function of the magnetic field profile variation, allowing us to

connect semiempirical scaling laws to changes in plasma parameters.

DOI: 10.1103/PhysRevAccelBeams.22.053404

I. INTRODUCTION

Over the last years, the requirements posed on ion
sources used for feeding particle accelerators have
increased steadily, for both positive and negative ion
sources. lons are typically created in a low pressure plasma
source. In order to perform a detailed performance opti-
mization of ion sources, knowledge about plasma param-
eters is inevitable. Therefore, dedicated efforts concerning
the characterization of source plasma have been carried out.
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One example is the negative hydrogen ion source applied
at the Linac4 accelerator at CERN. For this source, a
combined approach between optical emission spectroscopy
measurements and numerical modeling has been success-
fully taken and detailed insights in the plasma processes
obtained [1]. In contrast to the plasma generation via
inductive microwave coupling applied at the Linac4 source,
many other sources, especially those dedicated to the
production of intense proton beams or multiply-charged
ions, are based on ECR coupling utilizing microwaves
in the GHz range. These devices are the so-called ECRIS:
Electron Cyclotron Resonance Ion Sources. Since multiple
ionization is a stepwise process, lasting for hundreds
of ms in case of heavy ions, these machines need plasma
confinement provided by simple or multimirror mag-
netic traps (where the magnetic field strengths lie in the
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range 0.1-4 T). Conditions for the stripping of heavy ions
are really demanding in terms of plasma density, temper-
ature and confinement times: estimated plasma densities lie
in the range n, ~ 10'7 — 10 m=3, and temperatures 7,~
0.1-30 keV, while ion lifetime must be larger than 0.1 s.
For sake of compactness (the cylindrical plasma chambers
are fully surrounded by magnetic systems yokes, while the
endplates host gas and microwaves injection systems and
the ions extraction electrode) historically only a very
limited number of diagnostics have been applied to
ECRIS plasmas. Therefore, in most of the cases, plasma
properties such as density and temperature were only
known via indirect methods (e.g., from the analysis of
extracted ion beam currents and m/g spectra [2]), or
estimated from semiempirical considerations. Since the
early 2000s, however, several research teams started to
develop standard methods of plasma diagnostics to be
applied in the ECRIS field. X-ray detectors were formerly
used in USA (in particular in Berkeley, at LNBL) to
characterize fluxes of hard-x-rays emitted from the
VENUS source [3,4], measuring radiation produced by
very hot electrons in the plasma (up to 2 MeV). Langmuir
probes, used by some groups to estimate bulk plasma
density, temperature, and potential [5,6], were limited to
low-frequency devices, producing plasmas at moderate
energy contents. In 2002, at the Hungarian Academy of
Science, a first experiment employing x-ray pin-hole
cameras—enabling space resolved x-ray spectroscopy—
was carried out [7]. About this latter methodology, research
continued producing new results concerning the measure-
ments of soft-X radiation emitted by the so-called
“warm electrons” (2 < E < 30 keV), and the x-ray fluo-
rescence produced by the inner plasma ions such as Ar (K,
line at 2.96 keV) [8,9]. More recently, at Jyvaskyla
University, Finland, researchers developed optical emission
spectroscopy (OES) for measuring ECRIS plasma ion
temperature [10].

A. Understanding physical meaning of magnetic
scaling laws in ECRIS

Currently, the parameter space is still not fully known,
especially in terms of plasma densities and temperatures in
the multicomponent plasma under different discharge
configurations. Especially, still debated is the global scaling
of plasma parameters as a function of tuning parameters,
namely pumping wave power and frequency, background
neutral pressure and magnetic field profiles. The latter
plays a particularly critical role, and its impact has been
explained in most of cases through semiempirical scaling
laws, whose physical basis are still debated. The shortest
summary of them says that in a multimirror trap such as
B-minimum configurations (given by the superposition of
a simple mirror configuration plus a radial field component
provided by an hexapole) the axial and radial mirror
ratios must obey to the 1law Bq/Bmin =~ Bmax/Bmin = 2-

This relation comes from considerations about magneto-
hydrodynamics stability, theoretically and experimentally
proven [11] and nowadays widely used worldwide in
routine operations of ECR Ion Sources.

However, several empirical observations about output
beam current dependence on the magnetic field tuning leaded
to additional scaling rules, currently poorly motivated
by theory, models or direct observation of plasma para-
meters. This exhaustive set of magnetic laws were derived
in [12]: Brag 2 2Bgcr, Binj 2 3Bgcr or more, Bey = By,
0.30 < Bpin/Bra < 045, 0.65 < Bpin/Brcr < 0.75;
where Biyi, Bexis Bmins Brag» Becr are the B values at the
injection and extraction endplate, the minimum longitudinal
value and the maximum radial field, and the field correspond-
ing to the cyclotron resonance, respectively. Particularly
interesting is the case of By;,/Bgcr scaling. In ECRIS
devoted to the production of multiply-charged ions, for
instance, it has been observed that even a very fine increase
of such ratio (not enough to significantly affect the confine-
ment strength, however), and especially when it overcomes
values around 0.75-0.78, that can be considered as a critical
value, causes a sudden and nonlinear increase of the plasma
x-ray emission; this is then correlated with a drop of ion
beam currents, especially for the highest charge states [11].
Consequently, optimal operative conditions for routine
ECRIS operation are fixed below this threshold. Very few
information exists concerning the role played by the “bulk”
plasma, made of cold electrons (few eV of temperature) and
by the overall electron energy distribution function (EEDF),
during this scaling. It is worth mentioning that the complete
set of scaling has been obtained along the years by looking to
the output beam properties only, namely ion current and
average charge state. A complete characterization of plasma
response to the several scaling of the magnetic trap has never
been performed, due to the substantial difficulties mentioned
above. Recently, experiments have shown that the overcome
of the critical value in the B,;,,/ Bgcg ratio may be a condition
necessary (even if not sufficient since rf power and back-
ground pressure play a role too) to the onset of the Cyclotron-
Maser instabilities [13,14]. This evidence has been supported
by measurements of the plasma self-produced radio waves
released in a burst lasting few hundreds of ns, followed by
X-ray emission in a timescale of several ms. Now we deem that
a quantitative time-integrated analysis of the plasma proper-
ties could shed additional light on the axial field scaling, in
particular about its impact on plasma density and temperature.

B. Goal of the paper

In this paper, a comprehensive diagnostic characteriza-
tion of an ECR plasma confined in a simple mirror
magnetic trap is presented. The main goal is to investigate
the response of electron density and temperature as a
function of the applied external magnetic field, of micro-
wave power and, eventually, of gas pressure. In particular,
the variation of electron density and temperature will be
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investigated when varying the axial profile of the magnetic
field, and especially the ratio B,,/Bgcr. Following the
discussion in the previous section, these results are par-
ticularly relevant to explore the effects of solely the axial
field, since in ECR ion sources the confinement is also
supported by the radial sextupolar component of the
magnetic field.

Since the measurements have been carried out in higher
pressure condition (~10~* mbar versus ~107%—10~" mbar
in ECRIS during daily operation), and no radial confine-
ment is present in our set-up, absolute value of density and
temperature cannot be compared to those of operating
ECRIS. However, several experiments show that the
magnetic scaling remains valid even at higher pressure
ranges (above 10~ mbar).

The experimental results about density and temperature
of the bulk plasma come from the simultaneous use of a
spatially movable Langmuir Probe (LP) compared with the
line-integrated information collected by an optical emission
spectrometer; the effect of the B,,;,/ Bgcr ratio at its higher
values will be benchmarked by x-ray spectroscopy, in terms
of x-ray emission rate and estimated spectral temperature in
the soft-X domain.

II. EXPERIMENTAL SETUP AND
DIAGNOSTIC METHODS

A. The flexible plasma trap

The flexible plasma trap (FPT) test-bench has been
designed, developed and commissioned at INFN-LNS with
the specific aim to enclose in a simple and flexible ECRIS-
relevant device all instruments required for a detailed
plasma characterization. FPT consists of a cylindrical
discharge vessel made of stainless steel with a radius of
4.1 cm and a length of 26.0 cm. A sketch of the FPT setup
is shown in Fig. 1. The external magnetic field used for
ECR heating and plasma confinement is generated by three
solenoids which also allow tuning the magnetic profile.
In particular, a simple magnetic mirror, a constant B field
along the axis of the cylindrical discharge vessel and a

Extraction coil  Mid coil

Langmuir Probe . . '

X-ray detector

Injection coil

Cones of view

W

-
(]
3

Spectrometer

FIG. 1. Sketch of the FPT setup including the arrangement of
the diagnostics.
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FIG. 2. Magnetic field configurations that can be realized at
FPT: constant B field along the chamber axis, simple mirror and
magnetic beach. In this plot, the magnetic field is evaluated on the
plasma chamber axis.

magnetic beach configuration can be generated by tuning
the current flowing in the coils (see Fig. 2). A characteri-
zation of FPT performances in B-flat configuration can be
found in [15]. In this work, we focused on the investigation
of the simple mirror, varying the B ,/Bmax ratio.

Microwaves are generated by a traveling wave
tube (TWT) operating in a range from 4 to 7 GHz.
Operative values of microwave power are in the range
0-300 W while the hydrogen pressure is typically between
5% 107> — 5 x 10~ mbar. Further information about the
FPT can be found in Ref. [16].

B. Langmuir probe diagnostics

Plasma immersed electrostatic probes represent the
easiest way to perform the measurements of density and
temperature of low energy plasma electrons. Information
about the EEDF in the low energy range and about the
plasma potential can also be obtained. At FPT, the
Langmuir probe (LP) performs measurements along a
penetration axis parallel to the plasma chamber axis, as
shown in Fig. 1. It can also be moved in the axial direction
in order to record profiles of the plasma parameters. The
probe tip consists of a tungsten wire having a length of
4 mm and a diameter of 125 ym.

Evaluation of plasma parameters by resistivity curve
depends on the theoretical model applied. Several models
have been developed through the years. Any LP model
shows a characteristic validity range, depending on the ratio
between probe radius and Debye length, ion temperature,
and collision frequency. The presence of a strong magnetic
field leads to a strong anisotropy in the electron motion and
makes the electron component of the resistivity curve
useless for diagnostics. On the other side, it is well known
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the ion component is almost unaffected by the magnetic
field and can be used for the plasma parameters calculation.
Consequently, we used the ion-part only from the I-V curve
in all LP measurements, and also we hypothesized that the
electron density n, was equal to the ion density n,, i.e., the
mean charge state to be one. In the density range expected
for the FPT plasma (10'® — 10'7 m~3), the classical and
well-known orbital motion limited (OML) model [17]
could overestimate the density values [18]. Hence, in
this paper, electron density has been calculated as the
average between the value estimated by the Allen, Boyd,
and Reynolds (ABR) model [19] and the Bernstein,
Rabinowitz, and Lafambroise (BRL) model [20] as sug-
gested by Chen [21]. Finally, the electron temperature has
been calculated by using the BRL model.

It should be noted that the Langmuir probe is an invasive
diagnostic, i.e., the presence of the probe can locally
perturb, even relevantly, the plasma. Especially for ECR
sources, where the characteristic scale-length of plasma
chamber, magnetic field, and density gradients lie in the
range of cm, the insertion of the probe has been proven to
have a critical influence on the microwave-plasma cou-
pling. This can lead deviating plasma parameters during the
measurement compared to the undisturbed case. Indeed,
investigations performed at the FPT have shown that the
probe influences the coupling: when the Langmuir probe is
moved into the plasma chamber, the value of the reflected
microwave power increases, reducing the net power in the
chamber and therefore the electron density in the plasma.
The magnitude of this distortion is less pronounced for
higher plasma densities as, in such a case, plasma response
to microwave propagation tends to dominate with respect to
the LP induced perturbations [22]. To account for this
perturbation, the results collected via LP have been always
normalized to the net forward power.

C. Optical emission spectroscopy

A method for determining discharge parameters in a
noninvasive way is provided by optical emission spectros-
copy (OES). However, this diagnostic has the drawback
that only line-of-sight-integrated results are obtained.
Spectroscopic measurements have been carried out at the
FPT source with an intensity calibrated survey spectrometer
(Adgwnm =~ 1 nm) for the Balmer series of atomic hydro-
gen (H, to H,) as well as for the Fulcher-a transition of the
H, molecule (a1, — @°%;). Figure 1 shows the line of
sight (diameter limited to 4 mm by an aperture stop
positioned in front of the light collecting optics) where
the OES measurements have been performed. A detailed
evaluation of the Fulcher-a emission spectrum including
an assessment of the ro-vibrational population [23] was
not possible due to the low spectral resolution. In order
to obtain a representative number for the intensity of
this molecular transition, the plasma emission has been

integrated in the most intense part of the Fulcher-a
transition between 600 and 640 nm.

The measured emissivities have been evaluated with the
collisional radiative (CR) models Yacora H and Yacora
H, [24]. These models balance all relevant population and
depopulation processes for the particular states in the
hydrogen atom or molecule respectively, thereby yielding
steady state population densities. Processes including the
reabsorption of photons are not relevant for describing
the plasma of the FPT due to the low pressure which means
the plasma emission is optically thin. As input parameters
for the models the densities and temperatures of the neutral
(H and H,) and charged particles (electrons and HT, H;,
H;, H") are required in general. In order to determine
plasma parameters from OES measurements, these input
parameters are varied until both the absolute emissivities
and the line intensity ratios of the measurements are
matched thereby yielding the particle densities. For the
investigated discharges, the population is dominantly
caused by processes involving atomic or molecular hydro-
gen whereas the hydrogen ions play only a very minor role.
This eliminates the possibility of determining the densities
of H", H,, Hj, and H~ reliably but it also facilitates the
OES evaluation as the number of free parameters is reduced
considerably to T,, n,, ny, and ngy,. Concerning Ty,
which is required as another input parameter for the CR
models, the Fulcher-a spectrum has been recorded with a
nonintensity calibrated scanning spectrometer having a
higher resolution than the survey spectrometer. From this
measurement, an estimate of the gas temperature of about
500 K could be determined.

It should be kept in mind that only a representative
integral could be taken for the emissivity of the Fulcher-a
transition. Therefore, the density ratio of atomic to molecu-
lar hydrogen which is primarily obtained from the intensity
ratios between the atomic and molecular emission must be
considered as a rough estimate.

D. X-ray diagnostics

The x-ray volumetric measurement is a powerful method
for the determining the plasma density and temperature of
the warm/hot (i.e., above 500 eV and up to the hard x-ray
spectrum, lying in the hundreds of keVs domain) compo-
nent of the EEDF. However, it requires a proper collimation
of the x-ray flux for fixing the solid angle covered by the
x-ray detector in addition to the use of an adequate emis-
sivity model for the data evaluation. Typically, ECRIS
plasmas are characterized by nonisotropic EEDFs due to
the cyclotron acceleration what results in anisotropic x-ray
emission. However, for sake of simplicity, we follow the
approach described in Refs. [8,25,26] which assumes fully
isotropic emission. This procedure would enable us to
determine both the electron temperature and the density of
electrons emitting in the soft x-ray domain. Unfortunately,
since the cone of view of the x-ray detector partially
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intercepts the plasma chamber walls (this problem cannot
be avoided in the current setup), it was not possible to
clearly separate the emission from the plasma (due to
internal Bremsstrahlung of the warm/hot electrons) from
the Bremsstrahlung radiation coming from the chamber
walls, due to the deconfined electrons. Therefore, the
absolute value of the electron density in the plasma cannot
be determined reliably, and the electron temperature only
will be included in the discussion hereinafter. Nevertheless,
comparing the relative x-ray emission rate in the different
plasma configurations one can give a rough estimation
about the total number of electrons contained in the plasma
and emitting in the x-rays domain. During the experimental
campaign, a silicon drift x-ray detector (SDD) was placed
beyond a 8 ym Kapton foil for vacuum break and colli-
mated by a lead cylinder with a drilled hole having a
diameter of 1 mm and a length of 60 mm. This set-up was
sensitive to the fraction of x-rays within the energy range
2.5-30 keV; detection of x-ray emission from the plasma
was collimated within a cone of view of around 4.5°.

III. EXPERIMENTAL RESULTS

During the experimental campaign, the largest part of
measurements has been carried out in a simple mirror
configuration. Input microwave frequency has been set at
6.83 GHz, a value which was proved to optimize the wave-to-
plasma coupling (low reflected power). The injection and
extraction coil currents have been fixed at 440 and 411 A
respectively, while the one in the midcoil has been changed
from —88 A (the minus means that current flows inversely
to that of injection and extraction coils) to +60 A. The change
in mid coil current allowed to modify the B,/ Bgcr along
the chamber axis from 0.56 (/g0 = —88 A) to 1.04
(I mideoil = +60 A). Figure 3 shows a selection of the different
magnetic profiles characterized together with Bgcg.
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— Biin/ Becr = 0.56
— Biin/ Bgcr = 0.69

5000 |- —— Bpin/ Bgcr = 0.84 b
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FIG. 3. Magnetic field profile along the plasma chamber axis

when increasing the B,;,/Bgcr ratio.
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FIG. 4. Emissivities of the atomic Balmer lines (H, to H,) and
of the integral between 600 and 640 nm taken as representative
for the molecular Fulcher transition for a variation of the
microwave power at fixed pressure of 2.0 x 10~> mbar and fixed
ratio Bmin/BECR = 0.56.

A. Influence of pressure and microwave power on
plasma parameters

In a first step, we characterized the By;,/Bgcr = 0.56
configuration for different value of pressure and microwave
power. Figure 4 shows the measured emissivities of the
atomic Balmer and the molecular Fulcher radiation exem-
plary for a pressure of 2 x 1073 mbar. It can be seen that for
increasing power all emissivities increase as well; this trend
was observed at all the pressures. Evaluation of electron
density and temperature via CR models (as explained in
Sec. I C) helps to explain these experimental evidences.
Figure 5 summarizes the obtained values when varying
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FIG. 5. Electron densities and temperatures obtained from the

OES evaluations for varying power at different pressures and
fixed ratio B,/Bgcr = 0.56.
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microwave power at a pressure of 1.6 x 10~* mbar,
7.7 x 10~* mbar, and 2 x 1073 mbar. As expected, the
electron density increased at higher microwave power
levels, whereas the electron temperature remains more or
less constant. Comparing the different pressures, on the
average the T, values are larger at lower pressures, whilst
n, does not show any appreciable variation with the
pressure, at least within the error bars. This last result is
difficult to explain unless one assumes that the ionization
fraction at these power levels is mostly dominated by the
magnetic confinement and by the microwave power itself.
The increase of the emissivity with microwave power can
be explained by n, growth.

Figure 6 shows the density ratios of atomic to molecular
hydrogen for varying power for the same three pressures as
above. They show an increase with higher power which can
again be explained by the increase in n, what leads to a
higher dissociation rate. As expected, for fixed values of
microwave power, ny/ny, decreases when the pressure
increases. This trend can be attributed to the decreasing
electron temperature leading to a lower dissociation rate
(the electron density stays virtually constant at varying
pressure).

Figure 7 shows the electron density and temperature
profiles within the plasma chamber obtained at a pressure
1.6 x 10~* mbar and 80 W microwave power measured by
LP. It can be seen that the plasma is confined within the
ECR layer by the simple mirror trap. A slight increase of
electron density at around 250 mm along the chamber axis
is found. The cause of such density increase is not clear at
all; it could be due to some plasma formation induced by
the LP presence. Electron temperature is around 10 eV
within the ECR layer, but shows an isolated maximum of
15 eV in correspondence of the ECR layer.
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FIG. 6. Density ratio of atomic to molecular hydrogen obtained
from the OES evaluations for varying power at different pressures
and fixed ratio B,;,/Bgcr = 0.56.
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FIG. 7. Electron density (a) and temperature (b) profiles
determined from the LP for B,;,/Bgcg = 0.56 at a pressure of
1.6 x 10~ mbar and 80 W microwave power.

B. Influence of the magnetic field on plasma parameters

The influence of the magnetic profile on plasma param-
eters has been characterized by means of OES, LP and
X-ray diagnostics. By,,/Bgcr has been changed from
0.56 to 1.04, with steps of 0.04-0.05, for two different
values of pressure: 1.5x 107* and 2.0 x 10~ mbar.
Microwave power has been kept constant at 80 W. A
comparison between LP and OES diagnostics can be done
only by averaging the values of electron density and
temperature coming from LP measurements, since OES
data are intrinsically the result of a line-of-sight average.
Figure 8 shows the trend of average electron density and
temperature versus B,/ Bgcgr for two pressure values (full
symbols). The electron density is, for any value of micro-
wave power and pressure, lower than the cutoff density,
which is 53 x 107 m™ at the operative frequency.
The maximum electron density is obtained when 0.65 <
Brin/Becr < 0.84 with an absolute maximum at around
0.7 (pressure: 1.5 x 107* mbar) and 0.75 (pressure:
2.0 x 1073 mbar). These values are in total accordance
with a typical rule of thumb of ECR ion sources, fixing the
scaling laws for the ratios of the magnetic fields minima
and maxima in the trap as explained in Sec. I A. Comparing
these results to the electron density obtained from OES, a
shift in the maximum n, values towards B,/ Bgcr < 0.7
can be observed. For low pressure, the absolute values of
OES and LP agree reasonably within the error bars whereas
at a pressure of 2.0 x 10~3 mbar OES gives lower absolute
electron densities. The main limitation of this comparison
at the present stage, is that the LP can not access the whole
plasma chamber length, in particular it misses the low
density plasma halos. Since OES averages over the whole
plasma chamber length, including halos, OES density is
expected to be lower than the LP one. For the electron
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FIG. 8. Electron density and temperature calculated by means

of LP and OES diagnostics versus B,/Bgcr-

temperature obtained by LP and OES, the trends over
Boin/Becr agree well: at low pressure, no distinct variation
is present, whereas at high pressure 7, increases slightly.
Concerning the absolute values, a good agreement
is present for the 2.0 x 10~ mbar pressure case. At
1.5 x 1073 mbar, the electron temperature determined from
OES is about 13 eV but only around 8 eV are measured via
LP. This difference can be explained by the fact that these
two diagnostics probe different energy regions of the
EEDF: the LP is sensitive in the low energy range up
of a few electron volts whereas OES is sensitive in the
region above 10 eV where the excitation energies of the
atomic electronic states are located. If the EEDF is non-
Maxwellian, the T, values obtained with the two diag-
nostics can deviate from each other. A selection of the x-ray
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FIG. 9. X-ray spectra as a function of B;,/Bgcr at
1.5 x 10™* mbar.

spectra acquired by the SDD detector for different
Bpin/Brcr ratios are shown in Fig. 9. Spectra have been
acquired only at 1.5 x 10™* mbar, since at 2 x 10~ mbar,
no x-rays were detected by the SDD in the range of
sensitivity of our setup. All the spectra have been corrected
taking into account either the detector efficiency and the
transmission through air and the kapton window. The
presence of the characteristic emission lines of the materials
composing plasma chamber implies the SDD cone of
view intercepts the walls. Consequently, as anticipated in
Sec. I D, absolute electron density cannot be evaluated,
while the value of electron temperature is affected by
electrons escaping from plasma core through the loss cone
and hitting the walls. A quantitative estimation of the
spectral slope, that we can define spectral temperature, is
anyway important to give a rough trend of plasma energy vs
the Bp,,/Bgcr ratio variation. Due to the presence of
characteristic emission lines, the spectral temperature
evaluation has been in addition restricted to the energy
domain 11-15 keV. X-ray emission rate and spectral
temperature versus B./Bgcr are shown in Fig. 10.
A strong increase of the estimated spectral temperature
and x-ray emission rate is visible when B,;,/Bgcr > 0.8,
in the same conditions in which OES and LP diagnostics
detected a decrease of electron density. These measure-
ments permit to affirm that the energy content, as well as
the number of the more energetic electrons, is increasing
with By,,/Bgcr. In particular, results suggest that, when
the threshold B,;,/ Bgcr ratio is overcome, plasma energy
content is transferred from cold electrons (temperature in
the order of few eV) to warm and hot electrons (temperature
> 1-10 keV). This phenomenon is probably due to the
gradual change of the magnetic gradient at ECR, changing
from strong gradient profile to a gentle gradient, as
modeled by Canobbio [27] and numerically studied in
Ref. [28].

10° T T T T T T 12
2
3 - {10
<g 10 /'. E
3 L] KB
= o I %l 18 >
L 103 . ! 2.
© o ! —
— , | ! ls %
S ” ; o
B 10%¢ ; . ! X
= ’ ' [
5 v i ! 14 F
> ) i
O] 1L ] J _
nl: 10 .,.\\ ..—./ L {i’ 12
< 3

100 1 1 1 1 1 1 0

0.6 0.8 1.0 0.6 0.8 1.0
Bmin ! BECR Bmir| / BECR

FIG. 10. X-ray emission rate and electron temperature for the
SDD detector versus B,/ Bgcr-
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IV. CONCLUSION AND PERSPECTIVES

The experimental results hereby presented represent one
of the first characterizations in a multidiagnostics approach
carried out in a compact plasma trap which closely emulates
the behavior of an ECR ion source. Differently from last
generation ECRIS, the machine used in the present paper
consists of solely the axial confinement, provided by a
simple mirror configuration. However, this has permitted to
investigate the role played by solely the axial profile of the
magnetic field. The scaling of electron density and temper-
ature versus the B;,/ Bgcr ratio has been largely discussed.
It has been experimentally found that, from the point of view
of plasma density and “balance” of electrons in the cold or
warm population, the optimal ratio lie in the range 0.7-0.75.
The density is lower at lower ratios, and it rapidly drops at
Biin/Becr > 0.8, when a simultaneous and dramatic
increase of the plasma emission in the soft-X domain has
been observed. These results experimentally support the
well-known scaling of ECRIS performances in terms of
magnetic field tuning, demonstrating that the most relevant
role is played by the axial field. Despite the present setup has
been operated above the typical regimes characterizing high-
performance ECRIS for multiply-charge ions, several
experiments demonstrate the pressure is not the dominant
parameter in this kind of discharges, unless we operate
above 1073 mbar. Therefore we deem that the outputs
regarding the magnetic scaling remain valid even at lower
pressure ranges.

The value of B,/ Bgcr ~ 0.75-0.8 can be considered as
a threshold value, above which the EEDF is suddenly
shifted toward the higher energy component. It is worth-
while to note that the diagnostics used in this work give
back values of density and temperature averaged over the
measurement time, which can be considered as a temporal
resolution: LP averages over some ms, OES over seconds,
and x-ray detector over minutes. This means that the
present diagnostics is unable to reveal oscillating behavior
with significant variations of plasma parameters with
resolution lower than the ms. Different independent mea-
surements [13,14,29,30] have shown that the same thresh-
old value found in this paper plays a key role in establishing
the conditions for Cyclotron-Maser instabilities. A future
paper will discuss about time-resolved measurements able
to show temporal evolution of plasma parameters in sub-ms
temporal domain.

Beside the magnetic scaling, it is worth mentioning that
the direct comparison between data coming from LP and
OES are consistent with each other. It is not a trivial
conclusion, since in small chambers and small-size plasmas
the perturbation induced by the probe is relevant; on the
other side, the estimation of density and temperature from
OES is affected by the uncertainty in the correct definition
of the cone-of-view, which in principle would require a
precise estimation of the plasma size. Data are roughly
consistent in terms of absolute values, but especially in

terms of relative trends, since the conclusions about optimal
magnetic field ratios come from both the diagnostics
methods.
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