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Abstract.

Experimentally determined domtemperatures/of different charge states and elements
in minimum-B confined electron gyelotron resonance ion source (ECRIS) plasma are
reported. It is demonstrated with optical emission spectroscopy, complemented by the
energy spread measurements. of the extracted ion beams, that the ion temperature
in the JYFL 14 GHz ECRIS,is 5-28eV ) depending on the plasma species and charge
state. The reported ion temperatures are an order of magnitude higher than previously
deduced from indirect diagnostics and used in simulations, but agree with those
reported for a quadrupele mirror fusion experiment. The diagnostics setup and
data interpretation are discussed in detail to demonstrate adequate understanding
of the line broadening mechanisms and instrumental effects, which justifies the use of
the measured Dopp‘[@r broadening of the emission lines to derive the corresponding
ion temperature./ Theé ion temperatures of the high charge state plasma of the
minimum-B ECRIS are compared to those measured from low temperature singly
charged: microwave and arc discharge plasmas to exclude systematic errors. The
ion temperatures in the minimum-B ECRIS plasmas are shown to increase with the
charge state and injected microwave power whereas two-frequency heating and plasma
instabilities have only a minor effect on them. Possible mechanisms causing the higher-
than-expected ion temperatures are hypothesized and assessed based on the reported
expérimentaldata. Finally, the implications of the results are discussed, demonstrating
the need for further experiments especially with charge breeder ECR ion sources, and
experimental data on ion confinement times.
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1. Introduction

Minimum-B Electron Cyclotron Resonance Ion Sources (ECRIS) are used for the
production of highly charged heavy ion beams. In the ECR ion source plasma free
electrons are heated as a result of energy transfer from microwave elegtric field to the
electrons in relativistic electron cyclotron resonance at the magnetie,field isosurface
where w.. = wgrr i.e. when the electron gyrofrequency in the static magnetic field of
the ion source equals the frequency of the injected microwave radiation. The resulting
electron energy distribution function (EEDF) is non-Maxwellian andds generally treated
as three different populations; cold, warm and hot electrons sith energies of 10-100eV,
0.1-10keV and 10-100keV, respectively [1]. In order to produee highly charged ions
(HCI) it is necessary for the ions to undergo multiple iofizing collisions with electrons.
Thus, a long ion confinement time and a sufficient ele¢tron,density are required for HCI
production. The ionization potential increases with. the charge state of the ion, which
implies that the electron (average) energy needsstoe. be, sufficiently high, up to 1keV
order of magnitude, to reach the desired chargé states with mass-to-charge M/Q-ratio
of 3-5 (in atomic mass unit / charge state), used often for nuclear physics experiments.
Contrary to the ionization process, charge exchange between the highly charged ion
and neutral atom can reduce the charge state. Therefore, low neutral gas pressure is
important for HCI production. Unlikesthe magnetized electrons, ions are considered to
be electrostatically confined as their high collisionality prevents magnetic confinement,
i.e. the ion-ion collision frequency of high charge state ions exceeds their gyrofrequency.
In a widely accepted model, suggested by Pastukhov [2], the ions are electrostatically
confined in a potential dip of the plasma,potential profile, formed as a consequence of the
well-confined hot electron popu.@tion accumulating to the plasma core of the minimum-
B ECRIS where B < Bgrér [344, 5]- In this model the ion confinement (of charge ¢) is
strongly affected by, the depth of the potential dip A¢ and the ion temperature T; as
the confinement time T, ; X edB9/kTi 6 7).

The ion energyidistribution function (IEDF) of minimum-B ECRISs and the
corresponding ion temperature, have not been thoroughly studied mainly due to the
complexity of.the required measurement setup. Studying the ion temperature is
challenging as invasive diagnostic methods inherently affect the plasma properties. A
suitable non-imvasive and direct diagnostic method is optical emission spectroscopy
(OES). Using OES to characterize ECRIS plasmas and to measure the ion temperature
through Doppler broadening requires a setup with a good signal-to-noise ratio (SNR)
as ghe emission lines of high charge state ions are often weak in their intensities.
Furthermore, a high resolution is required to resolve the Doppler broadening from
instrumental effects and other broadening mechanisms. Studying the ion temperature
of ECRIS plasmas is relevant for several reasons. The ion temperature affects their
donfinement through the ion collisionality (magnetic confinement) and escape rate from
the potential dip (electrostatic confinement). Thus, experimentally determined ion
temperatures can be used for assessing the validity of different confinement models
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including those based on the potential dip and ambipolar diffusion [6, 8]. Furthermore,
several numerical ECRIS plasma simulations use the ion temperature asdan input
parameter [9] or utilize assumptions that imply low ion temperature for all charge
states [10]. The ion temperature also affects the ion beam quality and tramsport as
it contributes to the emittance of the extracted ion beam [11] whereas i charge breeder
ECR ion sources the 1+ ion capture depends strongly on the ion temperature [12].

Direct ion temperature measurements on ECRIS plasmas hardly exist. Based
on extracted currents of high charge state ions and the powerdbalanee of the ECRIS
plasma Melin et al. [7] argue that the ions are cold compared even £6 the cold electron
population with their temperature ranging from 0.5eV to 2:0eV and being the same
for all charge states due to high ion-ion collision frequency. Effective ion temperatures
have been measured in Ref. [13] indirectly from the extraéted beam using a retarding
field analyzer, reporting temperatures of 10-30eV depending on the ion species and
increasing with the charge state. In Ref. [14] thedion temperature of the Constance-
B quadrupole mirror confinement device, whichds essentially similar to a minimum-B
ECRIS, has been measured with OES. A high refolution spectrometer was used to
measure the Doppler broadening of oxygén emission lines in that work. Approximately
20 eV ion temperatures were obtained withoutlen Cyclotron Resonance Heating (ICRH)
and 30-500eV with the ICRH applied. It 'was also reported that the temperature of
ions escaping from the Constance-B devicesis substantially higher than those probed by
OES, the deviation increasing linearly with the (oxygen) charge state [14, 15].

In this study, a high reselution spectrometer [17] was connected to the JYFLJ
14 GHz minimum-B ECRIS [18]-and the Doppler broadening of a number of emission
lines of neutral atoms and ions (He, N, Ne and Ar) was measured in continuous operation
mode of the ion source. The resultsdndicate that the temperatures of neutral atoms
are in the range of 1-6eV whereas the temperatures of the ions are in the range of
10-30eV, depending on the ion/charge state. These temperatures are higher than
is generally assumed |7}, and therefore used in numerical simulations. Hence, this
study can be expgeted to motivate further experiments and to have a high impact on
theoretical studies and simulations of ECRIS plasmas. In subsequent sections different
optical emission"lineésbroadening mechanisms will be discussed to demonstrate that
they can be excluded inhour case and the characteristics of Doppler broadening can
be identified from the observed emission lines. The ion temperatures are determined
from the line broadening of different elements and charge states, and compared to the
effective ion temperatures measured earlier with the retarding field analyzer. Finally,
the implications of the ion temperature on the confinement of high charge state ions is
discussed together with possible ion heating mechanisms.

1 JYFL stands for Jyvéskyldn Yliopiston Fysiikan Laitos i.e. finnish for University of Jyvéskylé,
Department of Physics
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2. Line broadening mechanisms and profiles

Using optical emission line broadening as a diagnostic method requiresfidentifying and
resolving the effects of different broadening mechanisms on the line width. Fertunately
each broadening mechanism has a specific wavelength dependence as explained hereafter.
Furthermore, the magnitude of the broadening effect depends onthe type of the
transition (upper and lower states), which can be used to identify thesbroadening

mechanism responsible for the experimental observation. The.main optical emission

line broadening mechanisms are: -

e Doppler broadening

e Natural broadening

e Collisional/Pressure broadening
e Stark broadening

e Resonance broadening

e Van der Waals broadening

e Zeeman broadening

e Broadening due to measurement geometry and plasma drifts
e Instrumental broadening

In the above list, the last two are caused by the measurement setup and geometry
whereas the rest are due to fundamental physics as described below.

2.1. Doppler broadening

In plasma individual atoms a& ions have a velocity component v towards or away
from the observer, which'in the case discussed hereafter is the optical output from the
ECRIS plasma chamber. When'the atom or ion emits a photon with a frequency of fy,
the observer detectssthe radiation at the frequency

e (147). (1)

where the +/and/~ signs correspond to an approaching and receding source, respectively.
The distribution of individual Doppler shifts of an ensemble of sources can be derived
from the corresponding (one-dimensional) distribution of velocities along the line of
sight. For. convenience it is assumed that the velocity distribution is Maxwellian i.e.

m; —m;v?
dv = : —|d 2
() dv =[5t &P ( 2k3T> o 2)

where n(v) is the number of particles within the velocity interval v + dv, m; is the ion
(or neutral atom) mass and k,7" is their temperature. Substituting the velocity derived
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from Eq. 1, we obtain the intensity distribution function of frequencies around the center
frequency fo

(3)

mic® (fo — f)?
2kpT f5 '

I(f) :Ifoexp <—

This distribution has a Gaussian profile and is called the Doppler profile of an emission
line. The full width at half maximum (FWHM) of the line broadening is given by

Af AN [ kT <~

— = — =24/21In2 4

fo Ao N mic2’ ( )
kT

where /725 is the standard deviation of the (normal) distribution of frequencies

and corresponding wavelengths. Thus, for Doppler broadening of a given ion species
AX < Ag. It is worth noting also that AX o 1/,/m; resulting to an isotopic effect
of a given emission line. Both of these dependengcies can be used for resolving the
Doppler broadening (temperature dependent) from other line broadening mechanisms
as discussed in section 4. Measuring the Doppler broaaening of the emission lines
in ECRIS plasmas requires the resolution, of the spectrometer to be on the order of
picometers as, for example, the thermal Doppler FWHM of 10eV Ar'3* (441.2556 nm)
is approximately 17 pm.

In ECRIS plasmas ions are movingsin. a complex electromagnetic field and can
therefore, depending on the ratio of iomicollision and gyrofrequencies, be subjected to
bulk motion such as rotation‘or,local plasma drifts, e.g. the E' x B-drift and gradient-
curvature-drift. In addition to Deppler broadening caused by thermal motion, such bulk
movement can result to Doppler shift and subsequent broadening of emission lines, which
is utilized e.g. for measuring the.speed of plasma rotation in centrifugal confinement
machines and tokamaks. [Thebserved broadening of the emission lines could therefore
depend on the measurement geometry, which needs to be excluded when assessing the
ion temperature derivedifrom OES by comparing the Doppler broadening profiles of the
emission lines measuredsfrom different viewing (solid) angles as reported in section 4.

2.2. Natural broadening

Natural broadening of emission lines follows from the Heisenberg uncertainty principle
AFEAt » h/2. The quantum mechanical uncertainty of the energy levels with finite
intrinsic . lifetimes generates broadening of the corresponding emission lines. The
emission line.width of a decay with an upper state lifetime of 10ns, typical for the
transitions studied hereafter and listed in Tables A1-A4 of the Appendix is on the order
of 105%eV/[19], which is small in comparison to the Doppler broadening corresponding
to 1 eV thermal spread and cannot be resolved with most high-resolution spectrometers.
This broadening mechanism gives rise to a Lorentzian emission line profile.
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2.3. Pressure broadening

The pressure broadening can be considered as a superposition of multiple ‘different
broadening mechanisms. The broadening is caused by the electromagneticiinteraction
between the emitter and its neighbouring particles. The energy exchange between the
interacting particles in collisions of atoms and ions can reduce the effective lifetime of
an electronic state and lead to broadening of the emission lines. The line. broadening
Af of a transition emitting a photon at the wavelength \ is given by

af=22e= L ) )
where 7 is the mean time between collisions. Thus, it follows that the magnitude of
collisional broadening due to the presence of an electricforce depends on the emission
wavelength as A\ oc \? for a given charge state ion (¢onstant'm). Contrary to Doppler
broadening, pressure broadening leads to Lorentzian emissionline profile, which can be
used for identifying the broadening mechanism frommexperimentally determined emission
lines. The contribution of the collisional broadening on the®bserved emission line profile
depends strongly on the gas pressure and charged particle density due to the effect of

1 o n, where mis the particle density. In ECRIS plasmas

the collision time i.e. A\ o< 77
where the ion-ion collision frequency of high charge state ions (dominating collision
process) is on the order of 10% Hz ag'@amaximum [7], the intrinsic collisional broadening
of e.g. the 488 nm emission line of Ar¥f (studied later) can be estimated to be on the
order of 0.01 pm, which is well. below the instrumental broadening of the spectrometer
described later.

The exact mechanisms gontributing to the pressure broadening can be classified
by the nature of the perturbing force [20]. For example, collisions between identical
particles can lead to so-calledresonance broadening, which is limited to emission lines
corresponding to electricalidipole transitions to the ground state [21]. In addition to
intrinsic fields due to surrounding charged particles, ions in ECRIS plasma are under
the influence of extérnal electric fields e.g. due to sheath potentials and microwave
radiation. Atoms'and iong\with an electric dipole moment experience a splitting of their
energy levels under the influence of an electric field. This splitting which can exceed the
intrinsic collisional broadening and affect the measured line profile is called the Stark
effect. The energy shift Ae and subsequent line broadening due to the Stark effect is a
superpo$ition of linear and quadratic (to the electric field) terms [22]. The linear stark
effect caused by point-like charge, i.e. under the influence of a neighbouring particle, is
of the form

1
AE(EO) ~ quLoE()S = qeaoS (q > s (6)

dreg TT%
whererg.aoFyS is the atomic dipole moment of the upper energy level of the electronic
transition and Fj is the local electric field [22]. The quadratic Stark effect is of the form

2 2a2
q.ap5° o

AePo) Eg, (7)

hwi j
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where hw;; is the energy difference between the upper an lower states ¢ and j [22]. The
sensitivity of a spectral line to the Stark effect depends strongly on the specificielectronic
state of the atom or ion. Thus, a comparison of different emission lines’ linewidths.of
a given emitting particle can be used for assessing the contribution of the Stark effect
on the experimentally observed line shape. Experimental results for Stark line widths
and shifts can be found from Ref. [23], where the Stark broadenings of Ar'#itransitions
measured in this paper (see Section 4) are listed. Although the discharge ¢onditions in
the ECRIS plasma are different, the data in Ref. [23] indicatessthat Stark broadening
would cause a factor of two difference in line broadenings among the s@ciﬁc transitions
without a specific dependence on the wavelength whereas the,experimentally observed
line widths deviate from each other much less, and exhibit a linear dependence on the
wavelength as shown later in Fig. 5. Thus, it is concluded that although there are static
and time-varying electric fields in ECRIS plasmas, their ¢entribution to observed line
broadening is negligible. Finally, van der Waals breadening occurs when the emitting
particle (electronically excited atom) is perturbed byra neutral atom via van der Waals
dipolar interactions [22, 24]. Such an effect is often negli?gible in comparison to other
broadening mechanisms under discharge@enditions typical to ECRIS.

2.4. Zeeman broadening

Zeeman effect (broadening) refers o, the “splitting of spectral lines into several
components in the presence, of a statienmagnetic field B and the corresponding
broadening of the detected speetral line. The shift AE of the atom/ion energy levels
depends on the upper and lower states,of the transition as

AEp = ji - B=~jiggin B, (8)

where gy, is the Landé g-factor, up is the Bohr magneton and m is the projection of the
total angular momentum J =L+ S of the quantum state. The corresponding change
of the emission wavelengthnAX can be written for small change in energy as

)\2

Ax=——AFE
~ A, §)

i.e. the shift (broadening), depends quadratically on the wavelength of the emitted
radiationgsimilar to'Stark effect. Zeeman broadenings for helium and argon are reported
for example in Ref. [25] in magnetic fields of 0.5-1.1 T relevant for ECRIS plasmas. The
observed Zeeman-broadening for the 587 nm and 811 nm emission lines of He and Ar
are¢ 7—16 pm and 18-34 pm, respectively. The emission lines observed in this work are
predominantly in the range of 400-500 nm for which the Zeeman broadening can be
expected to be <5pm corresponding to emission from the dense core of the ECRIS
plasmawhere B <0.57T.
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2.5. Instrumental broadening

In addition to emission line broadening caused by fundamental physics, the experimental
setup and apparatus result in instrumental broadening of the observed emissien lines. In
the experimental setup used in this study, the instrumental broadening has a Gaussian
profile. Its wavelength dependence can be calculated and verified with alaser (632 nm
HeNe + 532 nm diode-pumped frequency-doubled single-mode laser). The instrumental
broadening, which in our setup is comparable to the Doppler_broadening, and its
wavelength dependence are discussed in detail in Section 3. ~

2.6. Voigt profile

As the line broadening is a superposition of multiple mechanisms yielding both, Gaussian
and Lorentzian line shapes, a convolution of the two/mustibe used when analyzing the
experimental line profiles. The convolution is calledia, Voigt profile

V(x;0,7) :/ G(a';0)L(x — x5 ~y)da"; (10)

in which z is the shift from the line center,)G(z; o) describes the Gaussian profile
—x2 /202

e
V2o

where ¢ is the standard deviation and " L(z — x;7) the Lorentzian profile

CA Y
L(z;v) = m7

G(x;0) = (11)

(12)

where 7 is the half-width at half-maximum (of the line profile). Deconvolution
of the Voigt fit allows the Ganssia and Lorentzian contributions to be separated.
Each component of the (Voigt line profile is a superposition of different broadening
mechanisms. For thepurposeefthis study the Doppler broadening and the instrumental
broadening, both giving rise to.a Gaussian line profile, have to be separated to obtain the
ion temperature. (The Doppler broadening AA\p can be separated from the instrumental
broadening AXj'with a quadratic deconvolution

AXZ = AN — AN2. (13)

where Adg is therGaussian part of the Voigt deconvolution [26]. Determining the
instrumental broadening and excluding the effect of plasma bulk motion (drifts)
therefore allows to calculate the ion temperature from the measured line widths.

3. Experimental setup

This study has been conducted with the JYFL 14 GHz Electron Cyclotron Resonance
Ion Source (ECRIS) [18] and a high resolution spectrometer [17]. The magnetic field
of the JYFL 14 GHz ECRIS is a superposition of axial and sextupole magnetic fields
generated by two solenoid coils and a NdFeB permanent magnet sextupole array, hence
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enabling the production of highly charged ions in minimum-B configuration.  The
plasma is sustained by microwave radiation at the frequency of 14.1 GHz. More detailed
information about the JYFL 14 GHz ECRIS, depicted in Fig. 1, can be found in Ref18].

Radial pumping slots Solenoid coils
Neutral gas injection Plasma chamber

Optical viewports:

E ! i . Injection section
“Mmy N e |=a @ y .‘Radial pumping slot
f il 7 ‘

Figure 1. The plasma chamber of the JYFL 14~GHZ ECRIS viewed towards the
injection iron plug from the extraction end (left) and the cross section view of the ion
source (right). The radial pumping slot(s) (red) and the miniature oven port (blue)
used as optical viewports are indicated by, arrows.

The spectrometer consists of three main components; the optical interface,
i.e. viewport and coupling system, connected to the ECRIS, high-resolution optical
monochromator and photomultiplier tube connected to a phase-locking data acquisition
system. The optical emission spectrumef the plasma can be measured from two different
viewports having different line—Qf-sights; from injection utilizing an opening in the iron
plug, used regularly for inserting miniature ovens for metal beam production, and from
one of the radial pumping slots, both indicated in Fig. 1. The radial line-of-sight, which
was used for the majority of the experiments described hereafter, offers a cross sectional
view through the plasma sheath and the dense plasma core inside the resonance zone.
Since the radial port is situated between the magnetic poles (see the pumping slots in
Fig. 1), the emission of the ions escaping the confinement along the magnetic field flux
lines intercepting the.chamber wall and thus neutralizing is not detected. The line-of-
sight from thednjection was used to ensure that the geometric effects combined with
bulk plasma motion (drift or rotation), do not affect the measured line broadening. The
solid angle viewed from the injection also includes the chamber wall. However, as the
majority of the upper states of the transitions studied hereafter are not metastable, i.e.
their typical lifetimes are on the order of nanoseconds, the contribution of the emission
from theplasma chamber wall can be considered negligible also in this case. The effect
of.the ion dynamics in the collisional pre-sheath on the measured line widths cannot be
distinguished from the thermal spread of the ion velocities. The chosen (radial) line-of-
sight avoiding the flux intercepting the wall is believed to minimize the pre-sheath effect
especially in the case of high charge states found predominantly in the core plasma [9].
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The light emitted by the ECRIS plasma is coupled into an optical fiber whichiis
connected to the monochromator through a chopper providing a reference forithe lock-
in data acquisition. The monochromator is a Fastie-Ebert type device equipped with<a
rotating diffraction grating. The focal length of the monochromator isapproximately
1 m and the groove density of the diffraction grating is 2200 lines/mmnix Two different
exit slits, with widths of 100 pm and 10 pm, were used to verify that theion temperatures
reported hereafter are not affected by systematic errors in estimating the imstrumental
broadening. The benefit of the wider slit is the increased signaldevel i.e. better signal-
to-noise ratio and shorter acquisition time. The instrumental broadeang (FWHM) of
the setup as a function of the measured wavelength can be ¢alculated from

6

ApwrM (nm) = Z;\ W= mkf;zsﬁ T w, (14)
where d\/dx is the linear dispersion, w is width of the exit slity.k is the diffraction order,
n is the groove density in grooves/mm, L is the exit-armplength in mm and 3 is the angle
of diffraction. Three different lasers providing well-knowi starrow line widths were used
for determining the instrumental FWHM in the wavelength range of 450-650 nm. These
included a HeNe laser at 632 nm, diode-pumped frequéncy-doubled single-mode laser at
532nm and an argon ion laser at 458, 488 and 514 nm. The measured and calculated
instrumental FWHMs are presentedwin Fig. 2 where the solid symbols correspond to
HeNe and the diode laser and the opemsymbols to the argon ion laser. As the measured
points match the calculated ones very well,lit can be assumed that the calculated values
can be used for the deconvolution of the Gaussian fit to the emission lines at those
wavelengths that are not dire¢tly aceessible with the above lasers.

A S
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Figure 2. Instrumental EWHM of the Fastie-Ebert monochromator as a function

of the emission wavelength.. The symbols represent the measured data points and the
solid lines the theoretical instrumental FWHMSs. The solid symbols correspond to HeNe
and the diode'laser;and the open symbols to the argon ion laser. The random error of
measured FWHM, determined through consecutive acquisitions of the individual line
profilesyis 0.5 pm.

The wavelength separated light signal emanating from the monochromator exit
slit is directed ingo. a high sensitivity photomultiplier tube (PMT). The PMT is cooled
with Peltier glements to achieve better signal-to-noise ratio and stabilize the output.
The output current from the photomultiplier is fed into a current-to-voltage amplifier
(StanfordrResearch/Systems SR570). In the amplifier, the signal is amplified with a
gain of 1 pA/Viand bandpass filtered with a 6dB/decade high pass filter at 3kHz
and dow pass filter at 10 kHz.
into Stanford Research Systems SR830 lock-in amplifier which is connected to the

The signal from the transimpedance amplifier is fed

combined monochromator control and data acquisition system. The data are gathered
by averaging 50 (or more) current readings of the PMT at each monochromator grating
position scanned across the emission line of interest.

In addition to optical methods the ion temperature of the JYFL 14 GHz ECRIS has
been estimated in the past [13] by measuring the energy spread of the M/Q-analyzed
ion beams with a retarding field analyzer [27]. The device can be used for measuring
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the plasma potential and effective ion temperature of the extracted beam as the energy
of the ions of charge ¢ is due to the source potential (Vj), plasma potential \V, and
ion temperature i.e. £ = q(Vs + Vp) + kTi. The plasma potential and the effeetive
ion temperature can be determined by measuring the beam current as a, funetion of a
decelerating voltage (Vie. = Vs + Vagj) applied into the retarding electrode (mesh) of the
analyzer. The adjustable voltage supply (V,4;) for the mesh floats ondthe high.voltage of
the ion source (V;), which eliminates the possible measurement error due 0, the source
potential and its possible fluctuation. It is emphasized that bothfhe spatial'distribution
of the plasma potential combined with collisional diffusion of the ioff§ 10 the extraction
and the ion temperature cause a distribution of energies to‘be measured. The plasma
potential and effective ion temperature are deduced from the shift (plasma potential)
and distribution (effective ion temperature) of the differential I V-curves representing the
fraction of ions stopped by the retarding potential bartier atigiven voltage intervals. The
effective ion temperatures of different charge states@are deduced by applying a Gaussian
fit to the measured differential IV-curves i.e. thefeffective.ion temperature corresponds
to the energy spread of the ion beams around the plasma’potential, which is equal for
all charge states [13].

It is emphasized that probing the effe¢tive.ion temperature of the extracted beams
is fundamentally different from measuring the temperature of the ions confined in the
ECRIS plasma. This is because the alleged.electrostatic confinement of the ions in the
potential dip favours losses of hot ions that have enough energy to overcome the potential
barrier and form the extracted. beam. Thus, it can be expected that the effective
temperature of the beam is higher,than the temperature of the ions in the plasma
which has indeed been observed with the:Constance-B device, where a similar technique
was applied to study the emérgy distribution of ions escaping the confinement [14, 15].
Furthermore, it needs to/be emphasized that the connection between the temperature
of the electrostaticallyy confined 4on population and the effective temperature of the
extracted ion beam ‘determined from the energy spread is not unambiguous. It has
been shown by Baalrudiet all that ion-ion streaming instabilities, which are present in
the plasma-boundary transition region (pre-sheath), can lead to an instability-enhanced
collisional friction between the ion species at least in the case of singly charged ions
[16]. The friction together with the generalized Bohm criterion determines the flow
speed of each ion species as it leaves the plasma effectively slowing down high charge
state ions and accelerating low charge states towards a common system sound speed

2 m; . .. ..
of cgn= \/ZL;:‘ instead of their individual, charge-state dependent sound speeds

Cs = \/%T [16]. Such effects presumably could obscure the connection between the
plasmasion temperature and ion beam energy spread, which is the reason why we refer
to_the latter as effective temperature in the absence of experimental data on ion-ion
streaming instabilities of minimum-B ECR ion sources in MHz-range of beam current
noise. Nevertheless, it can be argued that the two diagnostics methods should yield
ion temperatures that are on the same order of magnitude with each other and also
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exhibit similar dependencies on the charge state. The results of the optical gmission
spectroscopy and retarding field analyser are compared in the following section. Such
a comparison is carried out to give confidence on the reliability of the measuredsion
temperatures, which are shown to be significantly higher than those reported in the

literature [7] and compare our results to those obtained with the Constance-B machine
(14, 15].

4. Experimental results o

The experiments were started by establishing that the emission lines measured from
the ECRIS plasma are Gaussian (rather than Lorentzian) i.e. the observed line width
is due to a superposition of instrumental and Doppler broadenings. This was done by
measuring emission lines of both low and high charge states,"i.e. Ar'™ and Ar'®*t at
487.986 nm and 441.256 nm, and using different exit slits of the monochromator. The
measured emission line profiles are shown in Figse3a-c together with the corresponding
Voigt fits yielding the Gaussian and Lorentzian/components of the line broadening. For
Ar'3*t measured with an exit slit of 100 pm the Gaussian and Lorentzian FWHMs are
45.4pm and 0.8 pm, respectively. For Ar® the corresponding numbers are 39.5 pm and
3 - 107 pm whereas the measurement with a 10 pmeexit slits yields the values of 25.5 pm
and 2.4 pm for the two component§ of Axt line broadening.
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(a) Ar'*, 100 em exit slit (b) Ar'*, 100 tem exit slit
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Figure 3. Measured optical emission lines of (a) Ar'®* and (b) Ar't with the
100 pm monochremator exit slit, and (c) Ar'* with the 10m slit. The black lines
represént/experimental data while the red ones are the corresponding Voigt fits. The
corresponding Voigt fits with the following Gaussian (G) and Lorentzian (L) FWHMs
are also shown: (&) (45.4 + 0.4) pm (G) / (0.8 +0.5) pm (L), (b) (39.50 &+ 0.04) pm (G)
and (c) (2554 0.7)pm (G) / (2.4+0.1)pm (L). The Lorentzian FWHM for (b) is
smaller than 0.1 pm but cannot be determined accurately for numerical reasons.

Although, the examples given in Fig. 3 indicate that the emission lines measured
from the ECRIS plasma are indeed Gaussian, it could be argued that the instrumental
broadening of the spectrometer prohibits detecting the Lorentzian component of the
linefbroadening. In order to demonstrate that the spectrometer is able to measure
Lorentzian line profiles reliably, the 427 nm Ar'* emission line measured from the ECRIS
plasmaywas compared to the 362nm emission line of a neutral Hg measured from a
mercury spectral lamp (Osram Hg/100), which is known to produce Lorentzian line
profiles with distinguishable “wings”of the emission line due to pressure broadening.
The result of the comparison is shown in Fig. 4. The difference of the line shapes
is apparent, which establishes that the resolution of the spectrometer is adequate
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for resolving the Gaussian and Lorentzian components of the line broadening.  This
enables determining the ion temperature through the deconvolution of the bteadening
mechanisms yielding Gaussian line profiles i.e. subtracting the effect of the, wavelength-
dependent instrumental broadening (see Fig. 2).

—— ECRIS 427 nm Art*
Spectral lamp (Osram Hg/100) 365 nm Hg™
T T T T T T T T T T T !
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> |
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Figure‘4. An example of the Ar'™ optical emission line at 427 nm measured from the
ECRIS plasma with 10 pm exit slit and the neutral Hg emission line at 362 nm from a
spectral lamp (Osram Hg/100). Both emission lines are normalized to their respective
intensities and FWHMs. The Gaussian (G) and Lorentzian (L) FWHMs of the Voigt
fit are: 1.01 (G) / 0.02 (L) for the Ar'™ emission line and 0.57 (G) / 0.69 (L) for the
neutral He line, of the spectral lamp. The small asymmetry of the Lorentzian profile
is caused by the astigmatism of the monochromator optics.

Before reporting individual ion temperatures or conducting parametric studies, it
negds to be established that the deconvoluted line broadening (after the subtraction of
the instrumental broadening) is indeed due to the Doppler effect, and that there is no
systematic error increasing (or decreasing) the measured ion temperatures. The fact
thatithe line broadening is due to Doppler effect was confirmed with two experiments.
First, the line widths of several emission lines of Ar™ emitted by the ECRIS plasma and
covering the wavelength range of 390-620 nm were measured to probe the wavelength
dependence of the line broadening. The result is shown in Fig. 5 where the line widths
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of different emission lines are plotted first as measured and then after subtracting the
wavelength dependent instrumental broadening (also shown) through the 4described
deconvolution process. The error bars of the Doppler broadening in Fig. 5 as well
as in all consecutive plots of line widths and ion temperatures calculated from Eq. 4
correspond to 95 % confidence interval of the FWHM of the fit to the experimental
line profile and take into account the error associated to the instrumental broadening.
The fit shown in the figure demonstrates that the wavelength dependencé of the line
broadening after subtracting the wavelength dependent instrumental effect is of the form
AN o< A, characteristic to the Doppler effect. The data implies that the contribution of
Stark and Zeeman effects on the measured line profiles is negligible and highlights the
necessity of determining the wavelength dependence of the instrumental broadening.

0.055 R —— o
1| ©® Measured broadening ]
0.050-| © Instrumental broadening v .
A Doppler broadening |
0.045 - | 3.6-10°-A*® fit of data -
oo 000 ooRmog g B . ,
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< 0035 - RS . ,
s |
I
E 0.030 o i
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0.020 N |
0015+ i
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350 400 450 500 550 600 650
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Figure 5. The measured, instrumental and Doppler FWHMSs of Ar'* emission lines
as a funetion of the wavelength. The fit of the Doppler broadening shows that
after subtracting the instrumental effect the FWHM is linearly proportional to the
wavelength, which is characteristic to Doppler broadening.

The mass-dependence of the line broadening was probed by comparing the line
widths of 2He and *He isotopes of helium under the same ECR ion source parameters
(mierewave power, gas pressure and magnetic field) in the range of 400-600 nm. The
results are shown in Fig. 6 showing the experimental ratios and the theoretical prediction
(bluetline) following the AX oc 1/,/m; -dependence of the Doppler broadening. It is
evident that the experimental data fits well with the expected behaviour thus reasserting
the notion that the measured line widths are determined by Doppler broadening and
well-understood instrumental broadening, which allows calculating the corresponding
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ion temperatures from the experimental line profiles.

oNOYTULT D WN =

31 400 450 500 550 600 650
33 Wavelength (nm)

37 Figure 6. Thesmeéasiired ratio of *He and *He Doppler broadening (AXzge/ANssre).
38 The solid horizontal line indicates the expected 1/4/m mass dependence.

The first OES measurement of the ECRIS ion temperature was conducted with
42 argon. Figure 7 ghows, theAr!* ion temperature determined from multiple optical
43 transitions withatwo exit slits of the monochromator. All transitions and both slits
yield ion temperatures.of 13 4+ 2eV, which are significantly higher than those (on the
46 order of ~1eV)estimated previously in the literature through indirect measurements
47 [7] and used in simulation studies [9, 12]. The ion temperature is essentially the same
with both slits resulting to different instrumental broadening, which warrants using the
50 wider slitfor the subsequent studies. The benefit of the wider slit is that it makes weaker
51 emission lines accessible and improves the signal-to-noise ratio whereas the narrow slit
produces smaller error bars.
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Figure 7. The Ar'#7ion'temperatures measured with the high resolution 10 pm and
the 100 pm exit slits of the monochromator.

N
As the measured ion témperature is controversially high, it is necessary to

demonstrate that the spectrometer does not suffer from a systematic error. This was
done by comparing 4¢hésion temperatures of Ar'* from different ion source plasmas,
namely the JYFL{T4GHz ECRIS, a single-coil 2.45 GHz microwave driven ion source
28] and a filament-driven arc discharge ion source [29] — the latter two expected to have
low ion temperaturessdué to short ion confinement time and high neutral gas pressure.
The result of this experiment is shown in Fig. 8. The experiment was conducted by
keeping the, spectrometer operational (to avoid alignment issues) and routing a long
optical fiber to different ion sources across the laboratory. The emission lines of all ion
sources were found to be Gaussian. The data demonstrates clearly that the argon ions
in fhe microwave and filament discharges, where the electron confinement is poor and
the dominating ion species is singly charged argon, the ion temperature is significantly
lower (2#4 V) than in the high-frequency minimum-B ECRIS producing multicharged
ionsy(11-16eV). The comparison allows estimating that the maximum systematic error
is on the order of 1-2eV which together with the data in Fig. 7 implies strongly that
in the minimum-B ECRIS plasma the ions are hotter by an order of magnitude than
previously thought. Furthermore, the result suggests that ion dynamics in the pre-sheath
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do not artificially inflate the measured ion temperatures of the minimum-B ECRIS as
the plasma potential is in the same order of magnitude, i.e. ~10V, in all aforementioned
discharges.

Further assurance of eliminating any possible instrumental effect causing a
systematic error in the calculated ion temperatures was sought bysmeasuring the
line broadening of a specific emission line of nitrogen utilizing thefirst and second
order diffractions in the monochromator. The 399nm emission|line was chosen as
it allows measuring the second order diffraction thanks to dts high infensity and
wavelength, compatible with the monochromator (second order diffraction at grating
position corresponding to 800 nm or less). The instrumentalibroadening of the second
order diffraction is 50 % of the first order broadening as indicated.by Eq. 14. Thus, if
there was a systematic error affecting the measured line widths, the ion temperatures
calculated from different order diffractions would presumably differ from each other.
However, the corresponding ion temperatures differfless than 0.6 % from their average,
which reasserts the claim that the instrumentaldeffeets are well-understood and there
are no systematic errors in measuring the linewidths with the described setup.
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Figure 8. The ion temperature of Ar't in the JYFL 14 GHz ECRIS, 2.45 GHz
microwave ion source and a filament-driven multicusp ion source determined from
emission lines in 400-500 nm wavelength range.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-102970.R1

Spectroscopic study of ton temperature in minimum-B ECRIS plasma 20

30 1 1 ~ T + T T T T T T 1

]
(e
1
|_H
——
H@H
H@H
|

¢ §§ A

s

3 -
215 il
=

o ] "

o n

5

~ 10 _

54 ® | = Dataobtained from OES A’ source tune
A Data obtained from OES, non-optimized source tune

® Data obtained from i0n beam energy sprea
0 I ! I ! I ! | ! I \ | ! I ! I

0 2 4 6 8 10 12 14 16

Charge state q

Figure 9. The ion temperature as'a function of the argon charge state measured
from the plasmas with OES and from the beam with the retarding field analyzer. Two
sets of data are shewn for the charge states accessible with OES - the black squares
correspond the ion seurce.tune maximizing the production of Ar?* beam current and
the blue triangles @ non-optimized source tune.

N

Figure 9 shows the ion tempeératures of different charge states of argon measured
with the JYFL 14 GHz ECRIS.Three data series are presented; two measured with
OES showing the accessible charge states (with detectable transitions in the wavelength
range of the spectrometer) and one obtained earlier with the retarding field analyser
(previously unpaiblished): The difference between the OES data series is the tune of
the ion source. The fizst series was obtained when the ion source was tuned for the
maximum production of Ar®t beam whereas the second one represents a non-optimized
source tunerat comparable microwave power. The following observations can be made:
(i) the(ion temperature is not the same for all charge states, (ii) the optical data
agrees.well with the energy analysis of the extracted beams although the effective ion
temperatupe of the extracted ions, measured from the beam energy spread, is higher than
the jon temperature in the plasma (similar to Constance-B [14]), and (iii) optimizing
the production of Ar?* results in a drop of the ion temperature of charge states Ar®t
andAx!"" (observed consistently throughout the experiments).

Figure 10 shows a collection of ion temperature data measured with different
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elements (argon, neon, nitrogen and helium§) and ion source operational parameters,
namely the microwave power, neutral gas pressure and magnetic fieldéstrength
Binj/Bext/Bmin (injection, extraction and minimum) ranging from 100 W, 1- 10~ “mbar
and 2.00 T/0.92 T/0.34 T to 650 W, 1-10~¢ mbar and 2.06 T/0.96 T/0.37 L, respectively:
The pressure is monitored with a Penning gauge connected to the radial port of the
vessel surrounding the plasma chamber i.e. the given range must be«onsidered only as
an indicative measure of the true pressure in the plasma chamber. It was obhserved with
all the elements that the ion temperature is higher than previously thought/and it tends
to increase with increasing charge state (charge to mass —ratio, Q/]\h, which is also
contrary to the generally accepted notion of all charge statesthaving equal temperatures
Ref. [7]. This tendency, however, is strongly affected by the ion source tune with the high
charge state ion temperatures typically being reduced whentheir extracted currents are

optimized.
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Figure 10. The neutral and ion temperatures of argon, neon, nitrogen (from molecular
N3) and helium in ECRIS plasma as a function of charge to mass -ratio (Q/M).

§ Theemission lines of the hydrogen-like He™ are degenerate and their fine-structure cannot be resolved
with the described spectrometer. The corresponding effect on the measured line broadening is unknown,
which implies a higher uncertainty of Het ion temperatures in comparison to other ions and neutrals
in Fig. 10
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Before discussing the implications of the higher-than-expected ion tempeératures
and possible ion heating mechanisms in ECRIS plasmas we present the tempetatures of
Ar3T as a function of the microwave power (14 GHz) as well as a conipartison of Az?F
and Ar'*" temperatures under single (14 GHz) and double frequency (14and 11.5 GHz)
heating modes. The data are shown in Figs. 11 and 12. The figures demémnstrate that the
high charge state argon temperature first increases rapidly with thefmicrowave power
and then saturates or increases very slowly similar to the hot electron temperature and
plasma energy content, probed by measuring the plasma diamagnetism/[1, 30], and
therefore indicating a link between electron heating (formation/of the @tential dip) and
ion temperature as discussed in the following section. A small difference between the
ion temperatures in single and double frequency heating modes was observed for Ar®+
with the average temperatures of 12.3 £ 0.4eV and 13.1'%0.3 eV averaged across the
range of 320-420 W total power whereas the ion temperatures of Ar'3* at 520-620 W
total power were essentially the same for both plastha heating modes. The data points
shown in Fig. 11 for 500-600 W match to thoseshow innFig. 12 within the error bars.
It is worth noting that the majority of Ar'3* ion tempergtures in Fig.12 measured in
single frequency heating mode at powersiexceeding 550 W correspond to a discharge
regime where kinetic instabilities were detected. The implications of this observation
are discussed in Section 5.
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Figure 12. The ionstemperatures of Art and Ar!3* as a function of total microwave
power in single (14 GHz) and double frequency (14 GHz and 11.5 GHz) heating modes.
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All ion temperatures derived drom the OES results discussed so far were measured
from the radial port,of the ECRIS. It was confirmed that the results are not affected
by geometrical effects (plasma drifts and/or rotation) by comparing ion temperatures
measured from theé radial and axial viewports yielding the values listed in Table 1 at
identical sourcesparameter settings. The ion temperatures measured from different
viewports areswithinsthe experimental error, which implies that geometrical effects or
emission from the plasmachamber wall do not affect the measurement or explain the ion
temperature. The intensities of high charge state emission lines detected from the axial
viewport obserying the peripheral plasma are significantly lower than those detected
from_the radial/port viewing the plasma core, which affects the magnitude of the error
bars. The observation matches with the simulated spatial distribution of different charge
states [9], i.e. the high charge states presumably populating the plasma core and low
charge states found predominantly in the peripheral plasma region.
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> Table 1. Ion temperatures of Art, Ar?T and Ar'3* measured from the radial and axial
6 viewports under similar ion source operational parameters i.e. 500 W microwave power,
; 1.5 - 1077 mbar pressure and magnetic field Binj/Bext/Bmin of 2.027T/0.93 T /0.35-T".
9 Charge state (¢) Temperature from radial viewport Temperature from axial viewport
10 1 16.0 £ 0.7eV 16.¥4£0.7eV

> 9 184 +0.5eV 19+ 3eV

13 13 25+ 1eV 22 +2eV

14

15 -

16 . .

17 5. Discussion

18

19 The ion temperatures derived from the OES and ion beamenergy spread measurements
20 of the JYFL 14 GHz ECRIS are consistent with #fhose obtained earlier with the
;; Constance-B quadrupole machine [15, 14]. Both experiments indicate that the
23 ion temperature in minimum-B ECR devices isssignificantly higher than previously
24 considered [7]. Although the exact path for the ions toraequire their kinetic energy is
;2 unknown, possible ion heating mechanisms can be discussed and assessed based on the
27 experimental data presented above. These inelude (i) microinstabilities, (ii) conversion
28 of chemical potential to ion kinetic energy (applicable for molecular gas species), (iii)
;g electron-ion collisions (electron drag)ycombined with long (>10ms) ion confinement
31 time leading to energy equipartition between the cold electrons and ions, (iv) ion
32 heating through charge exchange collisions‘and (v) ion heating through electron impact
2431 ionization in spatially varying plasma potential (dip). Additionally, the measured ion
35 temperatures allow discussing/heir implications on the understanding of ECRIS physics.
2 | N

38 5.1. Ion heating mechanisms in ECRIS plasmas

zg (i) The higher-thantexpected,ion temperatures measured for the Constance-B device
41 were attributed to turbulent heating by electron microinstabilities of kinetic origin
42 [14, 31]. Kineti¢/instabilities are known to give rise to electric fields expelling hot
22 electrons from the minimum-B confinement and have been detected with the JYFL 14
45 GHz ECRIS [32]" Suchrinstabilities occur when the anisotropy and hot electron fraction
46 of the electron yelocity distribution exceed a certain threshold — a process that can be
2; controlledby adjusting the strength of the ECRIS magnetic field ( B,/ Brcr-ratio) and
49 to some degree(the neutral gas pressure and microwave power. Most importantly, the
50 instabilities can be suppressed by applying microwave power at a secondary frequency
g; [33]. Thusgthe double-frequency experiment discussed in the previous section serves as
53 a test.for the hypothesis of the instability-driven ion heating since periodic instabilities
54 were detected with a scintillator detector measuring bursts of bremsstrahlung caused
gg by highr energy electrons escaping the confinement in the single frequency heating mode
57 when the ion source was tuned for the production of Ar'®* whereas the instabilities were
gg suppressed as the microwave power at the secondary frequency of 11.5 GHz was applied.

The ion temperatures being virtually identical in both operation modes indicates that
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the kinetic instabilities alone can not explain the anomalous ion temperatures.
(ii) The conversion of chemical potential, namely the molecular binding energy, to ion
kinetic energy through dissociation from repulsive molecular states could potentially
lead to increased ion temperature as the fragments carry away the typical few eV
Franck-Condon energy associated with the process. This should howevér manifest itself
as increased ion temperature in the case of molecular gas species su€h as mitrogen in
comparison to noble gases. Such a trend was not observed in the expériment (see
Fig. 10) and, therefore, it is concluded that molecular dissociation dees not dictate the
ion temperature in ECRIS plasmas. =
(iii) If the ions were to gain energy from the cold electron pépulation,hey must spend
considerable lengths of time confined within the plasma, owing to.the low electron-ion
momentum transfer rate. Traditionally, the ion confinementitimes have been considered
to be too short, i.e. on the order of a millisecond; for this heating method to be
relevant [7, 8]. Experimental methods, however, plaée the estimate of the cumulative ion
confinement time in the tens of milliseconds [34, 35} == aresult recently corroborated by
experiments made using the JYFL 14 GHz ECRIS [36]. Itii$ argued in Ref. [36], that the
confinement times found in the literaturéiare actually/measures of the confinement of
the escaping ion population. This is because the confinement times are conventionally
obtained (see e.g. [8]) from the saturationibeamy current, which is comprised solely
of the unconfined portion of the‘ion population. The transient method applied in
Refs. [34, 35, 36], on the other hand, probes the entire ion population. In response,
the cumulative confinement time, measuring the lifetime of a given particle, from the
moment it is injected as neutral*to the moment it is extracted at the charge state ¢, is
introduced in [36]. It is this long cumulative confinement time which could allow the
ion populations to obtain highteémperatures via heating by the electron-drag.

The effect of the electronddrag on the ion temperature can be determined from the
ion energy balance equation [7]

d () N3y -1 3 (T -1) 3T
dt NI Teq -2 2n Ta4—d 2" i

q/

(15)

where it is assumed, that the ions of different charge states gain energy in collisions
with electrons (first term)ptransfer it between themselves via ion-ion collisions (second
term), andiose it.via diffusion or transport processes (third term). The energy transfer
between electrons and ions occurs in the timescale 75,79, which is determined by the
electron-ion. enérgy equipartition rate v, *? according to [7]

1 . 3.2-107%In A nfq¢? . 3
o ~ Ve e I (s7, eV, em™) (16)

Thevion-ion collision frequency v;; [7] between ions of the same species is used as an
approximation of the ion-ion energy equipartition time 7979 such that
1 6.8-10%InA ¢?
oy "~ Vi = (TP /—AineQeff (s

eV, em™), (17)
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The ion confinement time 7 is assumed to be equal to the ion energy confinement time,
and assuming electrostatic confinement of ions within a potential dip in the plasma
potential profile, it is given by [6]

= Ry/ml exp <|qu¢|> : (18)

(2 UT 1—;(]

where A¢ is the depth of the potential dip relative to the peak of the plasma potential,
vr = /277 /m the ion thermal velocity, R the mirror ratio andvL the characteristic
length of the plasma. =

The ion energy balance equation 15 can — in part — explain the observed @ /M-
dependence of the ion temperatures. The rate of change of the iomtéemperature depends
on the energy exchange rate and ion confinement time as

are e, 10 @ T
T4 A etld/T?

— XV, (19)
It can be seen that the rate of ion temperature change.increases with longer confinement

dt

time and higher electron-ion energy equipartition rate. Both of these factors depend on
the ion charge state causing the higher charge states to‘absorb energy at a greater rate.
The temperature gain of an ion population ultimately ceases, when the confinement
time and energy exchange rates are in equilibriumypi.e. d77/dt = 0.

Equation 15 defines a system‘of equations for ions of species ¢ and charge states
g = 1,2,..., N, which absorb energy in, collisions with the cold electron population.
The hot, ECR-heated electron population a¢counting for the ionization of high charge
state ions in the plasma core does not contribute significantly to the ion temperature in
the electron-drag model, due to the inefficiency of the energy transfer at high electron
temperatures. This systemr@an,be numerically solved in the steady state (d/dt = 0)
to obtain the ion temperatures. ¢In addition, it is assumed here that the ions only
interact with their meighboring charge states, i.e. the sum over ¢’ in equation 15 is
limited to ¢’ = (¢ — 1, ¢;¢+ 1). This condition was included based on the spatial charge
state distributionsas ebtained through simulations [9], which show that the different
charges dwell insdifferent locations within the plasma volume, with high charge states
in the plasmascore and.dower charges in the peripheral plasma. This causes a source
of error, because thefionsion collision frequency already assumes collisions between all
charge states, which'is a necessary evil as the ion densities are unknown. Solving the
ion temperatures separately for each charge state expands the approach adopted in
Ref. [7]; where all ions were assumed to have the same temperature, to better reflect
the experimental observations.

The numerically calculated ion temperatures are plotted in Fig. 13 as a function
of the eold electron temperature assuming a potential dip depth of 1V (left) and 5V
(right)., These potential dip values were chosen to represent a commonly accepted
1'V order-of-magnitude [12] and a value of A¢ = kT;/2 [5], yielding 5V based on the
experimental ~~10eV ion temperature. It can be seen that the ions may acquire
rather high temperatures of >10eV given a cold electron temperature of >20eV and
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a potential dip of a few volts. The ion temperatures are seen to saturate with the
(cold) electron temperature, due to the decrease in the effectiveness of thetelectron-
ion heating and the increased ion loss rates as the ions gain energy, ‘which increases
their diffusive losses. In the saturation region the numerical solution becemes unstable;,
which is why the calculations were only performed up to electron temperatures of 20
eV and 30 eV, respectively. The effect of the potential dip depth isfevident, from the
figure; the effectiveness of the electrostatic confinement depends strongly om the value
of the potential dip allowing only those ions with sufficient energies to,escape, which is
reflected in the ion temperature. In other words, as the temperature\ of a population
increases, so does the fraction of ions able to escape. An analysis of the different terms
in equation 15 shows, that the high charge states absorb energy from the cold electron
population at a higher rate than their energy is depletedwia diffusion. This energy
is then distributed to the lower charge states — essentially, immediately — via ion-ion
collisions. It is worth emphasizing that the numerical result’ in Fig. 13 implies that
the ion temperature increases with the charge state, thus matching the experimental
observation, with the high charge states being more sensitive to variations of the cold
electron temperature above 10eV.

(iv) Charge exchange, the process where @ pesitively charged ion captures an electron
from the outer shell of a neutral atom i.e. 49" 4B — A€Vt 4 B+ can potentially
heat the ions in the ECRIS plasma. "This. is:\due to the conversion of the (electric)
potential energy of the two ions into their kinetic energy as they repel each other after
the charge exchange reaction.“Fhe maximunmikinetic energy acquired by the A=Y+ and
BT ions (the species A and B are the same in the following example) can be calculated
by interpreting the charge exchange créss section o as geometrical area 0 = A = TR2,
where R, is the distance between, the two particles where the force binding the outer
shell electron to the neutral atom equals the attractive force exerted on it by the positive
ion. The resulting charge exchange cross section [37] is of the form

o ko’
Oq,q41 = Tanq (7) Zeft, (20)

where aq is the Bohr radius, ¢ the charge state of the ion, Iy the ionization potential
of hydrogen (13.6 €V), L the first ionization potential of the neutral atom and Z.g the
effective atomic¢ number of the ion experienced by the valence electron of the neutral
atom (Zeg # Zudue to electron cloud screening effect). The cross sections derived
from the above equation are in good agreement with experimental results [38, 39]. The
conversion of the potential energy into ion kinetic energy can be estimated by calculating
the ion enérgies acquired as they distance from each other. It is assumed here that the
electrie. field F experienced by each ion is of the form

E = Eye p = , (21)

where Ej is the electric field of a point charge @ (Q is either (¢ — 1)e or e where e
is the elementary charge) and Ap is the local Debye length of the ECR discharge. As
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Figure 13. Argonm ion, temperatures predicted by equation 15 assuming ion
confinement within a potential dip of A¢ = 1V (left) and A¢ = 5V (right). The
numerical calculati%is performed for a pure argon plasma with n, = 5- 10! cm ™3,
In A = 12 and/ R =2 estimated for the JYFL 14 GHz ECRIS.

an example Table 2 shows numerically integrated energies of 14+ and (¢ — 1)+ Ar ions
acquired after a charge exchange reaction. It is assumed that the kinetic energy is
acquired when the ions move apart from a distance of Ry to five Debye lengths where
the electric fieldshas,decreased to less than a percent of the unscreened field of a point
charge, and the resulting.energy is distributed equally between the ions i.e. both charges
are moving apart from each other. The local Debye length of the ECRIS plasma is
considered to be determined by the cold, ~10 eV electron population having a density
on the arder of 10*-10'? cm ™3, yielding a value of approximately 5 - 107> m.

The (maximum) kinetic energies listed in Table 2 suggest that charge exchange
reactions could contribute significantly to ion heating in ECRIS plasmas as the energy
acquiredsby the receding charges is distributed to an ensemble of ions through ion-ion
collisions. However, the volumetric rate of this ion heating process depends strongly on
the neutral density. The characteristics of the charge exchange induced ion heating
are consistent with four experimental observations: (a) the order of magnitude of
the acquired energies matches well with the OES data, (b) most importantly charge
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Table 2. Charge exchange cross sections and maximum energies of argon iong§ acquired
through Coulomb repulsion in a charge exchange reaction.

Charge state (q) Cross section [107! m?] Ton kinetic energy [eV]

2 0.89 8.6
3 1.33 10.5

4 1.78 12.1

5 2.22 13.5

6 2.67 148 W
7 3.11 16

8 3.56 17.1

9 4.00 182

10 4.44 19.1

11 4.89 20.1

12 5.33 21

13 5.78 y 218

14 6.22 22.6

15 6.67 23.4

16 7.11 24.2

17 7.56 24.9

18 8.00 25.7

exchange could explain why 14=ions that do not have time to exchange energy with
the electron population are measured t@ybe relatively hot (~10eV in the case of argon),
(c) high-Z elements for whiehrthe charge exchange cross sections are larger have higher
temperatures and (d) high chargestates that have larger charge exchange cross sections
have higher temperatuses:

(v) Yet another processithat could contribute to ion heating is ionization in the spatially
varying electrostatic potential, i.e. inside the potential dip that is believed to confine
the ions electrostatically. ' This heating mechanism can be best explained considering
the following simplified example ignoring energy equipartition through collisions. Let’s
assume that an don withha charge state ¢ has an (initial) energy of E; at the bottom
of the potential dip./If F; is not sufficient to overcome the potential barrier, the ion is
confined and ag.it moves in the potential well its kinetic energy FEj varies in the range
of 0 < Ep< E; = qVynae Where V,,.. is the potential at the turning point of the ion i.e.
the kinetic.energy is converted into potential energy and vice versa depending on the
local electric potential. If the ion undergoes ionization, potential energy is converted
into kinetic energy now varying in the range of 0 < Ej < (¢ + 1)V,42- in other words
ionization can gradually heat the ions but does not explain how they eventually can exit
the potential dip. Such a process is analogous to the heating of so-called Yushmanov-
trapped ions, which are presumably caught between a magnetic mirror peak and the
peak of the plasma potential barrier and gaining energy proportional to their charge
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state as hypothesized in Ref. [14] to explain the deviation between the ion témpera-
tures obtained through OES and end-loss energy analysis. Although the heating through
ionization could explain the ion temperature increasing with the charge state, it fails-40
account for the anomalous temperature of the 14 ions as well as the difference,between
the elements.

The relative importance of each ion heating mechanism cannot be ¢onclusively assessed
based on the existing experimental data. However, the electron drag, and charge ex-
change combined with electrostatic ion confinement are the most liE}ly processes to
account for the ~10eV ion temperature increasing with the ion charge state. The
microwave power dependence of the ion temperature (Fig. 11) implies a connection be-
tween the plasma energy content [30], i.e. hot electron demsity and temperature and
the ion temperature, which could be explained by the aceumulation of hot electrons
[40] affecting the depth of the potential dip. On the other hand the high temperature
of the 1+ ions would be best explained by charge exchange reactions. The rate of ion
heating through charge exchange reactions would dépend on the neutral density and its
spatial variation in the ECRIS plasma affecting the equipartition of the energy gained
in single charge exchange reaction. Although the experiments have established that the
ion temperatures in ECRIS plasmas are higher than expected and helped to identify
possible mechanisms accounting for therdiscrepancy, it can be concluded that further
experiments probing the connection between plasma energy content, cumulative ion con-
finement time and neutral particle density are required to identify the contribution of
each process. The data provided-here can be used for designing follow-up experiments.

5.2. Implications of the measured-ion/temperatures

The higher-than-expected ion temperature has implications on the quality of the ion
beams extracted from. ECRon sources as well as the collisionality of the ions in
ECRIS plasma, which. affectspe.g. the capture of the injected 1+ ion beam in charge
breeders. The (theoretical) ratio of the transverse normalized-rms-emittances due to
ion temperature and (decrease of the) magnetic field at the extraction can be written
as [11, 41]

ef;'nsm 4 /mkT;

= == 22
7 6ers,n r Bq , ( )

wherew is the radius of the extraction aperture, k7% is the ion temperature, m is the ion
mass, ¢ is the ion charge and B is the magnetic field at the extraction. This means that
the contribution of the ion temperature on the emittance of the extracted beam could be
more than three times higher than previously thought as the ion temperature is higher
by an‘order of magnitude i.e. ~10eV instead of ~1eV. For the JYFL 14 GHz ECRIS
the radius of the extraction aperture and magnetic field at the extraction are 4 mm
and 0.9 T, respectively. Hence, for 10 eV Ar®* ion the above ratio is approximately 0.3
i.e. the contribution of the ion temperature on the transverse emittance could be more
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than 20 % instead of the negligible few percent as previously thought. For highi charge
states that are shown to be even hotter and are extracted near the sourcedaxis from
an effective radius smaller than the extraction aperture [42, 43|, the contribution of the
thermal emittance is even larger.

In addition to having an influence on the quality (emittance and longitudinal
energy spread) of the extracted beams, the higher-than-expected ion"femperature has
implications on the modeling of the 14 ion capture process of charge<breeder ion
sources and the interpretation of 14 injection diagnostics. It is«generally believed that
the capture process in ECRIS charge breeders is a consequence of cumulative small-
angle scatterings of the incident 1+ ions in ion-ion collisions,[44]. The slowing down
coefficient [45] of the 1+ ions reaches its maximum when the longitudinal component of
the incident ion velocity equals the average velocity of the plasma ions. Experimental
and simulation studies [46, 12] of the 14 ion capture at different injection energies have
lead to the conclusion that the ion temperature indthe ECRIS plasma is below 1 eV if
the capture process is indeed dominated by cumulative ion-ion collisions. Such a notion
contradicts the experimental results presented herein, theréfore suggesting that electron
impact ionization of the injected 1+ enhancing the Coulomb interactions could instead
be the primary capture mechanism. The situation calls for measurements of the ion
temperature in charge breeder ECR ion sourees.
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Appendix

The optical transitions [47] used in this work for determining the Doppler broadening
are listed.in Tables A1-A4.
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Table A2.

Wavelenght [nm)]

Upper state

Lower state

N+ 399.500 252p3p Dy 2522p3s P9
N 463.054 2522p3p 3P, 252235 *P3
N+ 566.663 2522p3p 3Dy 25%2p3s P
N+ 571.077 2522p3p 3Dy 2522p3s 3PS
NZ+ 336.736 252p(°P°)3p *Psjo  252p(*R%)38 P2,
N2+ 409.736 2523p 2PY, 95735125, ),
N2+ 453.086 252p(*P°)3p 1Dy /5 M2s2p(2F")3s 1P,
N3+ 347.872 152253p 3P3 1522535 3S;
N3+ 348.300 15%253p 3P¢ 1522535 3S;
- 4
N

35

List of optical transitions of nitrogen used for determining the ion
temperatures in the plasma of the JYFL 14 GHz ECRIS.

Ton species (q)

Table A3. List of'optical transitions of neon used for determining the ion (neutral)

temperatures'in the plasma of the JYFL 14 GHz ECRIS.

Ton species (q)

Wavelenght [nm)]

Upper state

Lower state

NeO-i—
NeO+
Ne0+
Nel-l—
Nel-i-
Nel+
Ne1+
Ne!*
Nel+
Nel+
Nel+
Nel-i—

534.109
607.434
609.616
331.972
332.374
334.440
334.545
337.822
347.952
356.850
369.421
375.378

25%2p*('D)3p *PS

2522p*(3P)3d “F5/2

25%2p°(*P§ 5)4d *[1/2]3 2572p°(*P§ 5)3p *[1/2)
252207 (°P,,)3p *[1/2)
25%2p°(*PY5)3p 2[3/2]2  25°2p°(°Pg,5)3s *[3/2]

2522p° (P ,)3s 2[3/2]

2822])4(1]:))38 2D3/2

1
o
1
o
1
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Table A4. List of optical transitions of argon used for determining the ion (neutral)

temperatures in the plasma of the JYFL 14 GHz ECRIS.

Ton species (q)

Wavelenght [nm)]

Upper state

Lowemstate

Ar0+
Ar0+
Ar1+
AI”1+
Artt
Ar1+
Ar1+
Ar't
Ar't
Ar1+
Ar1+
Ar't
Arl-i—
Ar1+
AI‘1+
Arlt
Arl-i—
Ar1+
AI"1+
Ar't
Ar1+
Ar1+
AI”1+
Ar't
Ar1+
Ar2+
Ar?t
Ar2+
Ar?t
Ar9+
Ar10+
AI‘13+

459.610
750.387
397.935
405.292
413.172
427.753
430.924
438.506
442.600
447476
448.181
454.505
457.935
460.957
465.790
472.687
473.591
476.486
480.602
484.781
487.986
196.508
514178
514.531
611.492
3331617
334.476
348.050
351.115
553.327
691.688
441.256

3523p° (°P35)5p ?[3/2h
3523p°(? P‘f/2)4p 2[1/2]o

3s23p*(®°P)4d *Py )9
35%3p*('S)dp *Pg,
3523p4(1D

D

3523p3(*D*)4p 3Ds

3523p3(1S*)4p 3P,
2522p° QP‘I)/2
2522p1 3P,
25%2p 2P§/2

3523p* (*P)dp, "S5,
35%3p*(1S)ds 2512
3823]9\(1[))4 2D3/2

3523p3(*D°)4s 3Dj
3523p3(*D°)4s 3DS
3523p3(*D°)4s *D3
3523p3(15°)4s 359
25%22p° 2P3/2
25%2p* 3P,
2522p QP‘{/2

357307 (R, 182 [1/ 20}
352307 (R, )45 (120
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